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Foreword 

The first evidence of the evolution of humankind was based on the transformation of materials 
into objects with added functionalities...  

Any object in sight is the result of a transformation of material into something useful and 
functional to provide a specific service. Large part of the innovative functionalities we get from our 
day-to-day products owe their existence to advancements in materials. These have enabled 
researchers to support, to follow and to push developments in fundamental fields like electronic, 
medical, construction, transport systems, energy production and mechanical engineering.  

The most critical societal challenges we face will require us to develop improved and new 
materials to implement the envisaged technical solutions able to tackle problems like climate 
change, ageing of population, energy production, resource management, etc. 

Europe still represents one of the most advanced cultural, technological and industrial 
environments where materials science and technology is at the highest international levels. 
Nevertheless Europe is less able, compared to others, to benefit and transform new scientific 
knowledge into economic value. Due to its fundamental enabling role, materials science and 
technology is, by definition, one of the best engines for speeding up this transformation process 
and to prove the importance of industry/research coordination and integration, in creating 
economic wealth and social well-being.  

Thanks to the significant efforts that women and men from industry, academia, and research 
centers dedicate to EuMaT, we try to improve the effectiveness of the dialogue between the 
different European players that are part of the virtuoso chain that strongly links the fundamental 
knowledge of material science to the production and transformation of materials into sustainable 
solutions and products. This allows us to drive for a better world. With its characteristics of putting 
together stakeholders from so many different sectors and positions in the value chain, EuMaT 
represents an incredible ‘laboratory’ for experimenting effective innovation partnership.  

Materials will be cornerstone in the future Horizon 2020 for achieving the challenging objectives of 
this new programme. Any expected improved product, process, service visioned by the Societal 
Challenges of Horizon 2020, and the need to assure a real and robust competitiveness of the 
European industry will require the development of new, eco-friendly, sustainable, functionally 
improved and cost acceptable materials. To face this challenge a perfect tuning and alignment of 
the forces vectors of industrial and research systems have to be assured. EuMaT intends to 
continue to contribute to this effort. 

...from the first transformation of natural materials into tools and artefacts, even though tens of 
thousands of years have elapsed, material is still at the base of any human evolution. 

 

Marco Falzetti, Chairman 
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1. EuMaT Vision 

1.1. Changing world 

There are global megatrends which strongly affect the industrial sectors within the European 
Community. One of these is globalization – the integration of economies and societies around the 
world which has been the driving force behind global economic growth in recent years. The 
emerging economies’ share of production, trade and investments continue to grow and the 
movement of people, ideas, and influences are also increasing. The population of the developing 
world is growing strongly. World population, which stands at 7 billion today, is projected by the 
United Nations to increase to over 9 billion in 2050. By 2100, the global population will level off at 
about 10 billion, thanks to rising living standards and more widespread population control. Also 
the urban share of global population continues to grow; for the first time in human history, over 
half of the world’s population lives in an urban environment. At the same time, recent advances in 
agriculture, energy, and water technologies suggest that human creativity will keep up with 
population growth.  

The structure of European industries has fundamentally changed during last decades. 
Globalization has led us to a situation in which the use of global resources is both possible and 
cost efficient. Global economy, as it is understood most freely, covers now more geographical 
areas and countries than ever before. This means that new players have entered the global 
economic field. At the same time, cost efficient solutions in logistics and information sharing have 
made it possible to utilize all the resources so that they add value in various fields of industries. 
The relative price for raw materials and routine physical activities has decreased because of the 
vast improvements in productivity. The more actors in the field of competition, the more there are 
players that can perform routine tasks. This has led the early industrial players (countries and 
companies) to move towards embedding intellectual capital into products and services. It is 
agreed that the European manufacturing industry needs a paradigm shift, from cost cutting to 
knowledge-based value adding, in order to achieve a sustainable and competitive system. Any 
future technology cannot be regarded as a standalone entity. Europe is one of the main players in 
the global economy but many enterprises are struggling to survive in the currently turbulent 
markets.  

Therefore, the potential of emerging technologies and innovations should not be underestimated. 
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Figure 1: Research platform 

Source: Courtesy of IK4-TEKNIKER 

1.2. Lack of resources 

Another megatrend is the growing scarcity of resources. The world’s ability to meet the rising 
demand with limited natural resources is increasingly coming into question. The growing global 
urban population and rising demand per capita as emerging economies industrialize are leading to 
rapidly escalating demand for natural resources. In contrast, the availability of oil and other 
minerals, land, water and other environmental resources is inevitably limited. Energy supply and 
demand is likely to represent the biggest challenge of the 21st century. Beyond financial services, 
energy is probably the most global of industries and the industry with the broadest impact on 
others. Global demand is driving the long-term transition away from oil towards natural gas, coal 
and other alternatives, including wind, bio and solar energy. 

The carbon-based energy model of the last century now looks increasingly unsustainable due to 
concerns over energy security, climate change and energy poverty. Energy poverty in the world 
remains high and is a significant brake on development. Estimates suggest it will require up to 
USD 180 billion a year for the next 30 years to provide clean energy to all who will need it. This is 
a major technological, financial and organizational challenge. Economic development and 
population growth are expected to lead to strong growth in energy demand, doubling over the 
next 30 years. Most of that growth will be in emerging countries. No single solution to energy 
security challenges exists. There is a need for a large number of secure energy systems at varying 
costs. A mix of demand reduction (efficiency and conservation) as well as supply diversification 
will be needed. According to the IEA (International Energy Agency), an estimated 93% of global 
energy consumption is from nonrenewable sources. Sustainable energy can account for over 50% 
of the world’s energy needs by 2050. In the field of efficient and clean energy technology, new 
innovations are highly welcomed. 
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1.3. Importance of materials technology 

Materials technology is a complex and multi-disciplinary science, dealing with design and 
modelling, as well as optimum use and manufacture of materials for functional applications. The 
bottom line in materials technology is to understand the complex relationships between atoms or 
molecules, their effect on material microstructure or composition and furthermore their effect on 
macroscopic technical properties. The key for tailoring material properties is to understand how 
the microstructure influences macroscopic properties such as physical and chemical behaviour in 
different applications, how better performance is achieved and how these properties can be 
modified and controlled by means of material and manufacturing technology. 

For decades, materials technology has been considered as one of the mega-technologies together 
with biotechnology and information technology, which shall have the greatest influence on the 
industrial development, society and well-being of the citizens. In applications like semiconductors, 
high temperature super alloys for aircraft engines, industrial gas turbines and aerospace materials, 
technology has received recognition as a mission critical key technology. Indeed, in these 
examples materials technology has been in a vital role where less than satisfactory achievements 
would have had fatal influence on the development of the “hosting” technology. Nevertheless, in 
many other, less noticeable areas development of materials technology has been extremely fast; 
resulting in radical changes in product life cycle costs, e.g., new cutting materials used in 
machining, thin coatings for tooling, lighter structures for construction and transportation. In these 
examples, fast adoption of new materials technological achievements has led to radical reduction 
of product life cycle costs in scale which would not have been possible using normal production 
rationalization. 

Emphasis and focus areas of material technology vary between different industrial sectors. In 
mining, construction, recycling and metallurgical process industries wear control and mechanical 
reliability are by far the most important single material technological issues and they have a 
significant influence on the life cycle costs of the operation. In other process industries such as 
chemical, offshore and pulp & paper industry, surface properties and corrosion protection are 
dominating material issues. Physical properties like thermal conductivity or high temperature 
stability of mechanical properties may have significant influence in tooling applications, energy 
production or combustion engine components. In transportation and aeronautic industries 
strength to weight ratio, stiffness to weight ratio, formability and in certain cases also corrosion 
resistance are major material selection criteria. 

VAMs market share by sector is shown in the next table (adapted from “Technology and market 
perspective for future Value Added Materials” Final Report, Edited by H. Wessel and R. Tomellini, 
Oxford Research, EU 2012). 
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Figure 2: Market of Added Value Materials 

Source: ISQ Instituto de Soldadura e Qualidade 

1.4. Industrial challenges 

Today, industrial companies are facing challenges of severe competition and rearrangement of 
global economy. Additionally, new challenges arising from environmental sustainability, such as 
directives, legislation, recycling requirements, increasing costs of energy and increasing cost of 
even commodity raw materials in recent years shall have significant influence on production costs. 
Simultaneously, production shifting to low labour cost countries in Eastern-Europe, India and 
China as well as rapidly developing technological competence in these same regions may all cause 
erosion of the competitive edge of Europe.  

The fact that the technology and R&D investments in Europe are sufficient and balanced so that 
all essential industrial areas can be maintained competitive is becoming more important than ever 
before. Usually, technologies support each other by synergistic effect. Their combined use and 
concurrent engineering is today a self-evident approach in creating breakthrough innovations in all 
areas of technology and industry. Higher research volume, as such, produces typically more 
innovations than lower research investment, and more interfaces with different actors 
(competitors, research institutes, and other competencies) increase the probability of innovations 
to take place. 
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Figure 3: A team work 

Source: IK4-Tekniker 

1.5. Process reliability and life cycle management  

Evaluation of different material solutions and their entire life cycle impact has been an increasing 
trend in recent decades especially in the process industry. For operators of process equipment and 
vehicles huge investment costs demand reliable operation with scheduled maintenance and 
minimization of shutdowns (asset management). In many fields of process industry production, 
up-time is one of the key issues influencing productivity and competitive edge on the plant. Best 
available material solutions together with life time prediction and diagnostics capabilities would 
allow extension of the maintenance free operation time and planning of the shut downs in an 
optimum manner. 

Life cycle management has the goal to establish the relationship between plant and equipment 
investment costs, maintenance/inspection work and availability requirements, and to control these 
in an optimum way to minimize life cycle costs and environmental impacts. Key R&D areas are the 
development of improved understanding of material degradation mechanisms in applications for 
process and energy industry, development of materials for improved friction and wear, corrosion 
and high temperature performance.  

As an example, in USA it is estimated that direct costs of corrosion are US $ 18 billion annually, 
while the total national costs in all sectors of the economy are US $ 275 billion annually (Corrosion 
Cost and Preventive Strategies in the United States, NACE International, 2003). In certain 
industries, like chemical, pulp & paper or oil refining industry relative costs incurred due to 
corrosion damage can be much higher. The cost of wear can be also tremendous in some 
industries. In Germany alone, the costs caused by wear were estimated to be EUR 16 – 20 billion, 
while in Finland the costs of wear were EUR 2.7 billion (Survey on Tribology in Finland, VTT 
Manufacturing Technology, 1999). In industries like mining, construction and recycling the costs of 
component wear can be significant. In typical mining and construction industry applications wear 
parts and consumables may represent 40 % of life cycle costs, other main cost items being energy 
25 %, maintenance labour 5-10 % and initial plant investment only 15-20 %. In recycling 
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industry, metallurgy and selected pulp & paper applications the share of life cycle expenditure can 
be even higher. 

In automotive industry target is to increase the life time of the key components by controlling the 
maintenance free operation time by a factor of 2 while maintaining/improving the safety. 
Additionally, development of lighter weight structures for mobile equipment shall have a 
significant influence on the life cycle costs and environmental impacts due to reduced weight and 
considerably lower fuel consumption. Furthermore, design of structures that are easy to 
disassemble and recycle will promote environmental sustainability. Increasing use of bio-energy 
will also demand new innovations in materials technology. Replacement of conventional gasoline 
or diesel by bio-fuel may cause high wear, friction and increased thermal loading in motors due to 
lack of lubricating properties, reduced compatibility with engine oils and sealing materials as well 
as increased risks of corrosion. Direct replacement will cause problems, resulting in reduced 
engine reliability and component life time, e.g., existing coatings often worn out during 
component run-in phase or have too low resistance against fatigue. In energy industry, reduction 
of life cycle and electricity costs for all fuel sources is a major challenge. Life cycle costs are 
related to great extent for process reliability and availability, maintenance and operation costs. In 
parallel with these requirements, there is an increasing need to reduce the CO2 emissions, power 
generation being one of the main contributors for global CO2 emissions. In order to reach the 
ambitious targets of reduced life cycle costs and reduced environmental impacts of energy sector, 
significant challenges in materials technology are met. In a plant using fossil fuel, special problems 
are related to gas turbine combined cycle, advanced coal fired and CO2 recovery plants, where 
e.g. development of advanced high temperature materials (steels, super alloys and composites) is 
needed. Power plants utilizing renewable fuel, e.g., waste or biomass plants, wind turbines, fuel 
cells and solar plants will require advanced materials with specific requirements for corrosion 
resistance (aqueous environment or high temperature), light weight technologies (composites, 
plastics) and environmentally stable coatings. Nuclear power has its own unique technical 
challenges related to issues like material and fuel handling, fusion, fission and radiation induced 
damage as well as decommissioning and storage of used fuel. 

Among OEM´s (Original Equipment Manufacturers), the business and technology focus has been 
gradually transferring more to life cycle business development. One reason for this is the reduced 
amount of new installations in mature businesses like steel industry, pulp & paper industry, 
mining, chemical and oil refining leading to development of after sales market of the installed 
base. Investment in materials technology supporting development of after sales products and 
advanced predictive or proactive maintenance services is essential for European machine and 
process equipment manufacturers. 

Overall, attaining sustainability and efficient life cycle management of operations, plants, 
equipments and vehicles require thorough understanding of materials behaviour, life time 
prediction technologies as well as advanced, innovative material and manufacturing solutions. 

1.6. Environmental sustainability 

Environmental issues have a profound influence on materials technology and development for 
many reasons. More stringent control of process emissions and leakages require reliable high 
performance materials and profound understanding of their behaviour in processing or handling 
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environmentally hazardous substances. This becomes even more important as the process 
conditions become more severe (chemical environment, pressures and temperatures) in order to 
improve productivity. The use of lifecycle assessment tools is of high interest to quantify these 
effects. 

 

Figure 4: Example of Sustainable renewable energy 

Source: IK4-Tekniker 

LCA plays a crucial role in evaluating all potential new technologies and materials. It gives a tool 
for comparison of the eco-efficiency of the potential material solutions. Cradle to cradle 
comparisons for e.g. equal stiffness designs will show the relative energy intensity of materials. It 
also assists in avoiding potentially hazardous substances, processes with high emission rates or 
processes using scarce resources. LCA gives insight of the product use phase as well. In many 
cases, it is anticipated that the product use phase may strongly influence whether any net savings 
in life cycle energy consumption can be realized. 

When evaluating the environmental impact of processes, the renovation and maintenance issues 
should be carefully considered in addition to initial process installation. In many cases, wear part 
and spare parts consumption during the life time of the operation have much larger environmental 
impact than the process installations in the first place. Environmentally, the focus should be 
shifted to complete life cycle (from cradle to grave) of the process or product, including reuse and 
recycling. From the environmental point of view, minimization of wear, corrosion and mechanical 
damage of the process components combined with the optimized logistics (transportation of scrap 
parts and waste from the site, transportation of new parts on site and recycling) would clearly 
have the largest influence on environmental impact of the process. 

Along with the process component degradation, the process quality deteriorates leading to higher 
energy consumption, diminished raw material yield and in some cases higher emissions. A typical 
example is the increased energy consumption of process pumps as the pump impellers wear. As 
the components applied in cutting, crushing and grinding degrade, there are similar effects but 
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additionally, they may generate a significant reduction of the process yield resulting in increased 
raw material consumption. 

In automotive industry and transportation industry application of light weight structures shall have 
a profound effect on fuel economy as well as on the wear of components which both affect the 
environmental balance. Development of lighter structures is depending on both the availability of 
stiff and mechanically reliable low density materials as well as on the knowledge of design and 
production. 

1.7. New process requirements 

New and/or modified processes are setting increased requirements for the materials used in 
process industry equipment. More efficient processes working at higher speeds, increased dynamic 
and/or static loads, higher temperatures and more severe chemical atmospheres may require 
material changes, and in some cases, materials with totally new properties. Development of these 
new high performance materials is not instant and requires input from professionals from several 
fields as well as sufficient research funding. It is a well known fact that materials technology has 
become a critical step for further development of the processes. In order to utilize the full 
potential of material technology, it should be integrated to the development and design process of 
the equipment and processes from the beginning. 

In energy sector, new energy production processes utilizing either fossil fuel, renewable energy 
sources or nuclear fuel require new, advanced material technology solutions in order to be 
technically and economically feasible. Many of the new energy production methods are 
environmentally less harmful. In chemical industry, higher process temperatures, new more 
severe chemical environments as well as recycling of the process media (concentration) shall lead 
to extremely severe corrosion problems and material challenges. 

1.8. Continuously rising product demands 

In most engineering branches, especially high-tech branches, there is a continuous trend for 
modifying existing products to achieve higher performance, better quality and functionality. This 
can be solved, for example, by smaller tolerances, higher running temperatures or higher running 
speeds. But in many cases the output capacity and the performance of the product cannot be 
increased anymore, because the useful maximum of the running conditions of the currently used 
material is already reached. This barrier can only be broken by the development of new 
engineering materials with enhanced properties. Additionally, due to the worldwide competition, 
there is a high pressure on the European industry to develop new innovations. The competition in 
the global markets cannot be won just by further developing existing products. Investments 
should be targeted on development of new solutions with new features and innovative functions 
that are not available from regions outside Europe. An important precondition for this is to make 
new advanced engineering materials available that have new properties or new combinations of 
properties. 
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1.9. The future role of materials technology 

Materials technology will play a major role for the European industry. It will influence the 
competitiveness of practically all industrial sectors. Investments in materials technology provide 
possibilities to succeed in global markets and will assist in creating new spear head technologies 
and innovations thus improving the employment situation in Europe. Investments for material 
solutions that are designed based on analysis of life cycle impacts support sustainable 
development and eco-efficient decisions of industry and society. 

Today, material technology including raw material extraction, processing, manufacture and supply 
is a major employee and may represent 20% of the GDP of EU. Development and production of 
advanced materials will require a new employee profile due to its very research intensive nature 
and will offer employment for highly educated professionals. Also, advanced materials technology 
can create a platform for growth of new enterprises in advanced materials business with high 
growth rates and good employment possibilities and thus promote transition of European 
materials technology industry from resource-intensive to knowledge-intensive industry.  

New material technology solutions serve also as a catalyst for other industries. Material technology 
can be held as an enabling technology for new innovations in process industry, electronics 
industry, machine construction, energy, as well as transportation and aeronautics industries. 
Advanced sustainable and life cycle cost based solutions strengthen the technology and 
competitiveness of European after market service providers. In principle, advanced materials 
technology requires development of methodology and concepts for life cycle management of 
products and processes utilizing materials technology. Important issues are: 

 New materials and manufacturing methods that can be applied for new products and life 
cycle material solutions 

 Improved understanding of complex material degradation mechanisms (wear, corrosion, 
mechanical reliability) in order to create efficient multimaterial and functionally graded 
material solutions 

 Modelling and simulation of the material degradation mechanisms regarding material 
properties and performance in operation as well as of the manufacturing processes 
utilizing computational methods 

 Advanced materials refer to next generation of materials and their manufacturing 
methods, e.g.:  

o New material groups, e.g. nanostructured materials, metal matrix composites, 
multimaterial structures, functionally graded materials, smart/active materials 

o New manufacturing methods, e.g., for multimaterial structures, spray deposition 
of MMCs, new coating joining and casting methods, powder metallurgical methods 
and composite materials 

o Hybrid material systems, e.g. novel use of advanced high performance materials 
together with commodity materials in multimaterial structures 

In order to assure full impact of developed new material and component solutions, certain 
horizontal issues shall be covered as well: 
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 Prediction of in-service behaviour/characteristics 

 Multiscale modelling and simulation 

 Testing, inspection (including non destructive testing), monitoring, characterization, 
standardization and qualification of materials 

 Training and education issues 

 

Figure 5: Understanding atomic interactions 

Source: IK4-Tekniker 
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2. EuMaT Structure 

EuMaT technology platform (European Technology Platform for Advanced Engineering 
Materials and Technologies) is a European forum that supports planning, decision making and 
investments in the area of advanced materials technology. Its proposals and actions are based on 
wide interface and feedback from industry, research community, public authorities and financial 
community. The paramount theme for EuMaT activities is the novel application of advanced 
materials technology.  

Main objective of EuMaT is to produce the Strategic Research Agenda which, with appropriate 
involvement of industry and other main stakeholders will provide basis for identification of needs 
and establishing priorities in the area of advanced materials and technologies. In addition, EuMaT 
will promote interdisciplinary education and training, technology transfer and innovation societal 
considerations in the R&D (e.g. potential impacts on public health, safety, environmental risks) 
cooperation and initiatives at international level. EuMaT will be open to all the interested new 
members accepting EuMaT goals, principles and statutes. 

The key target of EuMaT is to promote the development of new material technology that enables 
the design, production and use of innovative products with enhanced performance and new 
functions. In addition, the target is also to protect the environment by keeping the processes 
contained, by preventing unacceptable leakages and emissions and striving to use materials with 
decreased environmental impacts (e.g. by recycling 95% of metallic and 70% on average of other 
advanced engineering materials at the end of their useful life). Important issue is also to capture 
existing knowledge and effectively train future professionals as well as to acquire capability and 
capacity to develop new generation of materials by development of innovative material, 
component and process solutions. 

EuMaT has defined seven working groups (WG) established around specific themes which are 
considered crucial for attaining the targets stated above. These are: 

 WG1 Modelling and Multiscale 

 WG2 Materials for Energy  

 WG3 Nanomaterials and Nano-structured Materials for Functional and Multifunctional 
Applications 

 WG4 Knowledge-based Structural and Functional Materials 

 WG5 Lifecycle, Impacts, Risks 

 WG6 Materials for Information and Communication Technologies (ICT) 

 WG7 Biomaterials 

Overall, it is EuMaT’s vision that Europe will emerge by year 2020 as a leader in development and 
utilization of advanced materials technology solutions and related manufacturing methods. The 
prerequisite for this vision are: 
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 Clear scientific, technological and industrial strategy (Strategic Research Agendas) aiming 
for development of materials solutions that are most competitive during the product life 
cycle 

 Long term, balanced financing of the development work taking into account the needs of 
various industries 

 Well organized co-operation between all stakeholders and efficient implementation agenda 

EuMaT technology platform cooperates with other platforms as well as complements those 
application areas and industries which are not sufficiently supported by existing platforms, e.g. 
Sustainable Chemistry, Textile, Manufuture and Steel technology platforms. 
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3. Modelling and Multiscale 
(Working Group 1) 

Numerical analysis for physics phenomena simulation is a viable and useful tool to support 
academic study and industrial design; in fact, there are several instances where both these fields 
benefitted by mathematical and numerical models able to reproduce system’s behaviour through 
computer elaboration and result post-processing.  

The traditional approach used by the software houses has been always based on a focused or 
limited field modelling and on specific typology of physics phenomena. Commercial finite elements 
software like Ansys®, Patran®, ABAQUS® can perform e.g. structural or thermal analysis but not at 
the same time. In the last years, simulation gained ground with the target to simulate not only the 
single phenomena but also their interactions between each other. In fact, the development of 
modern and highly efficient simulation techniques to computationally design new 
materials, to improve material properties, to optimize and control manufacturing 
processes and process chains has gained an essential importance. COMSOL Multiphysics® e.g. 
allows fundamental and applied simulations coupling different fields and physics. It has also a 
direct link to MatLab® where subroutines can be easily developed. Furthermore, there are huge 
materials-related challenges associated with totally new products or solutions in different industrial 
application areas, such as energy technology, chemical engineering, biotechnology, information 
technology and machine technology. These challenges require robust, predictive theoretical and 
computational methods, able to combine different length scales and time scales. In addition to the 
quest of improving the reliability and performance of modelling multiscale systems with increasing 
system complexity, there is a need to simulate systems away from equilibrium. This includes new 
modelling approaches that can predict phenomena of very different time scales, such as creep 
or materials processing history. A new generation of software is then required starting from the 
CAD/CAE software, demanded to be able to include some sort of numerical analysis as it is e.g. for 
Solidworks®. 

 

Figure 6: Multiscale connections 

Source: IK4-Techniker 
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Material simulations comprise challenges for both, fundamental research as well as industrial 
applications. Computational methods replace to a great extent the traditional time and money 
consuming experiments needed for developing new materials, and for evaluating and improving 
the quality of components. On the other hand, there is a systematic need to develop 
experimental data bases and methods and algorithms for data mining that support the 
development of theoretical material models.  

It is expected that industrial companies have strong demands for employing engineering experts 
with comprehensive and interdisciplinary experiences in modern simulation techniques, physical 
and chemical modelling as well as materials science. As a reference of materials interest in June 
2011 President Obama of the USA launched the “Materials Genome” programme targeting the 
reduction of cost and time to market of new materials; a strategy based on integrated 
computational materials engineering. In particular three specific areas: materials development, 
process modelling and materials behaviour are specifically addressed and an overall inspirational 
effect of such initiative is expected globally. 

3.1. State of the art (R&D and Industry perspective) 

Within the last decade, a tremendous research effort has been made in order to accurately 
describe phenomena and processes on separate scales under the consideration of large parameter 
spaces and for an increasing complexity of the material systems and of the process conditions. As 
a result, highly-developed modelling methods and simulation tools are available describing effects 
and component treatments on single scales. This current stage of research strongly calls for 
bundling the knowledge and long-term experiences to bridge the scales in order to predict 
material properties and to optimize processes taking into account influences and effects of both 
length and time scales. 

In fact, there is a huge variety of applications that require theoretical models of different time 
scales. The difficulty lies in the need to cover very different timescales relevant for materials, 
starting from the femtosecond quantum transitions following electronic excitations and ranging up 
to the extremely slow phenomena related to such processes as fatigue, creep and thermal 
annealing. 

In energy, electronic and chemical industry as well as in information and biotechnology, totally 
new material solutions are called for. These solutions include such issues as nanotechnology-
enabled new materials, and process solutions for renewable, sustainable and clean energy 
technology, for efficient utilization of resources in process industry, and for new physical platforms 
for information technology. Hydrogen storage, solar energy conversion and harvesting, fuel cells 
and first-wall fusion materials are often-cited examples in energy technologies. There is a great 
need for novel catalysts in chemical engineering. Biocompatible and bio-inspired materials have 
huge potential in tissue engineering and other biomedical and biotechnological applications, and 
the roadmap for future information technology depends on the ability to find new solutions signal 
processing, memory, communication and display platforms. Micro and nano-systems for sensing, 
actuation and biomedical devices is an application field involving several kinds of materials like 
metals (single metal for superelasticity and shape memory, multi-layer super-lattice for 
thermoelectricity and high sensitivity sensors,..), oxides (single crystalline piezoelectric and 
ferroelectrics, high porosity nano-structured oxides,..), semiconductors (MOS for small organic 
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molecule sensing,..), organic materials (conjugated polymers for organic solar cells,..), hybrids 
(magnetostrictive piezoelectric superlattice multilayers,..), biomaterials (biocompatible magnetic 
nanowires,..), soft materials (Polyamide and Polypropilene and related nanocomposites, ...), 
glasses and ceramics. Nanoelectronics involves metals and half metal materials (for transistor 
channels, gate metal, interconnections,..), oxides and hybrid materials (for gate insulators, 
resistive RAM,..). Light weight transportation is also a field with huge interests in several kind of 
materials: metals (for nanocatalysts for fuel cells, for nanostructured alloys,..), organic materials 
(for nanofillers for composite production, for innovative sustainable coating for corrosion 
protection,..), hybrids (nanoporous membranes for fuel cells, sensorized structural materials,..), 
soft materials (recyclable polymer matrix, new ultralight foams for noise reduction,..). Aerospace 
industry, nuclear fusion and medicine applications involve metallic and half metallic materials.  

In the manufacturing industry (materials producers such as the steel industry, end product 
designers such as the car industry) there is a challenge to combine micro and macro models in a 
robust and reliable way. Constitutive materials models that include grain size, grain orientations 
and dislocations are still a hot and difficult topic. There is also a need for theoretical models which 
take all process history into account and include all pertinent factors in order to predict complex 
stress states in a material.  

A fundamental knowledge of dynamic material behaviour is essential to understand the process 
mechanisms, characterize surface integrity, establish optimum operation conditions, and develop 
new processes and tooling; on the other hand, multiscales (both length scale and time scale) 
coupling methods are required for data organization and analysis. Unfortunately, there is not a 
single multiscale coupling method. The most advanced strategies developed in the last ten years 
foresee an integration of several different multiscale coupling methods. This kind of approach is 
often referred to as “Multi Paradigm Approach” (Caltech).  

There are no internationally recognized multiscale coupling method classifications, so the following 
classification scheme is herein proposed: 

 Hierarchical (Parameters passing): Methods at a scale, starting from the lowest one, are 
used to calculate and build parameters, constitutive equations and sub-grid models 
entering equation and models at the higher scales  

 Hierarchical (Homogenization/ Multiple space/time asymptotic methods): A key objective 
is to develop a unified mathematical framework which would allow applying, inside a 
global coherent strategy, the full spectrum of methods from quantum mechanics to Finite 
Element 

 Concurrent: These Methods foresee the decomposition of the computational domain in 
different space regions where different modelling approaches (quantum, atomistic, 
continuum) are applied. A key problem is the “connection” between regions modelled with 
different physical and mathematical schemes 

 Adaptive (Top down approach): Start with a simple model, based on a single scale and 
then adaptively introduce additional scales to permit coupled multiscale modelling, 
whenever and wherever these are needed 
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Coarse Graining and Adaptive Coarse Graining: This system has the same statistical properties as 
the corresponding fully atomistically resolved system at the same physical conditions. 

No single multiscale coupling paradigm can cover all the simulation needs in the nanotechnology, 
materials and processing field. There is no “Unified Multiscale Mathematical Theory and 
Framework”. Accordingly to deal with real and complex technological and industrial problems, 
several different coupling paradigms have to be integrated. According to the Caltech 
“Multiparadigm” strategy the construction of ad hoc Frameworks characterized by a high degree of 
flexibility is required. Caltech developed one of such Frameworks named “Computational Materials 
Design Facility” (CMDF) and applied it to the design of several new (nanostructured) materials.  

In this way, integrated Multiscale Analysis and Design Frameworks can play a significant role for 
the application of Multiscale to Industry in several areas: Technology Development, Engineering 
and Manufacturing. Integrated Multiscale Analysis and/or Design Frameworks specifically 
conceived to address R&D, Engineering and Manufacturing are an important prerequisite to a wide 
adoption of Multiscale Science–Based Strategies inside Industry. Some Frameworks have already 
been developed and applied to issues of industrial relevance in particular in the nanotechnology 
and materials fields. Some of the Integrated Frameworks have been and are being developed by 
“Centers” specifically conceived and dedicated to Multiscale issues (CMDF and CCMD). These 
Centers represent strategic partners for Industry. 

The participating groups in WG1 provide a unique basis for establishing a comprehensive 
description of materials from electronic structure, nucleation, and microstructure formation up to 
the macroscopic scale of components. 

3.2. Main challenges 

Goals are outcome-oriented statements that represent what will constitute the project future 
success. The achievement of each goal will move the group towards the realization of its vision. 
The goals are not in any order of priority even if linked between each other.  

Calculate macroscopic properties of materials by theoretical modelling or computer simulation 
from a very fundamental, ab initio perspective is one of the long-standing targets to be pursued. 
An outstanding research challenge is to combine the multiscale models both in length and 
time, such as first-principle methods for non-equilibrium dynamics or models for manufacturing 
process chains. 

Multiscale Multiparadigm Frameworks should manage and integrate a full spectrum of codes 
implementing several different methods (QM, MD, Mesoparticles,..), a wide range of coupling 
schemes and data management schemes to organize the data flow between different codes and 
coupling schemes, following a unified strategy to meet with specific tasks and objectives. 
Multiscale Multiparadigm Schemes and Frameworks represent an important R&D area. 

Of course it will be not possible to investigate the whole spectrum of properties, but it has to be 
intended as a mile stone in developing of a new generation of approaches able to correlate the 
microstructure with the macro properties of the materials. To find these links is not so easy and 
many tools are necessary and also the tools developing needs a lot of time. 
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The final main challenge is the experimental validation and modelling of components in 
actual systems to analyze and predict their life-cycle issue. A wide-spread collaboration is 
needed for structure-property databases for materials that are necessary to support theoretical 
modelling. Numerical tools must be calibrated on material firstly and then tested on tailored 
microstructures. 

3.3. R&D priorities: 3-5 years horizon 

A huge amount of data at multi length scale and time scale level needs parametric evaluation and 
organization and multi-objective analysis, therefore one of the main target to be pursuit in a 3-5 
year horizon has to be development of materials structure-property databases and 
modelling software for common use. In particular, First-principles methods for non-
equilibrium dynamics modelling, and modelling of materials processing history for manufacturing 
industry, such as casting, forming and forging.  

3.3.1. Data managing 

A continuously increasing amount of data needed to characterize R&D and Engineering Processes. 
Two key issues will characterize R&D streams in the next years: 

 New Mathematical Techniques to analyze an increasing amount of raw data (Terascale 
and Petascale data set) 

 New Multilevel Data, Information and Knowledge “Management Structures” 

In fact, analyzing ever more massive data sets has become both increasingly difficult and 
increasingly necessary, as computer systems have grown larger and experimental devices more 
sophisticated. Mathematical methods have long been used for the analysis of such data. 
Unfortunately, many existing methods fail to provide adequate robustness, scalability, and 
combinatorial tractability when applied to terascale and, in particular, petascale data. Therefore, 
key challenges are: 

 to adapt analysis methods to the requirements of ever larger data sets 

 to develop new mathematics to extract novel insights from complex data 

 to manage and distribute reliably large amounts of material data 

Furthermore, a definition of multilevel data organization is needed; in particular two fundamental 
levels of organization (abstraction) and related structures can be devised, such as Knowledge 
Maps (see Figure 7).  
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Figure 7: Mapping the knowledge about advanced materials  

(Example of analysis of 1573 EU projects related to nanomaterials in CORDIS, 
http://cordis.europa.eu, clustered by the similarity of their respective descriptions; 

the projects of similar color deal with similar issues) 

Source: Steinbeis Advanced Risk Technologies 

At the first level of organization data from analytical formulations, computational models, 
experimentations and testing are analyzed and relationships among the different variables which 
characterize “system” dynamics are identified and tracked. Analysis and Management Structures at 
this level are called “Process Maps”.  

Higher organization levels identify relationships among more complex “Entities” characterizing 
“system” dynamics and the related analysis and design strategies:  

 Relationships between physical, chemical and biochemical structures and related 
transformations over time inside a scale and over different scales 

 Relationships between physical, chemical and biochemical phenomena and processes 
inside a scale and over different scales 
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 Relationships between phenomena, and structures and related transformations inside a 
scale and over different scales 

 Relationships between physical, chemical and biochemical complex processes (phase 
changes, oxidation,…) 

 Relationships between Analysis and Design Variables over the full range of scales taken 
into account and between Analysis and Design Variables, phenomena and structures and 
related transformations, over the full range of scales 

 Relationships “Performance” (Requirements) - Properties – Structures/Transformations 
(Physical, Chemical and Biochemical) – Processing” inside a single scale and over different 
scales 

The higher organization level structure is conventionally called “Knowledge Maps”. The full set of 
“Process Maps” and “Knowledge Maps” constitutes the “Multiscale Knowledge Base”. 

3.3.2. Modelling and design optimization 

It is easy to understand how the new possibilities in multiscale and multifield simulation could be 
managed and coordinated in order to speed up the design process and to organize the 
experimental tests and results avoiding time wasting and redundant expensive testing. 

Data, Information and Knowledge structures correlate and fuse inside a coherent and 
comprehensive framework data and information coming from different scientific and engineering 
teams, from different methodologies, from the different tasks in the different stages of the whole 
Technology Development and Engineering process. “Maps” allow for an effective insertion and 
management of the more fundamental knowledge (basic and applied research) inside Technology 
Development and Engineering phases. 

In fact, a new concept of software has been recently gaining ground: the tool for PIDO technology 
(Process Integration and Multi-Objective Design Optimization). It allows the effective management 
of the design process logic making possible its multi-objective and multi-field optimization. A multi-
disciplinary design process is characterized by subsequent transformations and additional details; 
a complete multi-disciplinary design process can be divided into several phases while receiving 
contributions of many professional staff and different departments, each trying to achieve 
conflicting requirements at the same time. 

These kinds of software allow formalization and management of workflows to treat in a flexible 
and dynamic way process of any complexity grade; they provide a set of design of experiments 
(DOE) and statistical tools to identify which parameters contribute most to the global 
performance, a set of methods, technologies and strategies for multi-objective and multi-
disciplinary optimization and advanced probability and statistical for reliability and uncertainties 
(design for six sigma). 

The use of DOE is extremely important in experimental settings to identify which input variables 
most affect the experiment being run; since it is not feasible in a multi-variable problem to test all 
combinations of input parameters, DOE techniques allow the user to try to extract as much 
information as possible from a limited number of tests. Therefore, this methodology is a strong 
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tool to design and analyse experiments because it is possible to eliminate redundant observations 
and to reduce the time and resource to make experiments. It can provide a good starting point for 
an optimization algorithm, such as Simplex or Genetic Algorithm (GA) or to check for robust 
solution. True multi-objective optimization techniques keep the objectives separate during the 
optimization process, avoiding the problem generated from the classical techniques when the 
incorporation of all the objectives (weights) in a single function reduces the problem to one of 
single optimization again (with the disadvantage that these weights must be provided a priori, 
which can influence the solution to a large degree and, moreover, if the goals are very different in 
substance it can be difficult, or even meaningless, to try to produce a single all-inclusive objective 
function).  

3.4. R&D priorities: 10-15 years horizon 

Long terms targets are directly related to the 3-5 year target representing their evolution, 
improvement and validation. One of the most appropriate ways to pursue these targets consists in 
the integration of experimental data and experiments with the developed models and in the 
reciprocal validation and parametric identification. In this way, it is possible to think about life-
cycle prediction of actual systems through a new generation of CAD/CAE/CAM system 
development. 

3.4.1. Integration of computational data with experimental and testing 
multiscale 

One of the most interesting research fields is the extension of the multiscale approach from the 
computational world to the experimental and testing one and their full integration. A whole new 
technological field will be created by the multiscale science – based computational approach: 
Multiscale Experimentation and Testing. This field entails the development of new multiscale 
experimental and testing technologies and equipments and related operational methodologies and 
their full integration with the multiscale computational ones. This kind of Integration is one of the 
most crucial challenges and opportunities for R&D and Engineering in the following years: 

 Integration of probabilistic, stochastic and continuum models (Finite Element Methods, 
Finite Difference Methods, Boundary Element Method; Front Tracking, Cellular Automata, 
Phase Field formulations, Bayesian network..) and methods with multiscale physics-based 
modelling (numerical homogenization, heterogeneous multiscale methods,..) 

 Advanced (multiscale) sensors technologies for state awareness 

 Multi-scale validation 

Data obtained from experimentation and testing covers several physical and biochemical 
disciplines and domains, and several different space and time scales. It is clear that we have to, 
increasingly, deal with very complex interaction patterns “intra” the experimentation and testing 
world, “intra” the computational modelling world and “inter” the experimentation and testing and 
computational modelling worlds. Classical empirical and semi-empirical integration schemes, 
already in place, become less and less effective as complexity of the systems to be analyzed 
grows and accuracy and reliability requirements become more severe. Analysis and interpretation 
of data from an experiment or a test, in several cases, call for data from other experiments and 
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tests. Data have to be analyzed, interpreted and correlated according to a unified vision which can 
be offered. 

3.4.2. Multiscale CAD/CAE/CAM systems development 

A critical issue for a wide application of multiscale science - based strategies in the industrial 
technology development and engineering world is the lack of Software (CAD/CAE/CAM) 
Environments specifically conceived for this kind of approach. Nowadays, notwithstanding the 
growing diffusion of multiscale inside university, research, and even industry, software 
environments (CAD/CAE/CAM) specifically conceived to implement multiscale science-engineering 
integration visions and strategies are lacking in their very starting phase. Two critical issues and 
R&D priorities are: 

 The definition of the architectures (and related standards) for a new generation of 
multiscale CAD/CAE/CAM environments. This is a fundamental objective if we like to have 
multiscale science based strategies widely and currently used inside industry. Two 
interesting examples of initial efforts in this direction are: (the gPROMS SW Environment 
from PSE Ltd for Computer Aided Processing, and new Multiscale SW Environments from 
Accelrys in the Materials Design field) 

 A full Integration of Scientific and Engineering/Manufacturing Software Environments 

To achieve the latter objective, a specific “science – based two phases” strategy has been 
conceived which foresees the execution of Multiscale Scientific Analyses and after, Knowledge get 
by “Scientific Analyses” is applied to develop reduced – order models, sub grid models and 
constitutive equations and calculate parameters to be inserted inside classical models (macro and 
meso scales). 

A key goal for Computer Aided Engineering (CAE) is the development of Methodologically 
Integrated Multiscale Science – Engineering Analysis and Design Strategies which take full 
advantage, in a synergistic way, of progress in both the fields: Modelling and Simulation and 
Experimentation and Testing. The development of Multiscale Systems Engineering Frameworks 
deserves attention also because it can give the birth to a new generation of Technologies and 
Engineering/Manufacturing solutions which foresee “inherently” hierarchical multiscale 
architectures, where several different elements at different scales interact to determine an 
extended range of functionalities and performance. 

3.4.3. Life-cycle prediction 

A fundamental objective of modern engineering is to predict the behaviour of a system for its 
whole life-cycle and taking into account the full spectrum of the interactions between the system 
and its operational environment. Analysis and prediction of life-cycle issues (fatigue, creep, 
fracture, corrosion, friction, erosion, materials property degradation, environmental interactions,…) 
heavily condition capabilities of fielding innovative technological solutions. Present methodologies 
rest, to a high degree, on experimental and testing activities and statistical methodologies. More 
refined, science-based approaches begin to appear. A more comprehensive and science-based 
approach to life-cycle issues is being developed in the context. 
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 Advanced (multiscale) experimental and testing technologies 

 Multiscale Data – Driven Models 

 Science – based self – healing technologies 

Failure of materials is a principal bottleneck for developing future technologies in critical 
engineering areas such as energy, chemistry, propulsion, amongst others. Extreme operating 
environments accelerate the aging process in materials, leading to reduced performance and 
eventually to failure. If one extreme is harmful, two or more can be devastating. High 
temperature, for example, not only weakens chemical bonds, it also speeds up the chemical 
reactions such as corrosion. Advances will be achieved by a combination of multiscale science 
based computational modelling and new (multiscale) experimental and testing techniques and 
strategies. The objective is to unlock the fundamentals /atomistic phenomena of how extreme 
environments interact with materials and how these interactions can be controlled to reach the 
intrinsic limits of materials performance and to develop revolutionary new materials. 

Understanding the atomic and molecular basis of the interaction of extreme environments with 
materials provides an exciting and unique opportunity to produce entirely new classes of 
materials. Today materials are made primarily by changing temperature, composition, and 
sometimes, pressure. Extreme conditions - in the form of high temperatures, pressures, strain 
rate, radiation fluxes, or external fields, alone or in combination - can potentially be used as new 
“knobs” that can be manipulated for the synthesis of revolutionary new materials. 

Four common science issues are shaping and they will shape R&D and engineering activities in the 
medium and long term time framework: 

 Approaching the Theoretical Limits of Performance 

 Exploiting Extreme Environments for Materials Design and Synthesis 

 Characterization on the Scale of Fundamental Interactions 

 Predicting and Modelling Materials Performance 

WG1 also contributes to education and training on computational background and skills 
anticipated as requirements from industry. Also there is a need for new material modelling 
services and open software that are more easily reached by industrial designers. This calls for new 
ways of working, such remote usage, open software platforms, education over internet, shared 
data banks etc. 
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4. Materials for Energy 
(Working Group 2) 

4.1. State of the art (R&D and Industry perspective) 

The EU landscape is changing rapidly, particularly due to the 2020 20% renewable generation, 
efficiency and CO2 reduction targets the EU Commission has set. To meet these requirements, a 
balanced ‘portfolio approach’ has to be adopted since no ‘quick fix’ technology solution exists. 
Materials research underpins the successful deployment of all technologies in the portfolio, 
whether for structural or functional purposes and so a range of research areas need to be 
addressed simultaneously to support the product portfolios that are being proposed, from large 
carbon capture plants, to solar panels. The objectives from the Materials for Energy Group are 
aligned with the SET Plan of Energy and EuMaT has actively participated with the European 
Commission in the definition of this SET Plan. The following sections illustrate the research 
challenges and priorities, with more detail of the breadth of the materials technologies presented 
in the form of summary tables for selected areas distributed within the text. 

4.2. Conventional Power Generation (Fossil, Nuclear and related) 

Commercially available steels allow for steam temperatures in boilers (superheaters), pipework 
and steam turbines up to 620 °C whereas expensive Ni-based alloys are necessary in order to 
achieve the higher plant efficiencies arising from the use of Ultra Super Critical (USC) steam 
conditions of 700 °C and 350 bar. However, their resistance to the process environments has been 
only demonstrated to a certain extent, and significant challenges remain with their fabrication; in 
addition, their use needs to be minimised due to their high cost and strategic supply issues. For 
aggressive fireside conditions, welded inconel coatings, among others, are currently used in fossil 
/ biomass plants and waste incinerators. Corrosion, oxidation and wear resistant as well as 
thermal barrier coatings are used in many areas of modern gas turbine to enable high 
performance. Usage of these materials in harsh environments (high shares of biomass co-firing, 
oxyfuel CO2 capture, waste incineration, USC conditions and a combination of these) is now being 
investigated. Following on from this, the more aggressive environments in gasification systems is 
also under investigation, although only preliminary results are available on the degradation of 
materials under hydrogen and syngas environments and so more intense research is necessary 
here. 

Different approaches exist for CO2 capture. Post combustion capture using amines leads to 
corrosive environments in the capture plant, where the use of carbon steels are preferred to 
contain costs, but other materials/coatings may well be needed once more experience exists with 
the more oxidising conditions found with power applications compared to the normal use in 
natural gas upgrading. Membranes for post-combustion based on polymers or micro-porous 
architectures are being investigated intensively and similar solutions for pre-combustion capture 
are also necessary. Pre-combustion requires solutions for gas turbines firing high-H2 syngas where 
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both H2 and CO2 separation options are possible; current methods using physical solvents are 
well-established. Also catalysts for water gas shift reactors and air separation membranes for low 
cost O2 are being researched. Oxy-combustion provides an alternative approach, which is also 
retrofittable and uses well known components. However, the altered boiler or gas turbine 
environments provides significant risks of higher fireside corrosion, leading to the need for 
improved coatings, similar to those required for the increased use of biomass co-firing. 

In nuclear plants, much of the balance of plant, other than the nuclear island, is conventional 
technology, similar to that for conventional fossil energy plants. The next generation of nuclear 
plants may be enhanced version of the current pressurised water reactors or may use other gas or 
molten salts coolants, each presenting a different set of materials challenges. Examples include 
the fabrication issues for the very large pressure vessels to corrosion, stress corrosion and 
embrittlement problems arising from the varying environments. In contrast, fusion reactors 
present a wide range of new materials challenges where new materials for plasma-facing 
conditions and existing ones (e.g. stainless steels and ODS alloys) are finding application. In all 
cases, fabrication and joining technologies are high priorities. 
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Table 1: Fossil Energy & CCS - Structural Materials Priorities 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting 
R&D needs 

Reducing Time to 
Market & Life Cycle 
Costs 

 Stretching the 
limits for cheaper 
materials to 
reduce electricity 
costs in advanced 
systems 

 Improved materials 
selection and plant 
design approaches to 
minimise risk of 
damage, 
materials/fabrication 
costs and facilitate 
service/repair 

 Development and 
qualification of Ni 
alloys for large power 
system components, 
up to 800°C 

 Generation of 
design-relevant 
materials data for 
alloys, coatings and 
joints 

 Definition of plant 
operating limits for 
different CCS options 

 Assessment of 
impact of oxy-
combustion on 
fouling/corrosion 

 Networking with 
other plant 
operators – shared 
experience to 
reduce risks 

 Data generation 
for different 
fuels/operating 
conditions for 
difference CCS 
options, for model 
development 

 Collaboration on 
novel diagnostic 
techniques 

Higher performance 
in Harsher 
Environments 

 Excessive 
corrosion limiting 
steam 
temperatures in 
boilers and 
syngas coolers 
and hot corrosion 
in gas turbines 
and combustion 
engines 

 Impact of 
changed process 
environments 
due to the 
introduction of 
CCS technologies, 
e.g. oxy-
combustion in pf 
boilers 

 Development of 
reliable alloy/coating 
materials systems. 
Improved 
understanding of the 
effects of operating 
conditions on 
corrosion rates leading 
to improved designs 

 Refractories with 
increased resistance 
to chemical attack 

 Improved wear 
resistant materials and 
coatings 

 Coatings to resist 
steam-side oxidation 
in boilers 

 Qualification of ODS 
alloys for gas turbine 
and boiler applications 

 Development of 
ceramic matrix 
composites and 
intermetallics for gas 
turbine components 

 Identification of low-
cost alternatives to 
reduce use of 
strategic elements  

 Development of 
advanced smart 
coatings to resist 
variable corrosion 
mechanisms 

 Determination of 
alloy/coating 
performance limits 

 Improved 
understanding of 
process 
environments 

 Improved 
understanding of 
steam-side oxidation 
mechanisms  

Improved Life 
management and 
reliability 

 Reductions in 
operating and 
maintenance 
(O&M) costs 

 Development and 
application of 
diagnostic techniques 
and process design; 
improved repair 
procedures. 

 Characterisation of 
alloy/coating 
degradation 
mechanisms 

 Development of 
predictive models 
relating fuel 
properties and 
operating conditions 
to damage observed 
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Table 2: Fossil Energy & CCS - Functional and Process Materials Priorities 

Technology 
priority areas 

Technical 
Challenge Key applied R&D needs Key fundamental 

R&D needs 
Key supporting 
R&D needs 

Improved 
performance of 
reactors and 
process 
systems 

 Reduced cost for 
solvent and 
sorbent‐based 
post-combustion 
CO2 capture 

 Durable, high 
permeability 
membranes for 
the separation of 
CO2 from flue 
gases and for 
the separation of 
H2 from IGCC 
syngas 

 Low cost oxygen 
production for 
gasification 
processes 

 Improved, 
durable solid 
particle oxygen 
carriers for 
chemical looping 
systems 

 Improved, durable, 
O2‐tolerant solvents and solid 
adsorbents for CO2 capture 

 Improved oxygen separation 
membranes 

 Process gas separation 
membranes – hydrogen, etc 

 Durable gas filtration media – 
ceramics/metals/intermetallic
s/ 
polymers 

 Durable, agglomeration 
resistant bed materials for FB 
gasifiers 

 Oxygen carriers for chemical 
looping systems 

 S removal sorbents for 
catalyst protection and fuel 
cell applications 

 Improved 
understanding of 
interactions 
between gases 
and separation 
media 

 Improved 
understanding of 
gas:liquid and 
gas:solid contact 
systems 

 Improved models 
of process 
performance 

 Data generation 
for different 
fuels/operating 
conditions for 
model 
development 

 Networking with 
other plant 
operators – 
shared 
experience to 
reduce risks 

Disposal and 
utilisation of 
residues 

 Improved 
utilisation or 
reduced disposal 
costs for process 
residues and 
ashes 

 Cost reduction 
for handling 
used CO2 
solvents 

 Development of 
environmentally-friendly 
solvents and spent‐solvent 
treatment methods 

 

Improved Life 
management and 
reliability 

 Reductions in 
operating and 
maintenance 
(O&M) costs 

 Improved process sensors for 
monitoring products and 
contaminants 

 Improved 
understanding of 
process 
parameters 
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Table 3: Nuclear Energy - Structural, Functional Materials and Process Priorities 

Technology 
priority areas Technical Challenge Key applied R&D 

needs 
Key fundamental 
R&D needs 

Key supporting 
R&D needs 

Reducing Time to 
Market & Life Cycle 
Costs 

 Commercially 
available materials for 
R&D innovative 
reactor concepts 

 Creation of a 
database including 
coolant, 
thermal‐mechanical 
and irradiation effects 

 Welding and joining 
procedures including 
mixed welding and 
welding of thick 
components 

 Integrity assessment 
of long lasting 
components 

 Testing procedures 
to evaluate 
environmental 
effects, high 
temperature and 
mechanical 
properties 

 Non destructive 
analysis 

 Pilot projects to 
confirm wear (Na 
environment) and 
corrosion 
resistance (pin, 
bundle in Pb, 
PbBi) at 
temperatures 
300‐550ºC of 
large scale coated 
components 
under normal and 
transient 
conditions, 
including in pile 
assessment 

 Pilot projects for 
manufacturing of 
9Cr steel heat 
exchanger (better 
conductivity and 
lower thermal 
expansion than 
austenitic steel) 

 Pilot project for 
manufacturing of 
ODS for cladding 
tubes (in pile of 
out of pile) 
including 
operational 
conditions, 
predicted 
transients and 
relevant 
environments (Na, 
Pb) 

 Pilot project in 
testing SiCSiC 
cladding tubes 
(out of pile with 
He, Pb and in pile 
with the ESNII 
system is 
available) 

 Availability of 
Mapping of 
testing facilities 
created to 
develop ESNII 
reactors 
(ADRIANA 
Project) 

 New Installations: 
Irradiation 
facilities, hot 
laboratories 
equipped with 
high TºC tensile, 
creep, fatigue on 
relevant 
environments, 
large scale 
facilities for out of 
pile testing 

 Modelling virtual 
center to assess 

Higher performance 
coatings in Harsher 
Environments 

 ODS (oxide dispersion 
strengthened 
coatings) with 
optimised conditions 
to operate at 
400‐650ºC, resistant 
to irradiation doses 
(>150dpa), creep life 
of 80000 hours for 
100MPa, coolant 
compatibility and 
control of 
fuel/cladding 
mechano‐chemical 
interaction and 
suitable processing 

 Procedures of 
welding/joining ODS 
coatings/steel with 
high integrity 

 Fuel/cladding 
interaction and 
reprocessing 

 Manufacturing 
routes assessment 

 Up scaling quality 
study 

 Testing protocols 
for characterization 
of reference ODS 
(softening, low 
temperature 
embritlement, 
sudden fracture 
behaviour, tensile 
properties, creep 
and fatigue 
resistance, ani-
sotropy, suitability 
of ODS particles 
under long term, 
ageing and under 
irradiation, 
corrosion re-
sistance at high 
temperature (in 
liquid metals) 

Higher performance 
new materials for 
harsher 
environments 

 Applicability of Ti 
Alloys as pump 
impeller in lead 
cooled fast reactor 
(LFR) 

 Assessment of 
properties of 
titanium alloys 
(Ti‐aluminides, 
Ti2SiC2) in 
comparison with 
ferritic/martensitic 
and ODS steel for 
properties and 
manufacturing 
processes for 
nuclear applications 

 Assessment criteria 
and definition for 
long term 
development 

 Utilization of data 
to perform future 
component 
development 

Higher performance 
cladding processes 
for harsher 
environments 

 SiC/SiC cladding 
optimised, capable to 
operate at 
900‐110ºC, irradiation 
dose >60‐80dpa in 
SiC, mechanical 
stress from coolant 
and internal stress 
due to fuel swelling, 
fission gas release 
and thermal through 
thickness 
temperature 
gradients, compatible 
with coolant (He, Pb) 
and with carbide fuel, 
suitable for 
reprocessing 

 Structural composite 
manufacturing, 
development and 
strategies for 
reprocessing and 
up‐scale from 
laboratory to 
industrial scale at 
affordable costs 

 Experimental 
characterization data 
for design and 
modelling activities 
and environmental 
effects, leak 
tightness, dimen-
sional stability, 
thermal conductivity, 
strength, ductility, 
compatibility and 
chemicals and fuel 

 Establishing 
methods and 
standards, to 
measure 
mechanical stress 
due to fuel 
swelling, fission 
gas release, 
thermal gradient 
temperatures, 
coolant 
compatibility, 
compatibility with 
carbide fuel 
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4.3. Alternative and Renewable Power Generation 

For biomass and related waste technologies, the state of the art boiler materials are similar 
and/or equal to those of fossil fuel boilers, but higher corrosion resistance is needed and so 
steam conditions are generally downgraded. Coatings, similar to those for oxy-combustion are 
required to improve the fireside corrosion resistance to acceptable levels. Improved catalysts 
and membranes are required for upscaling bio-refinery schemes. 
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Table 4: Bioenergy - Structural Materials Priorities 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting 
R&D needs 

Reducing Time to 
Market & Life Cycle 
Costs 

 Improved 
understanding of 
corrosion 
mechanisms and 
development of 
resistant alloys 
and protective 
coatings for 
boilers, gas 
turbines and 
combustion 
engines 

 Improved reactor 
designs and 
fabrication 

 Improved materials 
selection and plant 
design approaches to 
minimise risk of 
damage, 
materials/fabrication 
costs and facilitate 
service/repair 

 Generation of 
design‐relevant 
materials data for 
alloys, coatings and 
joints 

 Definition of plant 
operating limits for 
different biomass 
types 

 Assessment of fuel 
additives and 
operational options 
to reduce 
fouling/corrosion 

 Networking with 
other biomass 
plant operators – 
shared experience 
to reduce risks 

 Data generation 
for different 
biomass 
fuels/operating 
conditions for 
model 
development 

 Collaboration on 
novel diagnostic 
techniques. 

Higher performance 
in Harsher 
Environments 

 Excessive 
corrosion limiting 
steam 
temperatures in 
boilers and syngas 
coolers and hot 
corrosion in gas 
turbines and 
combustion 
engines 

 Advanced 
materials for 
process reactors, 
e.g. FT 

 Reduced heat loss 
in distributed heat 
systems 

 Refractory life 
limited by process 
environments 

 Fermentation 
containment and 
seal materials 

 Wear of biomass 
harvesting and 
process equipment 

 Development of 
reliable alloy/coating 
materials systems. 
Improved 
understanding of the 
effects of operating 
conditions on 
corrosion rates 
leading to improved 
designs 

 Improved additives or 
process changes to 
reduce the risks of 
excessive corrosion 

 Improved insulation 
materials 

 Refractories with 
increased resistance 
to chemical attack 

 Improved wear 
resistant materials 
and coatings 

 Development of 
advanced smart 
coatings to resist 
variable corrosion 
mechanisms 

 Determination of 
alloy/coating 
performance limits 

 Improved 
understanding of 
process 
environments 

 Development of less 
harsh process 
parameters 

Improved Life 
management and 
reliability 

Reductions in 
operating and 
maintenance (O&M) 
costs 

 Development and 
application of 
diagnostic techniques 
and process design. 
Improved repair 
procedures 

 Characterisation of 
alloy/coating 
degradation 
mechanisms 

 Development of 
predictive models 
relating fuel 
properties and 
operating conditions 
to damage 

 

 



42 – MATERIALS FOR ENERGY (WG2) 
 

 

Table 5: Bioenergy - Functional and Process Materials Priorities 

Technology 
priority areas 

Technical 
Challenge Key applied R&D needs Key fundamental 

R&D needs 
Key supporting 
R&D needs 

Improved 
performance of 
reactors and 
process systems 

 Low cost oxygen 
production 

 High efficiency 
separation of 
gas and liquid 
products and 
contaminants 

 Improved 
catalysts for 
process and gas 
cleaning 
applications 

 Effective new 
process design 

 Improved oxygen separation 
membranes 

 Process gas separation 
membranes – hydrogen, etc. 

 Durable gas filtration media – 
ceramics/metals/intermetallic
s/ 
polymers 

 Durable, agglomeration 
resistant bed materials for FB 
gasifiers 

 De‐NOx catalysts for 
bioenergy flue gases 

 Oxygen carriers for chemical 
looping systems 

 S removal sorbents for 
catalyst protection and fuel 
cell applications 

 Ammonia reduction catalysts 
for biogas 

 Hydrotreating catalysts for 
bio‐oil upgrading 

 Sorbents for biogas 
purification 

 Improved separation 
membranes for fermentation 
products, improved flux and 
selectivity 

 Improved membranes for 
liquid product upgrading, e.g. 
pervaporation, dehydration, 
etc 

 Improved 
understanding of 
interactions 
between fluids 
and separation 
media 

 Better 
understanding of 
the mechanisms 
of catalysts 
poisoning and 
deposition of 
contaminants 

 Recycling 
methods for 
catalysts and 
enzymes 

 Continuous 
fermentation 
processes 

 Improved models 
of process 
performance 

 Data generation 
for different 
biomass 
fuels/operating 
conditions for 
model 
development 

 Networking with 
other biomass 
plant operators – 
shared 
experience to 
reduce risks 

Disposal and 
utilisation of 
residues 

 Improved 
utilisation or 
reduced disposal 
costs for process 
residues and 
ashes 

 Development of minerals 
recovery methods for 
biomass‐derived residues 

 Recovery 
methods for 
minor and major 
minerals 

Improved Life 
management and 
reliability 

Reductions in 
operating and 
maintenance 
(O&M) costs 

 Improved process sensors for 
monitoring products and 
contaminants 

 Sensors for materials 
performance 

 Improved 
understanding of 
process 
parameters 
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Wind and wave/tidal energy schemes are high priorities in many countries. State-of-the-art 
offshore wind turbine structures use large quantities of concrete and structural steels with multi 
PU (poly urethane) coatings and cathodic protection. The turbine blades are usually advanced 
glass-fibre reinforced polymer composites, where technology is being transferred from the aero-
sector. 

Table 6: Wind Energy - Structural, Functional Materials and Process Priorities 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting R&D 
needs 

1. Reducing Time to 
Market & Life 
Cycle Costs 

 Prediction and 
increase materials 
lifetime of blade 
materials 
(manufacturing 
techniques , 
sandwich core, 
biobased materials, 
coatings), 
transmission 
materials (steels, 
surface 
treatments, 
finishing) and non 
metal (sealing, 
ecolubricants, 
paints) 

 Developing cost 
effective long life 
material and 
efficient production 
processes, 
including recycling 

 Increase 
strength/weight 
ratio 

 Reduction of use 
and substitution of 
scarce materials 

 Simulation of the 
failure mechanism 
at laboratory level 
(corrosion, wear, 
fatigue). 

 Modelling tools 
development 

 Stronger lighter 
magnets, high 
temperature 
superconducting 

 Manufacturing at MW 
scale with 
significative weight 
and cost reduction 

 Trans‐European 
research field 
Network facilitator 

 Tests rigs for testing 
wind materials and 
components 

2. Higher 
performance in 
Harsher 
Environments 

 Increase strength 
of tower materials 
and performance 
of power 
electronics at 
extreme 
temperatures, 
higher 
performance 
weldings and light 
weight composites 

 Increasing windmill 
size, performance 
and durability in 
harsher 
environments 
(marine, extreme 
temperatures) 

 Adaptation of 
materials and wind 
components to off 
shore requirements 

3. Improved Life 
management and 
reliability 

Advanced on line 
condition monitoring, 
including sensors and 
non destructive 
testing 

 Reduce the 
maintenance cost 
for land and 
especially for off 
shore applications 

 Low maintenance 
cryogenic or 
advanced fluid 
techniques required 
for generator 
cooling 
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Polycrystalline Solar PV (photovoltaic) cells are widely commercially available, although the 
technology is only competitive with fossil fuel generation where large subsidies are provided; 
significant improvements are necessary in efficiency, reduced production costs and integration 
with other linked technologies to improve their competitive position. 

Concentrated solar power (CSP), uses various types of thermal collector of which many are made 
of e.g. polymeric materials and glass; however, their use is limited by melting temperature (well 
below 250 °C). 

Table 7: Photovoltaic - Structural, Functional Materials and Process Priorities 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting 
R&D needs 

1. Reducing Time to 
Market & Life 
Cycle Costs 

 Development of 
predictive materials 
models at 
multiscale 
(interfaces, 
multijunctions) 
relating the 
chemical 
composition and 
microstructure, 
with performance 
(ageing effects, 
corrosion 
resistance) 

 Lower cost and low 
power loss 
materials to reduce 
the size of the 
devices for 
inverters and 
magnetics 

 Cost effective 
production of solar 
grade materials and 
especially coatings, 
in order to minimize 
the use of scarce 
materials 

 New conductors with 
high optical and 
electrical 
performance and 
cheap manufacture 
and deposit 

 Development of 
nanoparticles and 
their 
functionalization 
controlling their 
plasmonic efects 

 Deep 
understanding of 
chemistry, layer 
formation, 
quantum structure 
control and doping 
techniques to 
increase efficiency 
of PVs 

 Simulation of 
failure mechanisms 
of interfaces, 
weldings at 
laboratory and 
development of 
modeling tools 

 Industrial piloting of 
new solar grade PV 
materials and 
deposition 
processes 

 Demonstrators for 
high strength low 
weight glasses 

 Small scale 
combining high 
concentrated 
photovoltaic and 
energy storage 

 Networking of EU 
testing facility for 
new materials and 
modelling in PV 
research 

2. Higher 
performance in 
Harsher 
Environments 

 Increase of 
performance of 
materials using 
thinner layers of 
wide band gap, 
working with 
friendly buffer 
layers and solders 

 Increase the 
strength/thickness 
ratio of advanced 
glass 

 Increase the lifetime 
up to 40 years of 
high barrier 
encapsulants and 
optical glues 
materials 

 Improvement of 
the manufacturing 
process of glass 
production 

 Development of 
tests to simulate 
the ageing 
resistance 

3. Improved Life 
management and 
reliability 

 Improve module 
efficiency through 
materials 
development 
enhancing optical 
concentration with 
high resistance to 
UV doses 

 Antireflective, 
antisoiling and 
antiabrasion and 
erosion resistance 
coatings to maximise 
the lifetime of light 
capturing 

 Improvement of 
surface texturing 
process, structuring 
and photonic 
structure for 
spectrum splitting 
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Table 8: Concentrated Solar and Thermal Storage Materials 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting 
R&D needs 

Structural Materials Priorities 

Reducing Time to 
Market & Life Cycle 
Costs 

 Cost effective 
structural materials 
(steel, Al, Mg, 
composites) with 
higher stiffness, 
stability, 
sustainability with 
reduced fabrication 
time and assembly 

 Decrease the cost 
and optimization of 
heat exchanger and 
collectors structural 
materials 

 High temperature, 
corrosion resistant 
materials (ceramic 
and alloys) 

 New concepts for 
cost effective fibre 
composites and high 
precision 

 Networking for 
research in high 
temperature 

 Networking for 
research in 
advanced light 
weight composites 

 Materials for piping 
and task structures 

 Pilots in ceramics 
and alloys for heat 
exchanger and 
central receivers 

Higher performance 
in Harsher 
Environments 

 Development of 
porous ceramic and 
metal absorber 
structures with 
better mechanical 
stability and higher 
resistance to 
temperature 

 Insulation materials 
with improved 
resistance to 
environmental loads 

 Transparent tower 
receivers for high 
temperature 

 Improve testing 
protocols and study 
of high temperature 
properties of 
ceramic and metals 
to reach long term 
resistance to 
mechanical 
requirements and 
corrosion 
environments 

Improved Life 
management and 
reliability 

 Solid ceramics and 
high temperature 
phase change 
materials, graphite 
and high 
temperature 
concrete with 
increased thermal 
properties 

 New materials for 
thermo chemical ‐
energy storage 
materials 

 New materials for 
higher temperature 
storage materials 

 New materials for 
thermo chemical ‐
energy storage 
materials 

 Testing of fatigue 
corrosion resistance 
and thermal 
properties at high 
temperatures 

Functional and Process Materials Priorities 

Improved 
performance of 
reactors and process 
systems 

 Develop absorber 
coatings stable 
both in vacuum 
and air, with 
increased 
absorptance, lower 
emittance and 
higher temperature 
resistance 

 Fluidised bed 
materials with high 
performance, 
abrasion and heat 
transfer 

 Improving testing 
protocols to test 
absorber coatings 
under vacuum and 
air at high 
temperatures, 
studying the gas 
desorption and 
relating to 
durability. 

 Virtual center in 
coating technology 

 Pilot projects in 
absorber coatings 
manufacturing, 
multilayer tube and 
coatings materials 
with catalytic 
properties for 
higher conversion 
rates 

 Pilots in High 
temperature 
synthetic heat and 
molten 

Disposal, 
minimization and 
re‐utilisation of 
residues 

 Increase of 
sustainable 
materials 
reflectance and 
specularity at cost 
competitive prices 

 Low lead solutions 
towards zero lead 
and low iron mirrors 
with improved 
corrosion resistance 
against weathering 

 Methods for 
treatment of raw 
materials to reduce 
the iron content 

 Understanding 
corrosion and 
abrasion mechanism 
through accelerated 
tests 
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H2 for use in gas turbines and/or fuel cells are a technology receiving considerable attention, in 
particular for transport applications where H2 storage is a key challenge, e.g. using tanks of 
magnesium hydride. Fuel cells vary from polymeric (PEMs) for transport applications to high 
temperature solid oxide (SOFCs) for power applications, where integration in advanced gas 
turbine cycles is possible to give very high overall efficiencies. The issues associated with these 
technologies are the focus of the EU Fuel Cells and Hydrogen Joint Technology Initiative, and so 
the materials issues are not included in any detail here.  

4.4. Energy Transmission and Storage 

Overhead power lines have been developed for electricity transmission as composites 
(aluminium and carbon), which can be applied at higher temperature and capacity in existing 
infrastructures. Lower-performing composite cables (carbon fibers in epoxy) or very expensive 
composites (ceramic reinforced) are also commercially available. High temperature 
superconducting materials offer considerable potential for reducing energy losses in the future; 
these materials are now becoming available and can be applied in cables, as well as in Fault 
Current Limiters (FCL’s) and other devices. 
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Table 9: Electricity Grids - Structural, Functional Materials and Process Priorities 

Technology 
priority areas 

Technical 
Challenge 

Key applied R&D 
needs 

Key fundamental 
R&D needs 

Key supporting 
R&D needs 

To enable the cost 
efficient 
transmission of 
dispersed and 
concentrated 
renewable energy by 
2020 

 New materials 
alternatives to Cu, 
Al to open up new 
functionalities. 

 High temperature 
superconductor 
materials (HTS) 
and manufacturing 
processes for AC 
cables to ensure 
uniform critical 
current and 
enhanced magnetic 
field performance 
and to reduce cost 
at least by a factor 
of 10 

 Development of 
reliable, high 
throughput and 
high yield 
production 
technologies for the 
HTS conductor to 
enable cost 
reduction at least 
by a factor of 10 

 Second generation 
HTS materials YBCO 
to ensure high 
uniformity of the 
critical current along 
the conductor 
length, enhanced 
magnetic field 
performance and 
reduced AC‐losses 

 Pilot project to 
simulate, qualify 
and test new HTS 
materials and 
components (fault 
current limiters at 
bus bar level to 
connect sub‐grids) 
where high power 
has to be 
transferred in 
confined space 
(converter stations, 
tunnels, bridges of 
HVDC lines as urban 
distribution 
backbones at 
medium voltage) 
and their grid 
interconnections 

 Pilot project to 
improve 
significantly the 
manufacturing 
processes of HTS 
materials (IBAD, 
RaBIDS, Chemical 
Solution Deposition 
technologies,..) 

 To establish a 
European network 
of grid testing 
facility on HTS 
under extreme 
conditions equipped 
with hardware 
simulation and 
testing facilities to 
qualify new 
components 

Higher performance 
in Harsher 
Environments 

 Advanced 
composites for 
cables (including 
new carbon fibre 
and plastic core 
composite material 
and metal matrix 
composite) with 
enhanced 
mechanical, 
electrical and 
thermal 
performance 

 Polymer based 
insulating materials 
and their 
manufacturing 
processes for high 
voltage insulated 
cables, on line and 
station insulators 

 Wide band 
semiconductor 
materials for 20 kV 
power electronics 
devices for high 
injection operation 

 Development of 
high lifetime 
materials suitable 
for 20 kV devices 
for high injection 
operation to enable 
single SiC switch 
devices able of 
handling 30‐50 kV 
and rated to 1000 
A. 

 Advanced 
composites that are 
resistant to 
moisture ingress, 
with reduced 
sensitivity to water 
for overhead lines, 
increasing the 
current carrying 
capacity by at least 
a factor of 3 

 Polymer materials 
for high voltage 
cables, higher 
specific withstand 
stress, critical 
temperatures and 
mechanical 
performance and 
reduced sensitivity 
to impurities, water 
or trapped charges 
of DC cables to 
enhance their 
capability to 
polarity reversal; 
Improvement of 
extrusion 
techniques aiming 
at cost reductions 

 Higher mechanical 
strength for station 
insulators, without 
the need of internal 
glass fiber 
insulation, with 
higher fire and 
chemical 
aggression and 
pollution resistance 

 SiC and GaN wafer 
research 
addressing epitaxial 
growth issues 

 New carbon fibre 
and plastic core 
composite materials 
with enhanced 
mechanical, 
electrical and 
thermal 
performance (high 
capacity, low sag, 
less joule losses and 
low electromagnetic 
field emissions 

 Development of 
metal matrix 
composites, with 
reduced brittleness 
for overhead lines 

 Nano‐particles in 
insulating materials, 
studying 
nanocomposites 
processability and 
long term ageing 
properties and 
environmental 
issues 

 Enhancement 
ageing performance 
of line insulators 
under different 
environmental 
conditions, 
increasing their self 
cleaning and self 
healing capability 
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For remote monitoring of (smart) grid components, Insulated Gate Bipolar Transistors (IGBT’s) 
exist but with high losses (1.5%) and modest (6-7 kV) switching capacity. These semi-conductors 
are silicon based. Smart Grid components largely exist but need demonstration. Several electrical 
storage options exist for high power/short term (e.g. compressed air storage (CAS), flywheels, 
etc) and high energy/long term applications (e.g. batteries), most of which present materials 
challenges. Carbon fibre-reinforced plastic materials are state-of-the-art for high speed fly wheels, 
while more traditional low speed materials are metal based. Reinforced concrete is being 
researched as a low cost material for very low speed fly wheels. Advanced, high power systems 
are using Superconducting Magnetic Energy Storage (SMES). State-of-the-art large scale 
electrochemical storage (for back-up power and load control) uses Na/S and Pb/S systems. Redox-
flow batteries contain membranes of which state of the art are nafion-like. 

Table 10: Electrical Storage - Structural, Functional Materials and Process Priorities 

Technology 
priority areas 

Technical 
Challenge Key applied R&D needs Key fundamental 

R&D needs 
Key supporting 
R&D needs 

Reducing Time to 
Market, Improved 
Performance & Life 
Cycle Costs 

 Reduced cost and 
improved life of 
electrical storage 
devices 

 Improved 
performance to 
meet high 
output/short term 
and high 
energy/long term 
applications 

 Improved electrode 
materials for Li‐ion 
batteries 

 Improved/alternative 
electrolytes for redox 
cells to replace 
vanadium – to give 
higher voltages and 
energy densities 

 Development of longer 
life, low cost membranes 
for redox cells 

 Alternative capacitor 
materials (in place of 
traditional carbons) and 
aqueous electrolytes 

 High temperature 
superconductors (2nd 
generation) for SMES 

 Lighter polymeric 
composites for SMES 

 Corrosion resistant 
materials for 
compressed air storage 
in salt caverns 

 Improved catalysts and 
membranes for Li‐air 
cells  Exte・ nded life Li‐S 
cells 

 Development of 
low cost aqueous 
hybrid systems 

 Low cost/high 
strength composite 
technology for 
flywheels 

 High conductivity 
glass/ceramic 
technology for 
advanced batteries 

 Improved 
understanding of 
solid state 
chemistry for 
batteries 

 Integrated 
performance 
monitoring 

Integration and 
recycling 

 Integration with 
other technology 
areas, e.g. 
electricity grids, 
renewable energy 
devices 

 Reduced use of 
high cost 
elements and 
improved 
recycling 

 Environmentally friendly 
disposal and re‐use 
options, where recycling 
is not economic/possible 

 Properties of novel 
materials to avoid 
extended use of 
strategic elements 

 



MATERIALS FOR ENERGY (WG2) – 49
 

 

Carbon steels are the preferred option for pipeline applications, due to cost issues. While there 
is much experience here for gas grids, only limited information exists for their use with 
supercritical CO2 captures from power plants and other large industrial sources; this represents 
a priority challenge if CCS technology is to be deployed in the coming decades as expected. 

4.5. Demand Reduction and Energy Conservation 

Many plants, for both civil and industrial use, manufactured before the 1970’s, were designed 
with no particular care for their energy consumption; however, these plants will remain in 
service while they are economically viable and so they will release considerable amounts of heat 
and CO2 into the atmosphere. Fuel gases – although corrosive - are sometimes emitted at very 
high temperatures, and waste heat recovery from these present significant corrosion challenges 
for the materials used. Heat and cold storage is beneficial in industry and horticulture. Solutions 
for this exist (water, concrete, etc.) but are often uneconomic to implement; these solutions are 
very different from the thermal storage approaches being developed for use with CSP. 

Energy losses from pre-oil crisis buildings constructed usually have large windows with thin 
glass, non-insulated external walls/roofs, etc. and there are many possibilities for large energy 
savings through the use of new materials and proper design routines; retrofitable solution for 
old buildings remain a major challenge and require substantial subsidy. Lightened clay and 
concrete materials, new insulating building blocks, coated steels or light alloys with dampening 
properties and new high temperature metallic materials for heat exchanges, refractory materials 
for energy storage, etc. are examples of possible significant materials contributions to reducing 
energy losses and ensuring efficient use of this expensive commodity. 

4.6. Main challenges 

4.6.1. Power Generation (Fossil, Nuclear and related) 

The increase of efficiency is an everlasting challenge to economically improve power generation 
processes, to lower the use of non-renewable energy sources and to diminish carbon emissions. 
Carbon emissions should in first place be counteracted by further increase of plant efficiency, by 
raising steam conditions (e.g. to USC levels) which challenges materials to cope with the higher 
temperatures with respect to fireside corrosion, steam-side oxidation, cracking, rupture, creep, 
fatigue, etc in service and in fabrication, e.g. welding, casting and forging of large components. 
Critical components include boiler parts, superheaters and gas turbine components. Increasing 
efforts need to be directed towards reliable and repairable protective high-temperature coatings 
with extended temperature capability and resistance against corrosive attack including that due 
to CMAS. Ceramics continue to offer the possibility of higher working temperatures; for 
structural applications, fibre-reinforced ceramic matrix composites have good potential. 

Secondly, projected increased use of biomass/waste, biofuels and biogas foreseen provide a 
complex challenge to materials due to the different and variable fuel properties compared to 
those of conventional fuels (coal, lignite, gas), especially for fireside corrosion, requiring 
resistant coatings with high heat transfer at a reasonable cost. In summary, the materials 
challenge relates to the simultaneous combination of advanced operating conditions, e.g. USC 
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conditions with CCS, and the use of fuels with more aggressive components. These challenges 
are further extended in the gasification systems of the future where syngas and H2-rich syngas 
(after CO2 separation) is burned in advanced gas turbines. As materials are pressed further 
towards their intrinsic limits, condition monitoring becomes increasingly important to help 
maintain plant reliability and avoid unforeseen outage costs; materials and coatings with 
integrated sensor capabilities offer real prospects, as well as self-healing coatings which can 
respond to changing plant conditions. 

Thirdly, CO2 will need to be captured and transported for safe storage, although this severely 
impacts on plant efficiency thus increasing the cost of electricity to customers. New 
technologies, such as post-combustion membranes offer possible lower cost options. The 
materials challenge is to improve membrane material properties (permeation rates, selectivity, 
stability and sealing technologies) and simplify membrane fabrication methods. With more 
traditional capture methods, ensuring high availability equivalent to that of the main power 
plant is a key challenge where materials technology has a clear role to play. With post-
combustion amine scrubbing, either for coal or gas plant applications, the main materials 
challenge is corrosion of the scrubbing system components, for which limited long term data 
exist. Pre-combustion challenges lie mainly in the ability of the gas turbine materials to cope 
with combustion of high H2 gases, optimized catalysts for the WGSR and membranes for air 
separation. The latter technology would also significantly benefit oxy-combustion, helping to 
reduce implementation costs.  

4.6.2. Alternative and Renewable Power Generation 

The main challenge for biomass/waste in stand-alone combustion units relates to coping with 
variable and aggressive combustion environments. This holds for both boiler plants with direct 
firing and gas turbines or engines burning syngas from biomass/waste gasification, where 
redesigned materials with higher corrosion resistance are required. In addition, methods for 
monitoring degradation, component life prediction and repair/refurbishment need further 
development.  

Wind and tidal turbines are being built to handle the harsh offshore/sub-sea environment where 
maintenance and repair provide major challenges and costs. Durable, corrosion resistant 
solutions are required to face these conditions while welded parts, castings and other parts 
(e.g. like towers and sub-sea structures), blades, gear boxes have to work for extended periods 
under high mechanical loading. Due to the remoteness of offshore wind and wave systems, 
improved remote structural health and materials monitoring, and self healing materials, offer 
real opportunities. Increasing the power output from these devices requires bigger blades, 
which must have lower weight if they are to work effectively under the applied loads. 
Developments of more advanced wear-resistant materials (glass, carbon, fibre reinforced 
plastics, including nano-particles), designs and processing techniques (sandwich constructions, 
joints, performing) are therefore necessary as well as new, sustainable tribological solutions. 
Wave and tidal power generation schemes suffer extensive abrasion, fouling and corrosion in 
the marine environment and large scale testing is now required to test the proposed solutions 
under real conditions. 
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The main challenges for solar PV are to reduce production costs and to improve efficiency in 
use. Related material challenges are to find new and cheaper materials; for efficiency increases, 
the use of dyes in combination with thin films has to be researched. There is also a need for 
improving material yield, purity, film thickness, absorber layers, transparent conductive oxides, 
cell structure, buffer layers, etc. to increase durability. Solar thermal collection (CSP) has its 
challenge in the development of more advanced materials and heat transfer fluids, e.g. 
polycrystalline materials with increased module efficiency and new polymeric materials and 
glasses with improved optical properties for collectors, improved heat transfer materials for 
temperatures up to 250°C, as well as insulation, both for the solar thermal system as well as for 
buildings. 

Other decentralized power generation options include steam engines and Stirling engines. 
Problems are related to the energy dissipation due to bodies in sliding contact at critical (high 
pressure, high temperature, high humidity and/or high velocity) working conditions. New 
available and new designed materials and configurations can help to reduce energy 
consumption and to reduce the environmental impact of the lubricants used. Stronger high 
temperature materials with resistance in the corrosive environments are also needed. 

4.6.3. Energy Transmission and Storage 

The existing grid is being pressed towards its operational limit (due to increasing energy 
consumption and the higher penetration of renewable energy sources) and so new, higher 
conductivity cable materials (i.e. composites) have to be investigated, while being stronger and 
better able to cope with higher temperatures (without excessive sag). Losses in transmission 
and storage can be lowered further using superconducting materials, e.g. in underground 
cables. Special attention should be given to improved cooling solutions and the environmental 
footprint of these superconducting cables. Demonstration of these materials is now important. 

Safety and durability of (smart) grids is most important and therefore, the remote monitoring of 
defects in the grid, transformers and substations (especially for DC) is essential. The main 
challenge is to reduce power losses to at least 0.5%, but also in switching up to 10 kV (using 
silicon carbide) and in increasing homogeneity of the current distribution. Smart Grids contain 
many elements which need to be demonstrated. The storage components have specific 
challenges for each of the many potential options. Flywheels have their challenge in stiffness, 
strength and dynamic behaviour, e.g. of composite materials. In addition, the stabilisation of 
electrochemical storage systems for back-up energy storage is also important. Power density 
has to be increased, e.g. by the use of nano-materials, while storage capacity can be increased 
by increasing surface area. Redox flow needs high proton conductive and high temperature 
resistant membranes. Existing nafion-like membranes are expensive and mechanically weak. 
The surface area for adsorption of electrons in super-capacitators has to be increased e.g. by 
using carbon nano-tubes or other enhanced surfaces. Two main material challenges for SMES 
are development of further low price generation of defect-free superconducting materials and 
the development of cooling vessels that do not interfere with the magnetic field (e.g. non-
metallic). 

Gas grids have to cope with new fuels such as biogas, bio-methane, liquefied natural gas (LNG) 
or hydrogen – each with its specific materials challenges. In addition, CO2 transport offers new 
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challenges related to corrosion and definition of the limiting conditions for the use of current 
pipeline steels. 

4.6.4. Demand Reduction and Energy Conservation 

Industry is very heterogeneous and waste heat recovery is an issue throughout many 
industries. Especially challenging is heat recuperation from hot corrosive gases generated by 
energy intensive production plants (e.g. glass, cement industry, etc.) to be used for preheating 
and other operations. The horticulture industry is challenged by the storage of CO2 (used to 
increase crop production) and the storage of heat and cold (both seasonal and day/night). 
Similarly, heat and cold storage can be used to improve the thermal efficiency of industrial 
plants. New materials are required, such as refractories, with high thermal capacity at high heat 
release rate. 

Energy efficiency (e.g. the reduction of heating and cooling fluxes) is the main challenge in the 
building sector. New and improved designs and (building) materials have to be found for 
decreasing heat release, improved damping, storing heat and cold, increasing the solar heat 
capture and the use of this heat for air conditioning. The reduction in energy consumption in a 
building requires the development of low thermal conductivity building materials (e. g. high 
porous clay, concrete, insulating materials, coatings, phase change materials) able to offer high 
thermal resistance (e.g. high porous clay, concrete, insulating materials) or able to offer 
thermal delay (e.g. phase change materials). Moreover, some building materials used for low 
temperature heat exchangers (as in geothermal plants or floor heating) require high 
conductivity to improve thermal efficiency. 

4.7. R&D Priorities: 3-5 years Horizon 

4.7.1. Power Generation (Fossil, Nuclear and related) 

Important in the near future is research and demonstration of materials and coatings that allow 
for steam conditions up to and above 700 °C. The performance of steels (alloys), coatings and 
ceramic materials have to be researched to achieve reliable operation at conditions in excess of 
700 °C with respect to their durability, mechanical properties and ability to fabricate, weld, 
protect and repair them. Research and demonstration of corrosion resistant materials and 
protective coatings for use where high levels of biomass co-firing are considered and to 
facilitate the introduction of CCS should be implemented within a five year timeframe to avoid 
delayed deployment. The implications of the introduction of CCS in terms of overall plant 
availability and reliability are necessary, along with (extreme) condition monitoring, e.g. by 
materials with sensor properties, to reduce the technical and financial risk of deployment of a 
wide range of technologies described, and this is should also be a near term priority. 

In the nuclear sector, the near term challenges remain corrosion and stress corrosion resistance 
and the fabrication of the large system components for the next generation plants. 
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4.7.2. Alternative and Renewable Power Generation 

As for the previous area, research priorities with impact in the short term are better materials 
for aggressive (i.e. corrosive) combustion environments, where biomass, waste and other 
aggressive fuels are used. Also, remote material condition monitoring of offshore wind turbines 
and blade materials for higher power output are required on short term. Research and large 
scale demonstration of the materials for wave and tidal power generation are also required, 
along with associated structural health monitoring. For PV solar energy, materials with better 
optical properties and higher working temperatures are required. Improved, corrosion resistant 
materials, able to reduce energy dissipation in steam engines and Stirling engines can also have 
a significant near term impact. 

4.7.3. Energy Transmission and Storage 

Priorities for energy transmission lie in research into composite materials for extended grid 
capacity and demonstration of high temperature superconducting materials for underground 
cables and other uses. For smart grids, demonstration of the materials capability in grid and 
storage components is most important. Research priorities for storage components are 
stiffness, strength and dynamic behaviour of composite material fly wheels and the increased 
power density/ storage capacity of electrochemical storage systems; also increasing the 
capacity of super-capacitors has a high priority. Gas pipelines have the near term challenge of 
the distribution of varying types of gas, where corrosion research will be key; however, the 
higher priority is the performance of materials used for supercritical CO2 pipelines under normal 
and upset conditions to ensure that the potential high impact of the deployment of CCS is not 
impeded due to the technical and financial risks associated with transport, and the associated 
poor public perception of this critical technology.  

4.7.4. Demand Reduction and Energy Conservation 

Recuperation of heat from high temperature corrosive gases remains critical for high impact in 
improving the energy efficiency of operational but old energy intensive industries; to make this 
possible, advanced materials and coatings (corrosion resistant and thermal barrier) are needed. 
Also improved materials for heat and cold storage can have a rapid impact. In the building 
sector, new and improved options and (building) materials have to be found for decreasing heat 
release, storing heat and cold, increasing solar heat capture and the use of this heat for air 
conditioning. 

4.8. R&D Priorities: 10-15 year Horizon 

The EuMaT materials for energy group will contribute to the implementation of the objectives of 
the SET Plan Materials for Energy focussing their effort in their four interest topics: 

4.8.1. Power Generation (Fossil, Nuclear and related) 

The development of further improved repairable protective coatings, potentially with added 
sensing or healing capability, to enhance the efficient use of newer fuels as syngas and 
hydrogen is a high priority for implementation in five years or more. To be able to meet the 
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2020 targets (so in more than five years from 2012 on), research on membrane materials 
(oxygen ion and proton conducting as well as microporous membranes for CO2 separation) and 
their fabrication methods is necessary. Other CO2 capture technologies are also necessary in the 
five years-plus implementation horizon: corrosion resistant steels for the amine scrubbing plant, 
gas turbine materials for high hydrogen content gas, WGSR catalysts and oxy-combustion boiler 
materials. 

For nuclear applications, the continuing drive towards the prize of fusion technology will 
continue to require materials research over this medium timeframe, with deployment still some 
decades in the future. 

4.8.2. Alternative and Renewable Power Generation 

Material research priorities with a somewhat further horizon are a new generation catalysts for 
biorefineries, hydrogen storage materials for transport and cheaper and better PV materials. 
The long term prospect of implementing CCS with biomass-fired plants provide additional 
materials challenges over this timeframe, where the more aggressive environments from these 
fuels have to be handled in advanced high efficiency plants integrated with CCS technologies. 
An early example will be the implementation of oxy-combustion of biomass and the use of post-
combustion amine scrubbing with the different flue gases arising from biomass combustion 
plants. 

4.8.3. Energy Transmission and Storage 

Remote monitoring sensors, especially for DC power, are being researched but have an 
implementation horizon of over 5 years. This also holds for membranes for redox flow batteries 
and second generation superconducting materials and vacuum tight cooling vessels that do not 
interfere with the magnetic field for SMES. Continuing research into CO2 transport pipelines will 
be necessary for more advanced schemes, integrating the outputs from various large sources, 
using different capture technologies and hence giving different qualities of CO2; these will be 
essential for deployment of the required infrastructure beyond 2020. 

4.8.4. Demand Reduction and Energy conservation 

Development of new high temperature resistant materials to improve energy efficiency of 
products and processes is an essential task. Also new materials for heat and cold storage have 
to be developed. In the building sector, intelligent phase change materials for building 
applications have to be found to reduce heat losses, storing heat and cold, increasing solar heat 
capture and for the use of this heat for air conditioning. 
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5. Nanomaterials and Nanostructured Materials for 
Functional and Multifunctional Applications 
(Working Group 3) 

Nanotechnology is a catch-all term that had different interpretations in science, industry, and 
the media. Today, it is clear that nanotechnology is the scientists’ ability to work at the 
molecular level, atom by atom, to create small- and large-scale structures with fundamentally 
new molecular organization. The WG3 of EuMaT looks at nanomaterials and nanoassembled 
material (NAM) systems whose structures and components exhibit novel and significantly 
improved (over larger-scale structures) physical, chemical, and biological properties, 
phenomena, and processes because of their nanoscale size. The most important behaviour 
changes do not derive from nanostructures’ order-of-magnitude size reduction but from new 
phenomena that are intrinsic to or predominant in nanoscales, such as size confinement, 
predominance of interfacial phenomena, and quantum mechanics. When scientists will 
eventually manage to control the feature size they will be able to enhance material properties 
and device functions beyond those that we currently know or even consider feasible. At 
nanoscale dimensions, materials and resulting structures can behave in ways that are not 
necessarily predictable from observing their behaviours at large-size scales. The ability of 
assembling nanosize materials in a controlled fashion will pave the way for a 
reverse engineering of artificial materials not existing in Nature and allow 
conceiving new classes of products. In this framework, WG3 focuses on the future 
perspectives of defined classes of materials for specific use sectors (transportation, 
energy, construction, ICT, space and biomedical) identified and circumscribed by 
the EuMaT stakeholders.  

5.1. State of the art (R&D and Industry perspective) 

How far we are from realizing practical benefits from using nanomaterials and NAM depends on 
which aspect of the technology we consider. Nature forms nanomaterials and assemble them to 
form more complex structures daily. Nature uses nanotechnology to grow the multifunctional 
cells and tissues of plants and animals from a single biological cell, which contains 
programmable sequences of molecules. Nanotechnology already exists in its “untamed” natural 
form, and it already helps run our daily economy – for example, when we use quantum-based 
lasers to read compact discs and compact videodiscs. Some scientists believe that 
nanotechnology will have arrived when the first “universal assembling molecular machine” – a 
programmable molecular machine or assembler—can scale up production at frenetic rates in a 
few decades; others believe that nanotechnology is already here. For example, carbon 
nanotubes and nanoparticles are commercially available for the manufacture of specialty 
products such as antistatic compounds and transparent coatings. Early users of nanotechnology 
will be the military and chemical and materials companies. The biotechnology industry will use 
nanotechnology in a range of applications, including biosensors, diagnostic devices, drug-
release systems, and tissue repair and regeneration. In addition, the electronic and computer 
industries, electromechanical-component developers, and the sensor industry will make good 
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use of nanotechnology. The regional markets most likely to see the first commercial 
nanotechnology products are Japan, North America, and some European countries, including 
Germany, Switzerland, France, and the United Kingdom. The mass production of nano-
based products today is a reality for a few markets (integrated electronics, sensors, 
coatings, disease diagnostics probes). However, a lot still remains to be done for 
scaling up the majority of the lab-experience matured, in the last decade, to replace 
conventional bulk materials still used today in other sectors such as: transportation, 
energy, buildings, etc.  

In the following text the global market of nanomaterials, forecasted in 2005 (that is not 
considering the current financial crisis) is presented in figures below. 

 

Figure 8: Evolution of Nanomaterials global market 

Source: Courtesy of BBC Research 

Total global consumption of all types of nanomaterials in 2005 surpassed 9 million metric tons 
and $13.1 billion, reaching 10.3 million tons or $20.5 billion by 2010, at an average annual 
growth rate (AAGR) of 9.3% in value terms.  

Nonpolymer organic materials account for the largest share of total nanomaterials consumption, 
the bulk of which are carbon black fillers. Metal nanomaterials are the second-largest segment 
with more than 21% of the market.  

According to the RNCOS research report "Nanotechnology MarketForecast to 2013", the global 
nanotechnology market is projected to grow at a CAGR (compound annual growth rate) of 
around 19% during 2011-2013. The report expects that the global market for nanotechnology 
based manufactured goods will be of worth US $1.6 trillion, representing a CAGR of around 
50% during 2009-2013. Cientifica Ltd 2011 white paper gives an overview of the key numbers, 
regarding nanotechnology. In the last 11 years, governments around the world have invested 
more than US $67.5 billion in nanotechnology funding. When corporate research and various 
other forms of private funding are taken into account, nearly a quarter of a trillion dollars will 
have been invested in nanotechnology by 2015.  

After extensive R&D today we can rely on an extensive knowledge on a number of nano-objects 
to be used as nano-constituents of more complex materials and products; generally speaking, 
we mention here: 
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Carbon Nanotubes 

Various materials can produce carbon nanotubes. Of particular importance are diamond, 
graphite, and buckminsterfullerenes (buckyballs include C60, C70, C76, C80, and C84). Carbon 
nanotechnology is one of the most exciting nanomaterial technologies because carbon 
nanotubes have outstanding structural and electronic properties: 

 

Figure 9: HR-TEM image of single wall carbon nanotubes 

Source: Courtesy of IFM Chemistry Department of University of Turin 

 

Figure 10: HR-TEM image of multi-wall carbon nanotubes 

Source: Courtesy of IFM Chemistry Department of University of Turin 

Structural Properties 

 Hollow structure for nanotest tubes 

 Strongest material known to scientists (with an axial Young’s modulus greater than 1 
terapascal) 
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 Elastic buckling, which is excellent for probe tip 

 Resistance to acids and high temperatures 

 High hydrogen adsorption content, making carbon nanotubes excellent hydrogen 
storage systems 

 

Figure 11: FE-SEM image of multi-wall carbon nanotubes embedded in polypropyline 

Source: Courtesy of IFM Chemistry Department of University of Turin and Centro Ricerche FIAT 

Electronic Properties:  

 Extremely high current densities (109 A/cm2) 

 Ability to control electronic band-gap by the structure of the nanotube, which allows 

 Developers to make wires and active devices of the same material 

 Chemical or mechanical modulation of electronic band structure; ability of simple 

 Lithographic structures to alter operation of devices drastically 

 Ballistic electron transport, which eliminates all electronic losses except those at 
interfaces 

Although carbon nanotubes will become the indispensable materials of technologists in a wide 
range of commercial applications (see Figure 9), a key obstacle to the successful 
commercialization of carbon nanotubes is the lack of cost-effective, large-scale production 
methods. A main short challenge in this respect is to overcome said obstacles. 

Various techniques find use in the production of carbon nanotubes, including: 

 Laser ablation of a heated target 

 Use of a direct-current carbon arc to vaporize metal-impregnated carbon electrodes 

 Catalytic chemical vapor deposition to synthesize nanofibers 
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5.2. Nanoparticles, Nanotubes, Nanowires… 

Nanoparticles, a class of nanomaterials, is a catch-all term that appears in both the popular and 
scientific literature to describe almost any piece of matter or material whose average diameter 
is smaller than 0.1 micron. Some scientists are learning to take advantage of naturally occurring 
nanoparticles, such as biologically derived or biogenic materials that result from mineralization 
in small animals, producing particles of nearly identical shape and size. However, here we focus 
on nanoparticles that scientists create using technological processes. Important materials 
extensively investigated for nanoparticle applications include ceramics (for example, carbides, 
nitrides, oxides, and borides), sulfides, halides, metals (including intermetallics), glass, and 
organic materials. 

a) 
 

b) 

Figure 12: a) Superlattice multilayer nanowire for magnetic sensing 
b) Ultrathin hollow nanoporous membranes 

Source: Courtesy of FIAT Research Centre and Universitat Politecnica de Valencia 

5.3. Biomaterials 

Biomaterials are synthetic or modified natural materials such as polymers, metals, ceramics, 
biological materials, and composites. Of particular interest to nanotechnologists are RNA, DNA, 
peptides, and proteins, because they allow scientists to build large numbers of fairly large, 
atomically precise three dimensional structures. Although these biomolecular structures are not 
as stiff and strong as carbon nanotubes are, they can provide great specificity for self-assembly 
by offering many degrees of freedom in designs. Scientists have already developed complex 
designs of nanomotors and nanotweezers using biomolecules. Health and life-science areas that 
use biomaterials include lab-on-a-chip diagnostic devices, orthopaedic implants, dentistry, 
urology, gene therapy, growth and repair of organs, tissue engineering, ophthalmology, drug 
delivery, cardiology and treatment of vascular disease, and cosmetic products. The use of 
biomaterials will continue to expand in health and life sciences as well as in mechatronics to 
fabricate functionalized biomolecular machines and biomolecular tools. Functionalized 
biomolecular machines include synthetic biosequencers or bioassemblers that scientists make 
from ribosomes. Biomolecular tools include nanomotors, nanotweezers, and nanobiosensors, all 
of which comprise DNA sequences, peptides, proteins, or other types of biomaterials.  
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Figure 13: Stem cells loaded with magnetic nanoparticles - 
Cells are attracted by a magnetized scaffold for tissue engineering 

Source: Courtesy of ISMN-CNR and BSMU, Minsk. Work funded by the Magister Project – NMP, FP7 

 

Figure 14: Cell attraction to magnet placed below culture dish 

Source: Courtesy of ISMN-CNR and BSMU, Minsk. Work funded by the Magister Project – NMP, FP7 

Nanomaterials other than nanoparticles include quantum wells and quantum dots, atomic 
clusters, nanoclusters, nanocrystals, nanophase materials, and nanostructured materials and 
nanocomposites. Such nanomaterials play a central role in the development of nanotechnology 
applications. 

 Quantum-well structures 

A quantum well is a potential well that is very small. This “well” is like a semiconductor 
box that can trap particles. By making layers of different semiconductor materials, 
processors can make particular layers trap particles like carriers or excitons. (A carrier is 
either a negatively charged electron or a positively charged hole, and an exciton 
consists of an electron and a hole system that tends to release energy, usually in the 
form of light, when the electron combines with the hole). In a quantum well, the 
trapped particles are in a quantum confinement because the well restricts their motion. 
In a quantum well, they can freely move sideways in the plane of a layer, but the well 
confines them in the forward-backward direction. Quantum wells have many useful 
properties because scientists can exactly engineer the forward-backward confinement. 
As a result, quantum-well structures find wide use in the fabrication of semiconductor 
lasers and other useful advanced devices (for example, resonance tunnelling devices). 
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Using quantum confinement, scientists can also make other new semiconductor 
structures, including quantum dots.  

 Quantum dots 

Quantum dots are small metal or semiconductor “boxes” that hold a well-defined 
number of electrons for selective retention or release. The number of electrons in a 
quantum dot is adjustable by changing a dot’s electrostatic environment. Quantum dots 
come in sizes ranging from a few nanometers to a micron, and they hold from zero to 
hundreds of electrons. In the past ten years, researchers have transformed them from 
laboratory curiosities into the building blocks of future quantum-computer technology. 

 

Figure 15: CdS quantum dot in polymeric matrix 

Source: Courtesy of ENEA 

 Atomic clusters 

Atomic clusters or nanoclusters are unique because they do not behave like individual 
atoms or bulk materials do. Atomic clusters are groups of atoms that form into a 
material in very small numbers from three to several hundred or several thousand 
atoms. Atomic clusters sometimes represent missing atoms in places that otherwise 
allow them to form the regular patterns that constitute bulk materials, such as 
crystalline structures or the wavelike patterns of amorphous materials. Atomic clusters 
have unique characteristics and potentially unique functions. For example, they have 
high surface-area–to-mass ratio but are often unstable, which may make them useful 
as catalysts. Certain sizes of silicon clusters, in contrast, are actually more stable than 
bulk materials are, providing a glimpse of the future of silicon-based computing. 
Electrons that move freely in bulk materials are confinable in clusters, creating special 
quantum effects for optical computing or the creation of new laser materials.  

 Nanocrystals 

Nanocrystals appear to differ from clusters in that actual crystals form, although the 
average diameter size of the particles may not be much different. Patterns of 
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nanocrystals on glass and silicon-wafer substrates for potential use as phosphors in flat-
panel displays are a routine procedure nowadays. 

 Nanophase materials 

Processes to create atomic clusters with diameters of 2 nm to 50 nm, collect them as 
fine powders, and then compact them into bulk materials with grain sizes of 4 nm to 30 
nm trace back to 80ies. Scientists say that the new materials are not amorphous or 
crystalline or even quasicrystalline; they hover in a phase between other phases: the 
so-called nanophase. In 1989, Argonne National Laboratory (Argonne, Illinois) spun off 
Nanophase Technologies (Romeoville, Illinois) to commercialize applications, especially 
in palladium and high-ductility ceramics, such as titania. 

 Nanocomposites and nanostructured materials 

By combining two materials into a composite, scientists can enhance the properties of 
both materials. Nanocomposites is a rather loose term in the literature, however, 
describing everything from atomic clusters, in which atoms of one material are trapped 
in the spaces between the atoms of another material, to alternating laminates of 
different materials. Nowadays, the intercalation of a one molecule layer of a polymer 
between 5- to 15-nm layers of a ceramic can increase the thermal stability of the 
polymer, increase the impact resistance of the ceramic, and provide novel properties for 
electronics and other applications. DuPont researchers have created a nanocomposite 
of bismuth tri-iodide and nylon as a potential replacement for selenium in X-ray 
imaging. Researchers at the University of California, Berkeley, have used self-assembly 
of two component polymers in a liquid crystalline phase to create a nanocomposite of 
conducting polymer [poly(p-phenylene)] molecular wires in a matrix of polyacrylate, 
offering better photoluminescence than that of the pure components. The self-aligning 
nature of many liquid crystal polymers is scientifically well-known because it has been 
the basis for developing such advanced nanostructured materials as Kevlar and even 
more advanced fibres. 

 

Figure 16: In-situ Synthesis of High-Density Contact-Free Ag- Nanoparticles for Plasmon 
Resonance Polystyrene Nanocomposites 

Source: Courtesy of FIAT Research Centre, National Research Council (ICBM), and Denmark Technology University. 
Work partly funded by the Nanotough Project – NMP, FP7 
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Figure 17: Graphene flowers on SiOx/Si substrate 

Source: Courtesy of Institut Néel, Grenoble 

 

Figure 18: Graphene flowers on SiOx/Si substrate 

Source: Courtesy of Institut Néel, Grenoble 

 

Figure 19: Au islands grown on a SiO2 substrate 

Source: Courtesy of ENEA 
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5.4. Main challenges 

Today, nanotechnology is not at its infancy anymore, and the efforts spent in Europe and in the 
rest of the world produced outstanding results, although yet, of fundamental nature. Aside for 
the computing and the data storage industries, in the last decade, the major achievements in 
nanotechnology were obtained at a lab-scale while, at a mass production level, the major 
progress entailed slight modification of existing technologies. Today, it is generally 
acknowledged that the concentration of efforts shall be focused to bring the new emerging and 
disruptive technologies to the marketplace. In the long term, according to populist hype, 
nanotechnology may eventually lead to a powerful and accelerated social revolution in which 
virtually all present industrial processes could become obsolete, as well as our contemporary 
concept of labour. The reality can be somewhat different, but without doubt nanotechnology 
will over time make an impact on our lives. Consumer goods could become plentiful, 
inexpensive, smart, and durable. The capabilities of medicine and space technology are likely to 
make a quantum leap. Some nanotechnologies are likely to prove to be very powerful military 
technologies. However, the application of stringent regulations at an early stage of the 
development of nanotechnology is likely to slow or inhibit its commercial expansion in some 
areas, and the practicalities and costs of developments will be prohibitive. Close attention to 
feasible and practical aspects of the technology is essential to form a realistic view of the future 
of nanotechnology. Today the main general challenge is to concentrate the resources 
to create novel production processes as a part of a complete value chain of product. 

5.5. R&D priorities: 3-5 years horizon 

The recent past brought up to the single industrial sectors the evidence of novel phenomena 
happening in matter at nanoscale, as well as novel powerful tools to manipulate matter and 
probing novel phenomena. Manipulation at the molecular level promises the development of 
advanced tailor-made (functionalized) materials with a combination of properties that 
outperform existing materials. The short term priorities of nanotechnology are to consolidate 
the predictive models of the nanomaterial properties, their preparation processes, and have 
them integrated in the existing production lines.  

The following table shows the short-term general challenges in terms of properties of 
nanomaterials enabling the development of novel nano-assembled artificial materials. 

Table 11: Short-term general challenges in nanomaterials properties 

Property Challenge 

 Preparation and tailoring  Easy preparation and assembly of 
nanomaterials without ruining their 
quantum properties 

 Stability  Ability to survive in harsh 
environments 

 Solubility and surface 
compatibilization 

 To ease chemical manipulation 
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Property Challenge 

 Rigidity  Rigid bonds for good mechanical 
properties 

 Self-assembly  Possible prerequisite for scaling up 

 Communication with the outer 
world 

 Ready coupling of interconnect 

 Junctions  Ability to build 3D nanostructures 

 Functionality  Tuning of properties: chemically, 
electronically, optically or other ways 
through excitation inputs. 

 Multifunctionality and switching  Repeatibility 

 Specialization to defined devices 

 Defects reduction 

 Interface quality control 

 To change states of NM (e.g. 
between conductive and 
insulating states, etc.) 

 Reversibility 

 Stability 

 Scale-up of technology 

 Environmental properties  Control of ecotoxicological and risk 
issues for both products and 
production processes. 

In the recent past, the nanomaterials developed and investigated are a plethora, and among 
them many exhibited a high-potential to be exploited in different industrial contexts. In regard 
to this point, another short term priority is to tailor the properties of nanomaterials 
during fabrication, and to establish low-cost techniques to manipulate them at 
nanoscale in order to be used as constituents of NAM. 

In particular, specific short term challenges are the cost effective production of: 

 Nanomaterials enabling high-efficiency energy converters (solar cells, thermoelectric 
units, mechanical scavenging systems) and accumulators (batteries and supercaps) 

 Nanomaterials enabling light-weight and smart composite; particular attention to be 
paid to synthesis routes of nanoparticles in-situ a host matrix (either a polymer or a 
hard material) 

 Nanoassembled functionally-graded hard coatings of extreme adhesion on metals and 
ceramics to aid the net-shape manufacturing, and on polymers, for multifunctional uses 
(tribological and mechanical, aesthetical, chemical inertness, mass colouring, magnetic 
compatibility, etc.) 
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 Lower the cost of nanoporous membranes for all advanced energy systems of all kinds 
(fossil fuel or renewable (wind, wave, tidal, solar, fuel cells, etc.); these materials are 
often expensive to obtain and to use in the manufacture of system components, and so 
durability and reliability in service are high priorities 

 Development and production of nano-micro and nano-nano composites – the size of 
both phases involved are controlled in the nano, submicron and micron ranges - of 
improved mechanical, wear and functional properties 

 Cost-effective integration of nanomaterials fabrication/synthesis techniques with 
established production/assembly lines 

5.6. R&D priorities: 10-15 years horizon 

The long terms targets are directly related to the 3-5 year targets representing their evolution 
in term of novel phenomena and novel nanomaterials. One of the most appropriate way to 
pursuit these targets consists in the integration of experimental data and experiments with the 
developed models and in the reciprocal validation and parametric identification (direct link to 
activities of WG1).  

Many proponents of nanomaterial based artificial assemblers (in which matter acts like a 
nanorobot) say that the assembler approach will be one of the best ways to achieve the 
advantages of nanotechnology in the future. However, the scientific community seems to agree 
that the first practical artificial assemblers will not emerge for a decade or so. In the meantime, 
advances in chemistry and physics, scanning probe microscopes (including STMs and AFMs), 
advanced epitaxial techniques (including MBE, ALE, and MOCVD), and the Langmuir-Blodgett 
technique remain the most effective means of manipulating atoms and molecules at the 
nanometer scale. To control artificial assemblers, technologists will have to overcome the 
complexity of atomic-scale matter. They will have to develop sophisticated programming to 
make the assemblers’ matter function in a controlled environment. Natural examples of 
programmable bioassemblers include the synthesis of DNAs and proteins from specific biological 
sequencers. The production of macroscopic structures and components of commercial interest 
will also require a mechanism for scaling up the size of the material. Although nature offers 
biological systems that create large and specific types of animals and plants from single cells or 
small seeds, nanotechnologists will have to come up with an innovative way of scaling up 
artificial products. Construction of artificial, self-replicating and programmable assemblers (for 
example, a self-replicating and programmable nanorobot army), although an extraordinarily 
difficult task, could be the answer to this problem and enable dramatic manufacturing 
improvements. The development of such programmable assemblers will undoubtedly 
revolutionize the techniques and methods that the industry uses to manufacture products. 
Conventional manufacturing equipment, including injection molders, extruders, and lithographic 
equipment, could become obsolete. 

We believe that the long term challenge of nanoscience, or better the dream, is to predict, from 
measurable physical-properties of properly designed nano-objects, the “effective” physical 
properties of an inhomogeneous artificial material engineered from its nano-constituents. In 
particular, we envisage the following research thematics for this future: 
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 Discovery of fundamental phenomena in novel nano-objects 

 Cost effective synthesis of high-volume nano-objects ready-to-use monodispersed in 
size and shape 

 Low-cost techniques to mass produce high volumes of artificial NAM of tailored 
properties 

 Predictive modelling of NM and NAM for reverse engineering purposes 

 In-situ monitoring of the NAM production at any step of fabrication 

 Clinical use of nanostructured ceramics and composites 
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6. Knowledge-based Structural and Functional 
Materials 
(Working Group 4) 

This chapter encompasses advanced engineering materials such as: intermetallics, metal matrix 
composites, ceramic matrix composites, functionally graded materials (including biomedical 
FGMs) and graded coatings.  

6.1. Intermetallics 

Intermetallic materials are distinct chemical compounds comprising two or more metals and 
have crystal structures that are different from those of the constituent metals. Strictly speaking, 
intermetallics have been in use since the beginning of metallurgy in the ancient times. The 
intermetallics that were used in that period derived from low-melting alloy systems of copper. 
The applications relied on the hardness and wear resistance as well as their decorative aspect. 
Examples are the coatings of Cu3As for bronze tools used by the Egyptians and Cu31Sn8 used as 
mirrors by the Romans and the Chinese.  

Intermetallics generally exhibit an ordered arrangement of mixed atom species of metal-metal 
or metal-semi-metal (in silicides) types in near-stoichiometric composition, including Ni3Al, FeAl, 
TiAl, MoSi2, etc. In these examples, Ni, Fe, Ti and Mo take on the role of the metal, while Al and 
Si take the role of the other metal or semi-metal. The metal-metal and metal-semi-metal bond 
is partially metallic and partially ionic or covalent. Strong interatomic bonding leads to high 
values of the Young’s modulus. The ordered superlattice structure means that larger shear 
forces are required to cause plastic deformation of the lattice leading to generally stronger and 
less ductile materials. The modern interest in intermetallic materials derives from a variety of 
attractive properties which they display. From a mechanical point of view, they can offer a 
compromise between metallic and ceramic properties when, for example, retention of high 
temperature strength is important enough to sacrifice some toughness and ease of processing. 
They can also exhibit desirable magnetic and chemical properties owing to crystalline order and 
mixed (metallic, ionic and covalent) bonding. Aluminides and silicides are the most notable 
group of intermetallic materials and have several engineering applications or are promising 
candidates for future applications. 

6.2. Nickel aluminides  

During the 1980’s basic research offered hope that the brittle stoichiometric Ni3Al could be 
transformed into a ductile material by (i) micro-alloying by small additions of boron and/or 
zirconium to enhance grain boundary strength or (ii) macro-alloying by addition of excess nickel 
to avoid the stoichiometric composition which is inherently brittle or by Cr addition to avoid 
embrittlement at intermediate temperatures. The possibility of developing such materials was 
attractive because the presence of a higher amount of aluminium in comparison to conventional 
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nickel superalloys would provide a lower density and an improved oxidation resistance making 
them attractive for aerospace applications. However, the creep resistance of these materials 
was rather limited and the R&D effort failed to develop them into aerospace materials. Serious 
R&D in the aerospace industry in these materials came to a halt in the 1990’s.  

Ni3Al-base materials have been developed into valuable commercial materials in engineering 
sectors other than aerospace. For example, they have found applications as forging and 
extrusion dies where strength is the essential property rather than creep resistance. Also, as 
processing rolls in rolling mills where the combination of high strength and oxidation resistance 
are useful. In addition, they are used as oil-well pipes where they can exhibit resistance in an 
aggressive sulphur-containing environment. NiAl are also used as a bond-coat on superalloy 
substrates in the power generation industry. 

6.3. Iron aluminides  

Research studies during the 1980’s indicated that Fe3Al- and FeAl-base materials did not exhibit 
high enough strength at high temperatures for consideration for aerospace applications. Some 
research work continued at the Oak Ridge National Laboratory on the development of more 
ductile and creep-resisting Fe3Al-base materials as substitute alloys for conventional high-
temperature steels and stainless steels. Improvements were achieved by the use of (i) micro-
alloying additions including B, Cr, Mo, Nb and by (ii) microstructural control (grain size and 
aspect ratio) respectively. The main problem that has impeded their development has been 
associated with the difficulty to process them. The property advantages that were achieved in 
comparison to conventional steels were not substantial and most of the research came to a 
halt. Subsequently FeAl drew attention owing to its lower density and higher oxidation 
resistance. During the last decade there has been a US patent on the preparation of FeAl strip 
by means of powder metallurgy. The material is claimed to be commercially used as a high-
temperature heating element. In a recent EU project (FIAC), the industrial-scale processing of 
high-strength and ductile FeAl using powder metallurgical methods was investigated. A different 
powder metallurgy route was used in the KMM-NoE project to produce near-net-shape FeAl, 
while at the University of Birmingham the use of wear resistant FeAl coatings was investigated 
in an industrially-funded project for potential automotive applications. In spite of relative 
success in these projects these attempts have not yet succeeded in commercialising FeAl. 

6.4. Titanium aluminides 

Out of all the aluminide systems, titanium aluminides have during the last few decades been 
the most exciting and have received the most attention by researchers continuing to the 
present day. During the 1980’s, TiAl was identified as the most important potential intermetallic 
for aerospace applications. Various chemical compositions were investigated and it was shown 
that the most promising structural material in the Ti-Al system was based on the two-phase 
Ti3Al and TiAl materials. The addition of small amounts of Nb, Cr, V. Mn, etc. was used to 
enhance the mechanical behaviour and oxidation resistance. During the early 1990’s the “first-
generation” titanium aluminide was developed based on the Ti-48%Al-2%Nb-2%Cr/Mn 
composition. A number of potential applications were identified including turbocharger rotors 
and valves in automotive engines, aero- and land-based (automotive and power generation) 
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turbine blades and valves. Casting was identified as the processing route; as a result of grain 
coarsening, additions of boron were observed to refine as-solidified cast microstructures. Much 
of the interest at the time came from Europe and in particular in Germany. Recently, cast 
technologies were further developed for the production of clean and contaminant-free ingots. 
This was a necessity considering the high melting temperatures and high reactivity of these 
materials. The observation of segregation during casting leading to variation in aluminium of up 
to 3% generated more interest in the processing of titanium aluminides. These processes 
included: 

 Clean ingot casting followed by bar extrusion and heavy working to produce automotive 
valves 

 Powder metallurgy techniques for the production of automotive valves 

 Electron beam melting (EBM) 

 Cast-HIP-extrusion-forging for the production of turbine blades  

 Upscaling of casting techniques to pilot-scale production 

 Friction welding and laser welding as joining techniques 

 Development of cast, bonded-shaft turbocharger rotors to industrial production 

In the last decade a stronger higher temperature composition of titanium TiAl has been 
developed termed TNB. Testing of cast-forged TNB as blades and vanes for high-pressure 
compressors in aero-turbines were carried out in Germany and the UK. In France low-
temperature turbine blades by HIP processing of powders have been under development, while 
in Japan, Toyota and Mitsubishi have been developing cast turbocharger rotors for automotive 
applications. The progress towards commercialisation of titanium aluminide has been slow. 
While aerospace applications appear to be promising, use in the automotive sector is likely to 
be small-scale and perhaps limited to low- and medium-volume production vehicles due to high 
cost. It must also be stressed that gamma titanium aluminides were first developed about 20 
years ago, while the conventional nickel superalloys are well-understood and optimised and 
well-established as they have been in use for about 60 years. 

6.5. Alternative aluminides 

There have also been studies on aluminides alternative to those of Fe, Ni and Ti. Perhaps of 
most interest is ruthenium aluminide, RuAl, which has a melting point in excess of 2000˚C. RuAl 
intermetallics were considered as serious contenders for high temperature applications as they 
have unusual ductility and toughness even at room temperature due to a sufficient number of 
slip systems. Studies have extended from phase relationships, processing and mechanical 
properties showing that RuAl has good oxidation and creep resistance while their electrical and 
thermal conductivity are comparable to metals. 

6.6. Silicides 

MoSi2 is being used as an electrical heating element material for many decades, but serious 
research to develop silicides as structural materials began in the 1980’s. Most of this effort 
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focused on two systems: MoSi2 and NbSi2. They were shown to have good oxidation resistance, 
but have low toughness and can suffer from low-temperature intergranular corrosion called 
PEST corrosion.  

6.7. Main Challenges 

A number of challenges still exist in order to enable a wider use of intermetallics in engineering 
applications. Research during the last three decades has provided solutions in some systems. Of 
the “first generation” intermetallics, titanium aluminides are probably the closest to acceptance 
for use in aggressive environments. During the last few years many of the research 
programmes on intermetallics have come to a halt particularly in those areas where wide-scale 
application is no longer expected as in the Ni-Al system. With regard to FeAl, the focus is now 
on higher Al-containing compositions. With regard to silicides, the challenge is still the low 
toughness at room temperature and the likelihood of PEST corrosion. Some of the focus of 
intermetallics research is shifting to other intermetallic systems that were not considered 
previously and to other types of application. An example of a “new” material is RuAl which is a 
material that can be used at very high temperatures. Further studies are required for a more 
precise Ru-Al phase diagram, for more understanding of the stability of the RuAl phase, for 
better processing techniques and for optimisation of composition and thermomechanical 
treatment. More work is also necessary to determine experimentally the elastic behaviour of the 
RuAl. A new field of interest is in hydrogen storage with some intermetallic systems predicted to 
be potential candidates (e.g. Mg2Ni). 

6.8. Market/Target Groups 

The ongoing research in iron aluminides is targeted on compositions with a higher aluminium 
content primarily for improved oxidation resistance and in particular for using in aggressive 
environments (i.e. containing sulphur). The main sectors of interest are the oil and automotive 
industry to replace stainless steels. The development of titanium aluminides is at an advanced 
stage and they are expected to find applications in the power generation and aerospace 
industry. The high cost of the materials means that they are unlikely to be used in the 
automotive industry except in low- and medium-volume production vehicles. RuAl is considered 
as a material for a variety of applications including the chloralkali industry, for use as an 
oxidation protective coating, as a bond-coat, as a structural component in energy generation 
(spark-plug electrodes) and as high-temperature components such as turbine blades. Sectors 
that are likely to use the RuAl material include the aerospace and power generation industry. 
The high-temperature capability of silicides makes them candidate materials for aerospace 
engine components including turbine blades or for coatings. In addition, new fields of interest 
are emerging including that of hydrogen storage where some intermetallic systems provide 
candidate materials. 
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Figure 20: An off shore wind mill floating platform 

Source: Courtesy of Instituto de Soldadura e Qualidade, Lisbon 

6.9. R&D priorities: 3-5 years horizon 

The development of nickel, iron and titanium aluminides is almost complete as these materials 
are beginning to gain acceptance as commercial materials. Their lower density is a clear 
advantage over conventional materials, but the other gains in terms of higher strength and 
better corrosion resistance are marginal. In the short term it is expected that these materials 
will begin to be introduced in a number of applications including aerospace and power 
generation. Titanium aluminides are probably the materials closest to acceptance for use in 
aggressive environments. Much of this will depend on trials during the next few years and on 
their performance in small-scale applications. Nickel aluminides are unlikely to find wider use as 
structural materials, but they will continue to be applied as bond-coats in the power generation 
and aerospace industry. There is a desire to extend their performance and this is likely to be in 
the form of functionally-graded bond-coats.  

6.10. R&D priorities: 10-15 years horizon 

New research is beginning to focus on materials that are capable of supporting higher 
temperatures and very aggressive environments. Two types of materials are attracting interest; 
aluminium-rich FexAly intermetallics and the silicides of molybdenum and niobium. The 
reputation of Al-rich FexAly intermetallics in a wide range of engineering environments 
(oxidising, carburising and sulphidising) is well-established, but more research needs to be 
undertaken to develop them for these new challenges. The focus of MoSi2 has moved to 
research activity on material composition and microstructural modification and on processing 
methodology. The work includes activity on multi-phase compositions based on the MoSi2-Mo-
Mo3Si-Mo5SiB2 system. The area of potential applications is for very high temperature 
(>1500˚C) and aggressive environments. It is intended that the developed materials will have 
improved fabricability and exhibit good toughness. This research is still in its infancy as many 
problems need to be overcome. As a result no applications can be expected for another two 
decades if not longer.  
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6.11. Metal-Ceramic Composites 

The possibilities of combining reinforcing phases with metallic and/or ceramic matrices are 
huge. A new family of complex materials, metal-ceramic composites was thus formed offering a 
large range of properties beyond those provided by the unreinforced matrix. The metal-ceramic 
composites have attracted the interest of the industry and research organisations due to 
excellent mechanical properties combined with high and tailorable thermal and electrical 
conductivity, low to moderate thermal expansion, good wear resistance and good behaviour at 
high temperatures. Depending on the base material one distinguishes ceramic-matrix 
composites (CMC) and metal-matrix composites (MMC). The ceramic-matrix composites can be 
reinforced with ceramic and/or metal inclusions in the form of particles, discontinuous fibres 
(e.g. whiskers) endless fibers, or layered ceramic coatings or multilayers. Also, there is a new 
class of metal-ceramic composites with interpenetrating network microstructure like Al2O3/Al or 
Cu (alloys), TiO2/Al (alloys), Al2O3/MexAly (intermetallic compounds).  

6.12. Metal Matrix Composites (MMC) 

The MMC are materials composed of a continuous metallic matrix embedding a continuous or 
discontinuous reinforcing phase that can be presented in several different shapes and amounts 
(continuous fibres, particles, whiskers, etc.) and composition (silicon carbide, alumina, graphite, 
boron carbide, diamond, zirconia, etc.). The development of metal matrix composites dates 
back to the 1950’s and early 1960s. The first metal-reinforcement combinations were mainly 
based on continuous ceramic fibres and single-crystals that provided a large strengthening 
effect due to load transfer mechanisms. MMCs presented a large potential for the substitution 
of heavier materials due to the significant increase in the stiffness and tensile strength at high 
temperatures. Additional advantages were soon discovered such as the increase of wear 
resistance and the possibility of tailoring the properties of the final materials through different 
combinations of metals and reinforcements. Boron fibre reinforced aluminium alloys and 
tungsten reinforced copper were developed and the use of boron/aluminium composites in the 
space shuttle struts was one of the first significant applications. The production of a diesel 
piston containing a MMC insert by Toyota in the 1970’s proved the potential of these materials 
in transport applications. 

The number of potential applications that could take advantage of the use of the MMCs seemed 
to be huge. Figures of future sales and business opportunities reflected the optimism of those 
first years. The potential applications included pylons, struts, access doors, wing boxes, frames, 
stiffeners, floor beams, fan and compressor blades, turbine blades in airplanes, transmission 
cases, swash plates, push rods in helicopters, engine blocks, push rods, frames, springs, piston 
rods in automotive vehicles, etc. Nowadays the number of applications is not so large, though. 
Many of the drawbacks that were already identified in those years remain and the number of 
commercial applications after 50 years is much lower than foreseen. Presently it is generally 
accepted that MMCs will cover new applications in niche markets in the near future but it may 
be very difficult to see them in large series applications or large volumes unless the current 
cost/performance ratio gets much improved. 

Even though the too high final cost of the materials remained the most important reason that 
explains the current situation, there are other aspects that have also hindered the use of MMCs 
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such as difficulties in secondary processes, low ductility and toughness, anisotropy, lack of data 
regarding the behaviour at long term, lack of data for modelling and simulation, lack of 
standardisation etc. On the other hand, improvements have been attained in concurrent 
engineering materials (aluminium and magnesium alloys, organic matrix composites, titanium 
alloys, and steels). It seems clear that even though the number of applications for MMC 
materials should continue rising, it will be difficult to fulfil the expectations raised when MMCs 
were created. 

 

Figure 21: Temperature field in a metal specimen shortly before ruptura 

Source: Courtesy of Institute of Fundamental Technological Research, Warsaw 

6.13. Main challenges. 

Cost is the main problem for the extensive use of MMCs. The automotive sector has always 
been the main aim of the MMC materials producers as it represents a huge potential market 
where the lightness and mechanical properties of MMCs should pave the way for a large 
consumption of these materials. Nevertheless this market is probably the most sensitive to cost. 
MMCs must be cost competitive or able to clearly demonstrate a superior performance. 
Particulate reinforced composites are generally affordable for many applications but fibre 
reinforced composites (for instance SiCf/Ti) remain much too expensive. The cost pressure is 
not so strong for the aeronautic industry but the MMCs suffer from a lack of standardisation and 
reliability, and also must compete with monolithic materials and organic composites.  

Many potential applications exist for MMCs in industrial applications. The space industry is 
looking for MMCs with higher specific strength and stiffness accompanied with ductility above 3-
6% and improved thermal properties. This industry requires specific modulus higher than 30 
GPa for pump housings, turbine materials with specific UTS of 160-200 MPa that can work at T 
between -252 ºC and 300ºC. In aeronautics, MMCs are in competition to organic matrix 
composites (carbon/epoxy) and titanium alloys, both materials being insensitive to corrosion 
problems. It is thus important to enhance the corrosion behaviour of MMCs.  

Research efforts needed to enhance the use of MMCs should address the following issues:  

 Property improvements are needed particularly in toughness and ductility. Fundamental 
research is needed to reach to know the relation between microstructure and 
properties. 
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 Properties of fibres present a large opportunity of improvement and enhancement and 
there is also a large field of research in the ceramic preforms and locally reinforced 
components concepts and functionally graded materials based on MMCs.  

 Research in the area of secondary processing is also critical. Recycling aspects must be 
systematically studied as well as machining, welding operations. 

 Aluminium based composites have been much more studied than their copper, steel, 
titanium and magnesium based counterparts. The latter can offer large advantages for 
certain applications where toughness is required. Research in these fields is therefore 
necessary. 

 High T cast MMCs that are cost competitive and can work at T between 300-500ºC are 
required from end users. 

 Research in the technology of preforms is needed. The cost of prefoms should decrease 
and furthermore process development is needed to obtain net-shape preforms. 

 Development of databases. The industry needs databases that comprise all properties, 
test and evaluation standards. Connected to this need, further efforts are also required 
in the field of modelling of MMC materials and simulation of the behaviour of MMC built 
components so that the relation between microstructure and final properties is better 
known. 

The main drawbacks and challenges of the MMC industry comprise: 

 Reduction of the high cost of the base material to make it competitive with other 
concurrent materials such as technical polymers and advanced metallic alloys 

 Improved performance needed in particulate reinforced MMCs 

 Reduction of the cost of secondary processes: machining, recycling, finishing 
operations, joining 

 Lack of standardized test procedures 

 Lack of guidelines to select the appropriate reinforcement /matrix /process system for a 
given application 

 Lack of reliable analytical modelling techniques 

 Lack of non destructive testing techniques 

 Lack of understanding /development of functionally graded or locally reinforced MMC 
systems 

6.14. Market/target groups 

MMC materials have been applied in different industrial sectors as they may fit a broad range of 
different requirements and operating conditions due to their tailorability and design flexibility 
provided by different matrix/reinforcements/production processes combinations. 

Transport and aeronautical applications currently represent the largest market for these 
materials. The use of MMCs may reduce the weight of many components and this has been the 
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main driver for the introduction of these materials in many transport applications. The low 
density of aluminium matrix composite materials combined with the mechanical properties and 
wear resistance they exhibit have drawn the attention of automotive makers since the 
beginning of the 1970s. The use of MMCs for the production of pistons, connecting rods, engine 
and suspension parts, crankshafts etc. was long researched and some of these research 
developments led to actual applications. Nevertheless the cost of the final component remains a 
problem and nowadays there is not any large scale production of MMC components in this 
sector. The use of these materials is rather constrained to niche applications and low-medium 
series of production.  

The electronic industry is the second largest market so far. It takes advantage of the 
combination of low CTE, heat dissipation properties and mechanical resistance at high 
temperatures. High particulate content MMCs are extensively used in electronic packaging 
applications as well as in heat dissipating applications requiring improved mechanical 
properties. MMCs are already used in substitution of other materials, such as Kovar (too high 
density for several applications) or copper, due to the thermal management capabilities. 

Other potential applications of MMCs lie in the biomedical and sport sectors. The biomedical 
sector needs light materials that are biocompatible and may comply with strict mechanical 
requirements and different research efforts have been made in recent years to incorporate 
MMCs in this sector that presents a good growth opportunity for reinforced materials. The use 
of MMC for sport and recreational applications has a long history as these markets have 
traditionally been linked with advanced materials providing a better performance. Furthermore, 
this sector is not so concerned with the high costs that the use of MMC materials can imply. 
Bicycle frames and golf putters and clubs were one of the first applications for MCCs. 

6.15. R&D priorities: 3-5 years horizon 

 Development of production processes that enable a reduction of cost of aluminium or 
other light metal matrix composites; a reduction of 25% in the base material and 
casting processes and up to 40% in wrought material technologies is needed to 
increase the use of current MMC commercial materials 

 Development of new aluminium or other light metal based composites for applications 
in 200º-300ºC range for automotive engines and electric vehicles reinforced with fibre 
structures 

 Development of electrodeposition of light metal composites from room temperature 
molten salts (ionic liquids) - studies on the mechanisms of light metal deposition (Al, 
Mg) and reinforcing particle dispersion in ionic liquids 

 Development of new machining strategies for finishing operations of highly loaded 
MMCs for electronic applications 

 Development of low cost porous preforms 

 Modelling of processing/microstructure/final properties relations that can be used by 
the industry 
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 Development of new casting in situ processes for the production of reinforced 
components compatible with traditional foundry operations 

 Fundamental analysis of tribological properties of MMCs and development of wear 
resistant MMC components based on ferrous alloys 

 Development of tooling for forming processes of MMC materials 

6.16. R&D priorities: 10-15 years horizon 

 Completion of reliable / standardized material property databases for demanding 
service conditions 

 Development of effective recycling methods 

 Application of rapid manufacturing processes for the production of MMC components 

 Development of preforms with functionally graded compositions 

 Development of low pressure and pressureless infiltration processes 

 Development of cost effective nanoreinforced MMCs 

6.17. Ceramic Matrix Composites (CMC) 

The CMC’s initially thought for “niche” applications (e.g. thermo-nuclear fusion) are currently 
investigated for cross-cutting applications such as concentrated solar energy production. On 
Generation IV new fission reactors USA and Japan have bilateral projects funding the 
development of these material and their integration (no such research is funded within current 
EU projects). In more conventional markets, CMCs have already met with success in 
applications, where their unique properties, e.g. excellent strength to weight ratio (also at very 
high temperatures), damage tolerance and outstanding frictional properties, are exploited. 

Crucibles for single crystal growth, fixtures and parts for high temperature furnaces and 
bearings are typical examples. Brakes for high performance cars are another established 
market. 

6.18. Main challenges 

For the CMCs the main challenges include: lack of computational and knowledge-based tools for 
accelerating development of CMCs, development of models for reliable prediction of service 
behaviour and lifetime, increased T-capability (components that can work in T of up to 1500ºC, 
particularly in oxidizing atmospheres), lower costs (CMCs should be cost competitive with 
metals in high T niche applications), new processes that can reduce the cost of the final 
components (near net shape approaches, cost efficient, high precision machining, non-
destructive testing methods, development of databases with material specifications and design 
guidelines, standardisation, recycling methods suitable for the recovery of the reinforcing 
phases. 
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Figure 22: Crack bridging in a ceramic-metal interpenetrating phase composite 

Source: Courtesy of Technische Universität Darmstadt 

6.19. R&D priorities: 3-5 years horizon 

 Further research on microstructure-properties relationship 

 Development of new interphase materials, fibres and matrices 

 Development of NDT methods suitable for CMC materials, particularly in-process-NDT 
methods 

 Development of oxidation, damage and creep resistant CMCs for turbine applications 
>1400°C  

 Further research on ceramic suspensions (particle-liquid and particle-particle 
interactions) to facilitate the processing of CMC with tailored structures and controlled 
compositions 

 Further research on the optimization of thermal treatments of CMC, for both bulk 
products and coatings, with emphasis on sintering guidelines for CMC derived from 
nano sized precursors 

 Use of 3-D and non-destructive methods for damage analysis (e.g. high-resolution 
tomography) 

 Improved models for in-service behaviour and lifetime assessment of CMC 

 CMC integration with other construction materials (joining), in specific cases also 
suitable to be used in radiation environment 

 Development of cost efficient, high performance fiber/matrix interphase systems and 
component coatings, particularly for reliable oxidation protection of non-oxide CMCs 

6.20. R&D priorities: 10-15 years horizon 

 Development of low cost ceramic fibres 
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 Development of near net shape and lower cost production routes 

 Development of reliable databases 

6.21. Polymer Matrix Composites1 

The climate change debate and the recent increase in energy prices, striving for energy 
efficiency has become imperative throughout our society. Progressive globalization requires 
innovative approaches to counter the negative consequences of increasing mobility. In 
particular, emissions need to be reduced. This applies both to air traffic and all types of 
terrestrial vehicles.  

Each kilogram that can be saved in a moved mass helps climate protection, it is necessary to 
rethink the selection of materials for aircraft and other vehicles. Carbon fibres are at present 
the most important substitute material. In combination with polymer matrix systems, 
composites can be produced that are 80% lighter than steel and half as heavy as aluminium, 
while delivering at least twice the strength and stiffness. These modern construction materials 
are therefore opening up completely new technical possibilities. Transferring the properties of 
the reinforcing carbon fibres to the composite, however, requires an in-depth understanding of 
the interfacial interactions between the fibres and matrix.  

The surface activation of the carbon fibres is necessary to achieve bonding to the polymer 
matrix so that the matrix can effectively distribute forces and loads between the individual 
carbon fibres. An important role in bonding to the polymer matrix is also played by sizing, which 
protects the individual fibres from mechanical damage during automated processing into 
preforms and prepregs. Only if they are chemically and thermally compatible with the matrix 
polymer can the carbon fibres be sufficiently well bonded to the matrix.  

The outstanding mechanical, thermal and chemical properties of carbon fibres can only be 
transferred to a fibre composite through suitable polymer matrix systems. The matrix material 
that is being reinforced therefore has far greater importance than is often thought. For the 
matrix systems of carbon-fibre-reinforced composites, two main groups of polymers are used: 
thermosets and thermoplastics. To impart special properties to composites, such as high-
temperature compatibility, blends of representatives from both groups or the same group are 
also applied. 

Furthermore a relatively new and innovative class of polymers is composed of an organic and 
inorganic part connected on a molecular level. In comparison to typical organic polymers these 
hybridpolymers leads e.g. to improved properties regarding thermal stability, non inflammability 
or to a better resistance to chemicals and UV-radiation. Therefore hybridpolymers are very 
suitable for applications in very harsh environment or as flame protection. Also a special 

                                                

1 extracted from Hubert Jäger / Tilo Hauke “Carbon Fibers and their Composites” / Production processes, applications 
and market development / 2010 Süddeutscher Verlag onpact GmbH, 81677 München 
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modification of the surface concerning hydrophilicity and hydrophobicity is possible. Due to the 
manifold possible combinations of organic and inorganic polymers materials for many different 
applications can be developed. 

6.22. Thermoset Matrix 

Thermosets have to undergo a curing process to form a three-dimensional polymer network. 
The crosslinking of the prepolymers, which are also referred to as resins, is initiated by chemical 
reaction with suitable curing agents, by catalytic curing or by direct or indirect (microwaves, UV 
radiation) energy input. The resulting polymer structure is amorphous, i.e. largely disordered. 
Brittleness increases with the degree of crosslinking. A major advantage of this group of 
polymers is their typical low-viscosity flow prior to crosslinking. This allows the embedded 
carbon fibre bundles to be fully wetted and penetrated (impregnated) by the resin. The 
crosslinking reaction can be controlled as required through the addition of curing agent and 
temperature regulation. The viscosity-time-temperature behaviour of the matrix polymer is 
therefore crucial for successful production of a fibre composite.  

Unsaturated polyester resins are used primarily for carbon-fibre reinforced composites in the 
sports sector, mainly for cost reasons. The prepolymers are dissolved in a reactive solvent, such 
as styrene or diallyl phthalate, and peroxide-cured at 170 to 180°C.  

Epoxy resins are far and away the preferred prepolymers for carbon-fibre-reinforced polymers. 
The most commonly used are bisphenol A derivatives. They can be more precisely specified 
through their average molecular weight. Epoxy novolacs are used as formulations to improve 
thermal stability. In the aviation industry, tetrafunctional epoxies are generally used. There are 
many possible ways of modifying epoxy resins. The crosslinking structure can be varied widely 
to adjust the different physical properties that influence the long-term behaviour of the 
composite material, e.g. glass transition temperature (Tg), moisture absorption or fatigue stress 
resistance.  

Bismaleimides are distinguished from all other thermoset systems by their high thermal stability 
and advantageous behavior in moisture-temperature stress cycles. The crosslink density is 
adjusted by the type of bismaleimide and molecular chain length used. To achieve high-
temperature suitability, virtually complete removal of the solvent (usually pyrrolidones) is 
necessary.  

Phenol-formaldehyde resins are produced as condensation products from phenols and 
formaldehydes used in different mix ratios. Thanks to the prolific crosslinking capacity of their 
aromatic structures in thermal or catalytic curing, a high carbon yield can be obtained in 
carbonization. This resin class is therefore a preferred candidate for the production of carbon-
fibre reinforced carbons. 

As compared with polyimides, for example, phenol-formaldehyde resins offer low shrinkage 
during carbonization for the same carbon yield, which gives rise to composites with relatively 
advantageous mechanical properties. The main applications are fire resistant linings, e.g. for 
aircraft and rail vehicles. Cyanate esters are high-performance resins with high heat resistance, 
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flame retardancy and good dielectric properties. Their main fields of application are currently 
the electronics and aerospace industries. 

Polyphenylene resins, which also deliver a high carbon yield, have the disadvantage of 
developing a carbon framework with closed porosity during carbonization and cannot therefore 
be further densified. This has an adverse effect on ultimate mechanical/thermal properties.  

6.23. Thermoplastic Matrix 

Unlike thermosets, thermoplastics are already fully polymerized when used to impregnate the 
carbon fibre structures. Their viscosity at processing temperature is therefore relatively high 
and impregnation of the flat carbon fibre structures or fibre bundles with a thermoplastic must 
either be carried out from solution or by melt flow at a suitably high temperature. A combined 
method involves surface coating of the carbon fibres by solution infiltration followed by melt 
infiltration of the fibre structures or fibre bundles using powder or film technology. 

The basic advantage of all thermoplastic prepregs or thermoplastic-impregnated fibre bundles is 
the ease with which they can be processed into moulded parts. The only requirement is to 
match the pressure and temperature of the moulding process to the relevant polymer plasticity. 
Renewed shaping by temperature and pressure is also possible at any later point in time.  

The amorphous thermoplastics polysulfones, polyether sulfones, polyether ketones and the 
semi-crystalline polyphenylene sulfides have service temperatures between 200 and 250°C. 
With their excellent chemical resistance, their reduced water adsorption and their higher 
toughness under impact offers a high potential for industrial breakthrough. Polyamides are used 
in many sectors, of which the automotive industry and general machinery manufacture deserve 
particular mention. They have good mechanical properties but have a tendency to absorb a 
relatively high level of moisture which is accompanied by deterioration in mechanical properties.  

Polyetherimides have high temperature stability up to 170°C are mainly used in the electronics 
and aerospace industries.  

The thermoplastic content of composites with a thermoplastic matrix can be completely 
removed by suitable solvents. These composites can therefore be separated back into their two 
basic components, i.e. carbon fibres and polymer, and are thus fully recyclable. 

6.24. Main challenges 

Polymeric Matrix Composites in general: 

 reduced material costs compared to metal 

 reduced cycle time and number of part 

 reduced post treatment by manual work  

 advanced understanding of failure mechanisms and long-term behaviour  

 improved design guidelines for plastic components 
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 optimised hybrid material architectures in terms of weight saving 

 alternative matrix resins (e.g. PU)  

 new hybridpolymers (inorganic and organic parts connected on molecular level 

 increased application of cellular polymer materials, gradient materials and sandwich 
materials 

 CFRP related automation processes 

Thermoset Matrix Composites: 

 reduced curing time  

 controlled viscosity resins 

 integrated textile preforms 

 snap curing, low-cost prepregs 

 Out of Autoclave prepregs 

 improved fire smoke toxicity properties 

 hybrid resins with improved toughness and damage tolerance 

 electrical conductive resins 

 low shrinkage resins 

Thermoplastic Matrix Composites: 

 low energy processing 

 hybrid thermoplastic material design 

 smart tooling 

 hybrid yarn capability for all relevant textile processes 

 low water uptake,  

 high modulus,  

 high Tg, Tm  

 high chemical resistance 

 controlled electrical and magnetically properties  

6.25. Market/target groups 

CFRP materials offer a range of exceptional properties, such as: 

 high specific strength, toughness and stiffness values (all related to density) 

 low thermal expansion 

 good damping behaviour 
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 biocompatibility 

 x-ray transmissibility 

 high fatigue strength 

 high chemical resistance 

The actual most important markets are aerospace, automotive, industrial windpower plants, 
sport, medicine and industrial industry.  

6.26. Future prospects 

In view of the predicted increase in the world population and the enormous striving of 
emerging countries to achieve greater prosperity, it is safe to assume a continued global 
increase in mobility and energy demand.  

New offshore and onshore wind power plants with much higher degrees of efficiency based on 
carbon fibre reinforced composites will help generate alternative energy economically in the 
foreseeable future.  

The reduction of the overall weight of an aircraft can be made profitable use of to achieve a 
higher payload or considerable reduction in kerosene consumption. In the automotive industry, 
the trend towards CFRP parts is still very weak. But initial experience with using CFRP in the 
sports car sector shows that there is enormous potential here as well, all the way to new 
designs. The evolutionary development in aircraft construction could be followed by a revolution 
in automotive engineering – with far-reaching consequences for processes and systems.  

The replacement of steel mats by carbon fibre mats with suitable layers of polysilane or related 
polymers can significantly help improve stiffness and reduce net weight at the same time. As a 
result, carbon-fibre-reinforced concrete elements could be designed with much thinner cross-
sections, while retaining at least the same load-bearing capacity. 

6.27. R&D priorities: 3-5 years horizon 

 materials cost reduction (50%) 

 component weight reduction (50% to 80%) 

 processing cost reduction, automation (90%) 

 improved energy efficiency across the whole production process 

 optimized design 

 improved understanding of failure mechanisms and long term behaviour 

6.28. R&D priorities: 10-15 years horizon 

 bio based fibres and matrix systems 

 alternative high performance polymer fibres 
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 in-situ health monitoring and self healing 

 adaptive mechanical performance 

 fully industrialized and automated manufacturing processes 

 integrated simulation tools for processing and structural design 

 service temperature above 300 degree centigrade 

 advanced metal polymer hybrids 

6.29. Functionally Graded Materials for Biomedical and Transport 
Applications  

The mechanical and thermal response of materials with spatial gradients in composition and 
microstructure is of considerable interest in numerous technological areas. The graded 
transition in composition across an interface of two materials (for instance, metal and ceramics 
or polymer) can essentially reduce the thermal stresses and stress concentration at intersection 
with free surfaces. Similarly, the stress intensity factor at the crack tip can be altered by varying 
the gradient properties across the interface. The ceramic-metal FGMs exhibit higher fracture 
resistance parameters resulting in higher toughness due to crack bridging in a graded volume 
fraction. Varying thermal expansion in graded layers induces residual stress and affects the 
crack growth mode. In fact, the interface bonding is much improved by providing smooth 
composition variation when traversing the interface. The interest in graded materials focused 
primarily on the control of thermal stresses in elements exposed to high temperatures (to 
1600oC), for instance in gas turbine blades, aerospace structures, solid-oxide fuel cells, energy 
conversion systems using thermoelectric or thermionic materials (thermal barrier coatings, 
TBC). Subsequent applications of wide variety include fusion and fast-breeder reactors as a 
first-wall composite materials, piezoelectric and thermoelectric devices, high density magnetic 
recording media, in optical applications as graded refractive index materials in audio-video 
disks, in bioengineering as orthopaedic and dental implants, in structures as fire retardant doors 
and penetration resistant materials for armor plates and bullet-proof vests This section is of the 
SRA is focused on two representative “subgroups” of FGMs: (i) high-performance graded 
coatings for the aeronautic, automotive, machinery, and energy industry and (ii) functionally 
graded biomedical materials (such as implants for large defect repair and regeneration or 
biodegradable scaffolds for tissue engineering).  

The graded protective coatings deliver high temperature oxidation resistance, good 
mechanical/tribological properties, and/or oxidation and hot corrosion resistance as well as 
thermal insulation. In such materials, typically two components (TiAl-X, glass-ceramic, etc.) are 
mixed, and their volume fractions are varied along spatial directions, at one specific observation 
scale.  

Biological materials are, as a rule, characterized by microstructural and compositional gradients, 
well adapted to maximize the probability of survival. These gradients are existing on several 
length scales – biological materials are hierarchically organized. Such highly complex 
organizations have been at the focus of basic science for decades, but they have also inspired 
the technological field. Composition and microstructures of many biological materials have been 



86 – KNOWLEDGE-BASED STRUCTURAL AND FUNCTIONAL MATERIALS (WG4)
 

 

elucidated and understood, while the implications of this hierarchy on the materials’ properties 
have been generally less understood (with notable exception of the elasticity of bone). Recent 
highlights in the biomedical FGMs comprise pore-graded 3-D scaffolds, produced by using a 
bioactive glass. Two types of porous structures were produced: (i) wholly porous scaffolds with 
pore gradient able to mimic the trabecular texture of cancellous bone, and (ii) double-structure 
scaffolds able to mimic the cancellous-cortical bone system by coupling a porous region with a 
compact layer. Most remarkably such structures exhibited mechanical properties comparable to 
those of natural bone tissue and therefore have the potential of replacing of load-bearing bone 
portions.  

 

Figure 23: Microtomographic reconstruction of glass-ceramic scaffold 
(scaffold – green, new phase - blue) 

Source: Courtesy of Technische Universität Wien 

6.30. Main challenges 

For structural FGMs a number challenging issues are related to FGM processing and design. The 
sintering process as a crucial consolidation step needs to be better understood for the different 
material combinations. Theoretical tools for proper gradient formation should be developed and 
critically tested against their predictive capability. Classification of the materials into categories 
can help to select suitable starting materials prior to processing. At this point, more effort 
should be put into computer assisted modelling to improve predictions of gradient formation. 
Boundary conditions such as temperature and wear resistance as well as range of material 
gradients have to be defined prior to the modelling process while modelling of the composition 
and properties should be performed prior to component production. Prediction of interface 
effects (phase formation, diffusion properties) could also lead to a better understanding and 
easier processing of appropriate FGMs for specific applications. One of the crucial steps within 
the FGM formation process is to obtain final parts with undeformed, complex geometries and 
defined gradients of either composition or porosity. If this deficiency could be overcome by 
basic research, it would be possible to produce complex geometries by specifically adapted 
production processes. Upscaling of FGM’s laboratory processing to industry scale is pivotal. 
Technological processes have to be selected on this basis of their utility in manufacturing “real” 
parts and not only material samples. A challenge in itself is the characterisation of FGM 
properties. For non-homogeneous structure of the FGMs either featuring compositional 
variations or porosity variations, new testing methods, especially non-destructive methods, 
have to be developed to characterize the altering properties of the final part. In most cases 
traditional testing methods are not appropriate or are only of limited utility.  
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For FGMs aimed at biomedical applications (Bio-FGMs) the main challenges concern: (i) 
realization of different gradations at different observation scales, going as far down as to the 
nanoscale, and (ii) better interaction of FGMs with their environment. These challenges can be 
tackled through innovative processing methods, leading to innovative structures made of 
innovative materials, such as glass-ceramic scaffolds with graded porosity and composition, e.g. 
based on calcium phosphate glasses with well-tailored dissolution kinetics controlled by glass 
composition and shape. The manufacturing of biologically inspired structure able to mimic 
natural tissues in terms of structure, morphology and composition represents one of the most 
attractive challenges of tissue engineering. For this purpose, new kinds of functionally graded 
systems devoted to hard-tissue regeneration can be proposed. Glass-derived scaffolds 
exhibiting not only gradient of porosity but also gradient of composition can be fabricated. The 
bioactivity of a glass is strongly dependent on its composition. Therefore, to promote cells 
adhesion and colonization, the porous region of the scaffold, mimicking the trabecular bone, 
can be designed in order to show a higher bioactivity in comparison with the external compact 
layer, mimicking the cancellous bone. The porous region can be also fabricated using 
resorbable phosphate glasses. Also, an attractive challenge is the fabrication of multifunctional 
scaffolds devoted to bone and cartilage repair. Such functionally graded scaffolds can be 
designed by using sliced images of natural tissues acquired by means of non-destructive 
techniques, e.g. X-ray computed microtomography (micro-CT). CAD/CAM manufacturing 
processes can be purposely optimized to mimic and reconstruct the natural tissues 
architectures. With regard to the scaffolds for cartilage engineering, by using blends of 
resorbable polymers and bioactive glass powders, it is possible to obtain not only pore-graded 
structures, but also scaffolds with gradients of composition, which is a key factor in controlling 
the degradation/resorption of the composite and the tissue regeneration rate. 

On a larger observation scale of an orthopaedic implant, a key challenge is to develop FGMs 
well suited for total hip replacement being wear-resistant on one side and strong (but not too 
stiff) on the other. While current solutions based on CoCrMo at the head and Ti6Al4V at the 
stem aim at the aforementioned requirements, they are susceptible to galvanic corrosion. 
Another challenge is the bone-implant interface where preferentially FGM porous systems 
should ensure bone formation and high load transfer. 

An independent challenge is the optimization of the material production process, i.e. how to 
quantitatively understand the functions of biological materials and to use this understanding to 
design FGMs? This can be tackled by combining latest characterization technologies (e.g. X-ray 
diffraction, micro computed tomography, various microscopic techniques, ultrasonics, 
nanoindentation) with modern mathematical and engineering science theories and simulation 
techniques (multiscale homogenization, analytical and numerical methods, molecular and 
atomistic modelling). A key issue of such multiscale modelling is to predict from the properties 
of a few “universal” properties of elementary components at the micro or nanoscale, and from 
the material/location-dependent composition (ratio of the elementary components) or 
microstructures, the material/location-specific properties at different observation scales. 
Corresponding models need to be validated against a multitude of mechanical, physical, and 
chemical experiments to arrive at proper micromechanical representation of the material. The 
sophistication of needed representations is a function of the property in question, e.g. for 
mechanical properties it makes a difference whether elasticity or strength/fracture is concerned. 
Modelling of bone is one of the central activities to support the development of Bio-FGMs: In 
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recent years, the theoretical foundations of poromechanics have helped to elucidate the 
implications of the hierarchical organization of bone on its poro-elastic properties at different 
observation scales. Today, the open issues concern multiscale poro-viscoelasticity and strength. 
Respective mathematical models, also incorporating fluid flow and biological cell-driven 
(de)generation of tissue, may accelerate the development of tissue engineering solutions, 
always in connection with modern imaging techniques (e.g. micro-CT), not only extracting 
geometrical/ microstructural information but also chemical-compositional information (as input 
for multiscale poro-micromechanical models). 

It might be worthwhile to explore how to transfer basic research results into clinical applications 
and to consider regulatory actions already at the early stage of materials development in order 
to maximise chances of a later commercialisation. The acceptance of new materials in the Bio 
sector is even more difficult to obtain than for automotive or aerospace. 

6.31. Market/Target groups.  

 Aeronautics and aerospace industry - engine parts (e.g. turbine blades, compressor 
components) 

 Automotive industry 

 Electronic industry (e.g. substrates for microelectronic devices) 

 Machinery industry: machining tools, drilling tools 

 Power generation systems, e.g. gas turbines 

 Biomedical implants industry (the markets here is huge and will grow since more and 
more people will need help in next decades, especially concerning their musculoskeletal 
system) 

6.32. R&D priorities: 3-5 years horizon 

 Improved processing routes for FGMs 

 Realization of functional gradients at the nanoscale 

 Production of materials with hierarchical organization for better mechanical 
performance 

 Development of high-performance graded and multilayered coatings with tailored 
structure at the nanoscale and improved oxidation resistance  

 Improvement of oxidation / hot corrosion resistance and thermal insulation of gas 
turbine components  

 Development of high-performance nanostructured coatings on titanium alloys with good 
adhesion to the substrate and good mechanical/tribological properties (hard and low 
friction coefficient 

 Development of a new approach to modelling and characterisation of graded coatings 
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 Development of glass-derived scaffolds with graded porosity and composition for bone 
regeneration 

 Development of functionally graded polymer/glass composite scaffolds for cartilage 
repair 

 Coupling between a scaffold devoted to bone regeneration with another one for 
cartilage regeneration, in order to propose a multifunctional structure for bone/cartilage 
repair 

 In vitro testing and analysis of cells colonization inside the prepared scaffolds  

 Quantitative understanding of structure-property relationship in biological materials 

 Improved characterization of biological-biomimetic materials at different length scales 

 Mathematical modelling and simulation of structure-property relationships, based on 
engineering science approach based on mechanics, physics, and chemistry 

6.33. R&D priorities: 10-15 years horizon 

 Development of a standard protocol for the production and characterization of FGM 
scaffolds 

 In vivo testing of the prepared scaffolds 

 Methods/protocols for graded and nanostructured coating production and 
characterisation 

 Full range atomistic-to-macroscopic modelling 

 Production of fully hierarchical materials 
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7. Lifecycle, Impacts, Risks 
(Working Group 5) 

7.1. State of the art (R&D and Industry perspective)  

7.1.1. General state-of-the-art in the area of "Life Cycle Thinking" 

In its document on "Sustainable materials management and sustainable production and 
consumption: key contribution to a resource-efficient Europe"2 the EU Council has concluded, in 
relation to the "sustainable life-cycle approach" that the Commission and Member States should 
continue their efforts to make European resources and materials use more sustainable 
throughout the life-cycle by (inter alia): 

 Encouraging the design of products that exert a minimal environmental and health 
impact 

 Taking into account not only energy efficiency in the use phase but all significant 
environmental criteria (e.g. resource efficiency) over the entire life-cycle 

 Exploring further ways of reducing the use of hazardous substances, amongst others to 
facilitate reuse and recycling and avoid unintended consequences and the recirculation 
of hazardous substances 

 Promoting the use of designated methods, such as Life-Cycle Analysis (LCA) of 
products, addressing environmental, political, social and economic aspects 

 Taking into account the work done in the context of the ILCD (International Reference 
Life Cycle Data System) and of the UNEP 

 Developing a common life-cycle-based approach 

Further on, the Council explicitly invites the Commission to "...develop a common methodology 
on the quantitative assessment of environmental impacts of products, throughout their life-
cycle, in order to support the assessment and labelling of products". 

The above presents a clear guideline to the European R&D in the areas related to: 

 Life cycle, life cycle approach and, last but not least, life cycle thinking in general. 

 Impacts, including risks related to all relevant for: 

o environmental,  

                                                

2 Council conclusions on sustainable materials management and sustainable production and consumption: key 
contribution to a resource-efficient Europe. 3061st ENVIRONMENT Council meeting Brussels, December 2010 
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o health,  

o safety,  

o security and  

o business continuity  

interactions associated with materials considered by EuMaT. 

And it has, therefore, in the very focus of the EuMaT WG5 "Lifecycle, Impacts, Risks" and the 
position of the WG is to look at this issue from a supply chain perspective. In other words, look 
beyond the direct and obvious impacts that manifest at a given point in a supply chain, 
considering impacts that occur along the entire life cycle, i.e. from the level of primary resource 
extraction through processing, distribution, use, and eventual disposal or reuse phases. Life 
cycle approach is essential to effective management because, often, many of the most 
important environmental effects may occur “upstream” or “downstream”, and hence may not be 
immediately evident. This approach is also essential to making transparent any potential 
tradeoffs between different types of environmental impacts associated with specific 
management decisions. 

7.1.2. "Life Cycle Thinking" vs. Life-Cycle Prediction vs. Life Time Assessment 
and Life cycle analysis/assessment (LCA); Life cycle risk analysis 

The European "Life Cycle Thinking" relies on the Sustainable Consumption and Production 
Action Plan aims to reduce the overall environmental impact and consumption of resources 
associated with the complete life cycles of goods and services (products) and on the Integrated 
Product Policy Communication (COM(2003)302), Thematic Strategy on the Sustainable Use of 
Natural Resources (COM(2005)670) and Thematic Strategy on the Prevention and Recycling of 
Waste (COM(2005)666). The Life Cycle Thinking approach is defined (see 
http://lct.jrc.ec.europa.eu/glossary?search_letter=l) as: 

‘‘The concept which integrates existing consumption and production strategies towards a more 
coherent policy making and in industry, employing a bundle of life cycle based approaches and 
tools. By considering the whole life cycle, the shifting of problems from one life cycle stage to 
another, from one geographic area to another and from one environmental medium or 
protection target to another is avoided.’’ 

Life cycle as such is defined as "Consecutive and interlinked stages of a product system, from 
raw material extraction, through production of materials and intermediates, parts to products, 
through product use or service operation to recycling and/or final disposal". Other terms 
important for WG5 are: 

 Life Cycle Assessment (LCA) is a process of compilation and evaluation of the inputs, 
outputs and the potential environmental impacts of a product system throughout its life 
cycle. 

 Life Cycle Cost (LCC). Two different uses for this term exist: 

a) The total cost linked to the purchase, operation, and disposal of a product 
(equivalent to "Total Cost of Ownership" (TCO))  
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b) The cost of a product or service over its entire life cycle including external costs 
(see "Externalities"). 

 Life cycle risk analysis. Method of evaluating the probability of adverse effects of a 
substance, industrial process, technology or natural process from a life cycle 
perspective. 

The above terms should not be mixed up with the "Life Time Assessment" as an activity aimed 
at predicting or analyzing the duration of the, e.g., useful time of the product or material in 
operation phase (e.g. the useful life of a turbine component exposed to creep or of a bolt 
exposed to fatigue). 

 

Figure 24: Life cycle approach 

Source: Wikipedia 

Life cycle risk analysis is to be considered an integral part of the Life Cycle Thinking and the 
hazards, risks and other possible impacts should be considered at all phases of the life cycle, as 
suggested by the iNTeg-Risk project (FP7). 

 

Figure 25: Life cycle risk analysis as an integral part of the Life Cycle Thinking 

Source: Steinbeis Advanced Risk Technologies 
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7.1.3. State-of-the-art Life Cycle Analysis of "also-nano" engineering materials 

Current development of the conventional Life Cycle Assessment has been consolidated as a 
methodology in two important ISO standards: ISO 14040/14044. These standards concern the 
technical and organizational aspects of an LCA project providing a methodology which is divided 
into four phases: goal and scope definition, Life Cycle Inventory (LCI); Life Cycle Impact 
Assessment (LCIA) and interpretation. The work performed at the EU level (primarily in JRC 
Ispra http://lct.jrc.ec.europa.eu) provides the further cornerstone: the "Life Cycle Thinking" 
supported by modern tools provide the basis for putting LCA into practice. It is nowadays 
commonly accepted that the importance of the cradle-to-cradle analysis is great: limiting the 
analysis to just one part of the whole life-cycle (e.g. production) can be misleading. Performing 
the cradle-to-cradle analysis, however, can end up as highly speculative analysis, because the 
reliable data are scarce or missing. 

Moreover, the continuous improvement of a new material or process is also gradually improving 
its life cycle analysis and/or carbon footprint - a preliminary assessment of the carbon footprint 
should not be a roadblock for further development, as evidenced e.g. by lighting devices: early 
LEDs were not competitive even with light bulbs, but in recent years LEDs have advanced to 
being one of the most energy efficient lighting system edging out even compact fluorescent 
lamps by far. 

In any case, the ecological assessment of a new material or process has to aim at an integral 
approach, taking not only into consideration the life-cycle of the product but also the 
recycling/down cycling process and its consequences. For novel materials, this is not an easy 
task at all as numerous parameters can only be estimated ("best guess"). Nonetheless, it is 
always possible to develop a number of scenarios based on these expert opinions and best 
guesses. 
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Figure 26: Life Cycle Thinking 

Source: Steinbeis Advanced Risk Technologies 

7.2. Main challenges 

7.2.1. Life Cycle Thinking and Life Cycle Risk of advanced materials 

In the fast developing field of "engineering nanomaterials" (including the materials often 
colloquially labeled as "nano-enhanced" or "also-nano" materials, meaning practically that an 
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engineering material for "macro applications" is enhanced by or coupled with a component 
based on nanomaterial) the conventional approaches often fall short of providing useful and 
reliable results in the areas of LCA (Life Cycle Assessment) and Risk Assessment because of: 

 Great variety of new engineering materials in the game for which there are no real 
standards pre-defining their global properties and acceptance criteria (e.g., what would 
be an equivalent of an, e.g., ASTM A314 in the area of engineered nanomaterials?) 

 Great importance of local properties (e.g. in FGMs – functionally graded materials), 

 Lack of experience with new materials and possibilities to collect all the data needed 
(e.g. the materials designed for periods of 200,000 hours) 

In addition the researches have to take into account: 

 The emphasis on focused and optimized use the available, often limited, research 
resources  

 Increased public pressure to prove that their research is yielding transparent and 
sustainable innovation, (social acceptance of innovation) and 

 Last but least, need to "sell" their research results upfront, often without certainty 
about the outcome. 

All of the factors above can mean increased risk of (a) unsuccessful innovation and/or (b) other 
unexpected risks related to health, safety, security, environment or business. 

7.2.2. Consensus building – finding balance between precaution and risk of 
innovation 

The above mentioned issues strengthen the need for consensus-building and establishing of 
agreed research priorities in the area of nano and "also-nano" ("nano-enhanced") advanced 
engineering materials, i.e. of Life Cycle Thinking and Life Cycle Risk of advanced, "EuMaT 
materials". Going beyond conventional approaches, methods and techniques is there as goal to 
follow, bearing in mind that, therefore, a good "risk-benefit" balance between:  

 The need to avoid the false alarms possibly caused by "waking up sleeping dogs" ("let 
sleeping dogs lie"), and 

 The need to be prepared for a possible/hypothetical case of a risk related to new 
technology is essential (Figure 27).  

This balance is practically anchored in the risk governance policies, largely through the 
application of the so-called "precautionary principle", which is also a corner stone of the EU 
official policies very much discussed between, e.g., US and the EU.  
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Figure 27: Role of good governance in achieving balance between risk of innovation and 
precaution 

Source: Steinbeis Advanced Risk Technologies 

7.3. R&D priorities: 3-10 years horizon 

Alternative approaches, methods and techniques are needed and EuMaT proposes to look at: 

 Identification, mapping and monitoring of the risks related to R&D gaps, overlaps and 
nexus ("nexuses") 

 Identification and monitoring of emerging risks (luring risks in innovations and 
acceptance of the technology) 

 Optimizing of the R&D strategy with respect to possible "Future Global Shocks" (LCA as 
a part of long-term, global sustainability), link to strategic national R&D 

 Mapping of resources in order to be able to optimize them and find the optimal match 
with the needs and find the optimal match with the needs 

7.3.1. Identification and mapping of the risks related to R&D gaps, overlaps 
and nexus: Example of the EU projects in the area of nanosafety 

Numerical and textual information about different topics is analyzed by means of semantic 
networks – e.g. about EU projects in the area of nonmaterials. Adding the RESULTS of these 
project reports to the analysis and combining these analyses with experts' opinions would be 
the key element of the strategic analyses like those performed by: 

 OECD (for "future global shocks", see www.oecd.org/dataoecd/24/36/48256382.pdf) 
and 

 WEF – World Economic Forum (see e.g. http://riskreport.weforum.org/#/fig-6) 
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The methodology and tools needed for the above analyses now available through EU projects 
like iNTeg-Risk should be generalized and consensus-based. Identification and mapping of the 
risks "related to the innovation" is essential for ensuring its sustainability and acceptance. 

 
Figure 28: Innovation mapping 

Source: Steinbeis Advanced Risk Technologies 

Visualizing the results of the clustering procedure using (automatic) semantic network 
technologies. Nodes are the research projects, the node size scales with the centrality, line 
thickness by similarity score and colour by node degree. The layout was accomplished by force 
directed layout. 

7.3.2. Identification and monitoring of emerging risks (related to new material 
technologies) 

Current activities and interest of different stakeholders groups in different topics can be 
monitored by the activities in www. Tweets, forum activities, new web-pages – the same 
techniques used by intelligence agencies and high-level market or societal research should be 
used also for identification of emerging risks (defined either as new risks or as known risk the 
character of which has changed). Examples of such risk could be, e.g.: 

 Health and safety issues related to monitoring of emerging risks in production, storage 
and transport of nano-materials on industrial scale in small and medium enterprises 
(SMEs) 

 Emerging risks related to development and use of advanced engineering materials, 
composite materials 

 Nanotechnology – General (see figure below, "RiskTweet"-Tool) 
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Figure 29: Nanotechnology – General 

Source: Steinbeis Advanced Risk Technologies 

7.3.3. Optimizing of the EU R&D strategy with respect to possible "Future 
Global Shocks" (LCA as a part of long-term, global sustainability), 
analyzing future scenarios and embedding them in national and other 
strategies 

Optimizing future R&D and ensuring its sustainability for a community of over 500 million 
people is a task which can be performed only if: 

 The expert's opinion and qualitative reasoning is coupled for powerful quantitative tools 
enabling mastering of huge data/information spaces for analyzing possible future 
scenarios 

 The strategies and implementation plans are synchronized and agreed at all levels: 
global, EU, national, local, private 

Steinbeis has developed a strong set of ABM (Agent-Based Modeling) tools allowing modelling 
numerous scenarios involving different behaviours of the stakeholders (e.g. regulators, industry, 
public ...), allowing to provide the inputs needed for the definition of the future scenarios. This 
should liaise to the strategic national research (with the EU projects and international initiatives, 
focussing in particular onto: 

 Governance 

 Scenario modelling 

 Risk mapping 
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Figure 30: Example of acceptance of a new technology 

Source: Steinbeis Advanced Risk Technologies 

7.3.4. Mapping of resources in order to be able to optimize them and find the 
optimal match with the needs 

Mapping of expertise (experts, facilities) for problems related to development and use of EuMaT 
materials and material technologies (incl. nanotechnologies in SMEs – for example) is an 
unavoidable step towards structured R&D in the next 3-10 years.  

7.4. Market/Target Groups 

The issues of EuMaT WG5 concern virtually all stakeholders in the global supply chain, however, 
at the first place those searching their market niche under the keyword of "green technologies". 
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8. Materials for Information and Communication 
Technologies (ICT) 
(Working Group 6) 

The present chapter outlines the important role of piezoelectric materials and metamaterials for 
ICT and their impact on the society. It also describes the current state of the art in the field, 
specifying the market sectors for such materials, and presenting the general overview and 
assessment of their applications for ICT.  

8.1. State of the Art 

8.1.1. Piezoelectric materials 

Devices based on piezoelectric effect offer robust and cost efficient alternative to more classical 
technologies. Additional benefits include improved performance, ruggedness and simplicity of 
design. Piezoelectric effect based devices are widely used both in professional equipment and in 
consumer market applications, the latter not always known by the general public. To mention a 
few consumer market related products, one can list cameras, watches, mobile phones, printers 
among others. The professional equipment market includes transport incl. automotive industry, 
trains and aeroplanes, healthcare with both diagnostics (ultrasound imaging is the most 
common medical imaging technique) and therapeutic applications, underwater acoustics incl. 
environmental and structural health monitoring (SHM). 

More recent development added piezoelectric effect based devices improving energy efficiency 
and reducing pollution (fuel injection). Finally, the multifunctionality of piezoelectric materials 
supports the present development within ICT, offering the opportunity to miniaturise and add 
more complex features to wireless systems, such as self- sustainability leading to maintenance - 
free configuration via exploiting piezoelectric energy harvesting devices to replace batteries. In 
addition, novel low temperature processing methods, including thin and thick films deposition, 
open for the next generation of such devices readily integrated into silicon based systems. 
Indeed, electronic components using piezoelectric materials and structures are of great interest, 
such as Surface Acoustic Wave (SAW) filters, used from mid-frequency range, to around 1 GHz. 
Also, Bulk Acoustic Wave (BAW) resonators and filters are being designed to reach frequencies 
of several GHz, requested by the development of new generation mobile communication 
standards. 

Piezoelectric transformers are also rapidly developing, replacing ferromagnetic transformers in 
many applications, and as galvanic isolation components. Presently, the IT & Communication 
sector consists of the following: 

 Telephone communication 

 Radio and television 
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 Internet and local area networks 

 Computers 

 Electronics and optoelectronics 

All these segments make use of piezoelectric components. Telecommunication systems can be 
divided into two sub-sectors: fixed-lines and mobile phones. The latter is of high interest for 
piezoelectrics, since in response to market demands, cell phones are constantly getting smaller 
and are gaining new functionalities; many of which would not be possible without piezoelectric 
components. Cell phones currently serve as personal digital assistants, digital cameras with 
advanced focusing capabilities, and digital media players. It is also expected that each phone 
will be able to operate on wireless communication protocols, such as Bluetooth, WiFi or IrDA. 

Perhaps the most popular PZT element used in mobiles is a piezomotor used for auto-focusing 
of miniature digital cameras embedded in phones. Indeed, in recent years, the use of 
piezoelectric actuators in camera-equipped cell phones and digital cameras has grown rapidly. 
Driven by a focus on advanced functionality, the digital camera market has augmented the 
number of pixels, in order to achieve improved resolution, resulting in an increase in compact 
products, with zoom capabilities of 10x and greater. This invariably has led to a need for a 
stabilizing feature that prevents the blurring caused by hand movements. With their low power 
consumption, compact size, and high-speed precision motion, piezoelectric actuators provide 
stabilizing compensation, as well as auto-focus lens drives and zoom features, for various uses. 

Another emerging application of piezoelectric materials entering into cell phone market is 
replacement of micro-electromagnetic motors for creating vibrations. This development is 
mainly driven by the miniaturization of cell phones. Another example is the recent development 
in the field of flat screens. Flat screen based equipment requires larger screens with increased 
power consumption, which leads to adoption of piezoelectric high-voltage transformers for cold 
cathode fluorescent lamps (CCFLs). Thanks to the very unique properties of piezoelectric 
materials, it has been possible to minimize the size and increase the energy density of such 
devices, allowing for low profile highly integrated transformation of voltage. 

The piezoelectric-based surface acoustic wave (SAW) filters supporting wireless data 
exchanges, are among the devices in which piezoelectric materials can be also found in large 
volumes. The signal filtration capability is used not only in the phones themselves, but also in 
base stations and repeaters for wireless telecommunication system standards, such as GSM, 
UMTS or IMT2000. The clock generators for microprocessor-based equipment used to be based 
on quartz material, but they are rapidly being replaced with PZT, thanks to recent development 
in the manufacturing processes (higher stability and better repeatability). Other potential 
applications in mobiles include buzzers, microphones, or loudspeakers. It is expected that in 
order to embed all the functionalities in a mobile, phones will contain more than 20 piezoelectric 
elements in the near future. Other than cell phones, SAW filters together with piezoelectric 
oscillators are present in TV sets and radios for similar purposes. Moreover, they are utilized in 
computers and external devices for wireless networking and time generation purposes. 

Finally, the new emerging technologies open for the next generation of smart composite 
materials exploiting more than piezoelectric effect alone. They would, for instance, combine 



MATERIALS FOR INFORMATION AND COMMUNICATION TECHNOLOGIES (ICT) (WG6) – 103
 

 

piezoelectric, pyroelectric and thermoelectric or photovoltaic effects delivering truly 
multifunctional and smart materials and opening for new applications and new generation of 
miniaturised devices including MEMS.  

8.1.2. Metamaterials  

In recent years, we have been witnessing exponential growth of worldwide research efforts in 
the field of artificial electromagnetic materials or metamaterials. Metamaterial is an 
arrangement of artificial structural elements, designed to achieve advantageous and unusual 
electromagnetic properties. The prefix meta means after, beyond and also of a higher kind. 
Superior properties as compared to what can be found in nature are often underlying in the 
spelling of metamaterial. These new properties emerge due to specific geometries of the 
microstructures enabling particular interactions with electromagnetic fields or response to 
external electrical control. Artificial electromagnetic media break the traditional boundaries 
defined by the properties of natural materials and bring together many disciplines such as 
physics of solids, micro- and nanofabrication, electromagnetic theory and computational 
methods, optics and microwaves, chemistry and nanoscience. Therefore, the research in the 
field of artificial electromagnetic materials requires a broad understanding of the fundamental 
science combined with the engineering and technological aspects of potential applications and 
practical designs.  

Metamaterials are often associated with negative refraction, although this is only one of the 
numerous unusual electromagnetic phenomena. Today the term of “metamaterial” 
encompasses materials with all sorts of unusual electromagnetic functionalities that may be 
realised by sub-wavelength structuring including the ability to ‘hide’ objects in the miraculous 
manner of Harry Potter’s cloak; the intriguing asymmetries of Lewis Carroll’s looking glass; Star 
Wars-like electromagnetic force shields; the quantum levitation of magic carpets. The promise 
of the Veselago–Pendry optical negative refraction super-lens capable of resolving features 
beyond the wavelength limit, possibly even individual molecules, was alone sufficient to inspire 
the best minds on both sides of the Atlantic and the Pacific Rim to work at the interface 
between ‘Nano’, ‘Meta’, ”Microwave”, “Terahertz” and “Optics”. 

Also nanophotonics, the fusion of nanotechnology and photonics, is an emerging technology 
related to metamaterials with applications in physics, chemistry, applied science, engineering, 
and biomedical technology. The prospect of using light as a tool at the submicron scale opens 
up a new range of possible applications, and the idea of creating light from nano or ‘meta’-
materials can pave the way to a new path to miniaturisation, similar to that seen in the 
semiconductor industry during the last decades of the 20th century. Optical circuitry could both 
speed up processing time and increase data density, and eventually lead to fabled quantum 
computing systems. Recently, pH sensors using a nanomaterial whose light scattering 
properties change with varying acidity were proposed. This new technique will give biologists a 
method for accurate measuring pH changes over a wide range of values, e.g. inside living tissue 
and cells, in real-time. Still another example of application of metamaterials processed at the 
nanoscale is the production of photovoltaic panels – a very significant growth area, considering 
the increasingly important need for sustainable sources of energy. 
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The concept of material implies homogeneity, and, if a metamaterial is a periodical structure, 
the lattice constants should be considerably smaller than the wavelength. This distinguishes 
metamaterials from photonic (electromagnetic) crystals and frequency-selective surfaces, 
whose useful and unusual electromagnetic properties originate from the periodicity of their 
structure. In contrast to photonic crystals, metamaterials can be realized as random mixtures of 
“artificial molecules”. However, we can identify the following common issues linking 
metamaterials with photonic crystals (PhC) and plasmonics. Indeed, the field of PhCs 
shares the theoretical and computational techniques with the field of plasmonics and 
metamaterials; the fabrication techniques for PhCs can be exploited for the metamaterials 
fabrication and vice versa. In all three fields (PhCs, plasmonics and metamaterials) the main 
research directions target tunable, switchable and active components. Finally, nanoscale 
metallic photonic crystals are, in fact, plasmonic structures. Furthermore all these fields can 
benefit from the use of novel functional materials, like magnetic materials, ferroelectrics, etc. 
Both electromagnetic crystals and metamaterials have potentials over vast frequency range 
from radio frequencies to the visible light, and they will become the materials of choice for 
future terahertz devices.  

The high-level objectives in the metamaterials research and development are demonstrated by 
the targeted systems and applications: 

 Information and communication technologies (low-cost low power consumption 
communication and control systems, information storage, entertainments,...) 

 Energy (low-loss components, advanced solar cells, thermophotovoltaic devices, energy 
storage,...) 

 Health (sensors, on-body communication systems, implanted actuators, medical 
instrumentation...) 

 Environment (monitoring devices, recyclable components – sustainable technology...) 

 Transport (car radars, sensors,...) 

 Security (security control devices, sensors, monitoring devices,...) 

The following main current research topics in the area of metamaterials can be identified as: 

 Theoretical modelling and design of artificial electromagnetic materials 

 Fundamental aspects and practical development of novel fabrication technologies 

 Engineered nonlinearity of materials 

 Approaches to targeted synthesis and design of electromagnetic materials 

 Material architectures providing design control over material parameters, losses, spatial 
dispersion, nonlinearity 

 Conceptually novel architectures for electrical, magnetic, and optical control of the 
properties of engineered materials 

 Active optical materials with compensated loss 

 Nanostructured light, heat, and microwave energy harvesting materials 
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 Field-transforming metamaterials (cloaks, concentrators, dividers) 

 In-situ and non-destructive characterisation of artificial electromagnetic materials 

8.2. Main challenges 

The main challenges in the field of piezoelectric materials and devices for ICT can be presented 
in the form of the flowchart shown in Figure 31. 

 

Figure 31: Main challenges in the field of piezoelectric materials for ICT 

Source: Piezo Institute 

Metamaterials span all classes of materials used to manufacture their “artificial molecules”: 
organic, metallic, ceramic, magnetic, and dielectrics. Combinations of desirable features, such 
as, for example, nonlinearity and luminescence, existent separately in a wide variety of 
available natural materials, promises to bring forward new and exciting applications. What 
makes the research in artificial electromagnetic materials exciting is its cross-disciplinary nature. 
Interest to metamaterials is coming from a variety of different fields. In addition to general 
electromagnetics, researchers working in optics, solid state physics, microwave and antenna 
engineering, optoelectronics, classical optics, materials science, semiconductor engineering, 
nanotechnology, chemistry, biomedical engineering, and others contribute to these studies. The 
research orientations vary from theoretical analysis, computational and analytical modelling, 
and experimental studies to application-focused engineering. In the next figure, it is shown the 
development stages of metamaterials. 
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Figure 32: Development stages of metamaterials 

Source: Piezo Institute 

The market for devices based on piezoelectric effect will, according to the two market studies 
exploited in the present document (F&S; iRAP), increase with an AAGR Annual Average Growth 
Rate of 12.9% (2007-2012), partly due to growing sales of existing devices, demonstrating 
excellent performance in existing applications, but mainly to the development of new devices. 
Piezoelectric effect can be used for sensing, transmitting or both, in principle all functions 
combined in one device. Adding ruggedness, relatively low cost and large operating 
temperature range, makes piezoelectric materials attractive for many applications including 
smart multifunctional structures. 

Quantified market analysis can be found in a market research study from Innovative Research 
and Products (iRAP), untitled “Piezoelectric Ceramic, Polymer And Ceramic/Polymer Composite 
Devices - Types, Materials, Applications, New Developments, Industry Structure And Global 
Markets”. According to this study, the global market for the existing types of piezoelectric 
devices which was equal to US $10.6 billion in 2007, is expected to reach US $19.5 billion by 
2012, which corresponds to an Annual Average Growth Rate (AAGR) of 12.9 %, over these 5 
years. Many industry participants involved in the interviews conducted by Technical Insight’s 
Unit, have stated that healthcare is one of the early application sectors for these materials. 
However, even if the use of piezoelectrics in medical ultrasound is quite a mature market, it still 
shows a steady growth. 

In particular, further advances related to high resolution medical imaging, high-intensity 
focused ultrasound (HIFU) for therapy, medical implants, ultrasound cleaning, nanopositioning 
and micropositioning (typically for XY or XYZ tables), microscopy, cell manipulation (medical), 
and so on, are expected to enable maintaining a steady growth rate in this sector. 
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In terms of high volumes, i.e. numbers of piezoelectric pieces used, the automotive sector 
ranks among the highest. In a car for instance, besides diesel fuel injectors, the airbag can 
have a piezoelectric device to measure when to deploy itself, and behind the bumper there are 
piezoelectric ultrasound transducers to detect obstacles while backing up. The automotive 
sector is a key end user of many piezoelectric devices, based on bulk ceramics, films or 
multilayers. Some material manufacturers rely strongly on the automotive sector: CeramTec, for 
instance, is selling close to 50% of its piezoelectric materials to the automotive industry. Yet, 
since automotive applications are very price sensitive, this sector has been using mostly low-
cost, bulk and multilayered materials. More recently however, advanced piezoelectric 
composites have being used as stack actuators, supplied by companies such as EPCOS (one of 
the leading manufacturers for these devices). With companies poised to enter volume 
production of piezoelectric fuel injectors, and with the expected advances related to energy 
harvesting and health monitoring, one could in turn see the markets for these materials 
broaden within the automotive sector. 

ICT (including telecommunications, information technology, information systems, robotics, and 
so on), represents very attractive markets on two levels. First, because many applications are 
very near term markets, with very short development cycles. PZT is being used in cell phone 
electronics, such as buzzers, microphones, loudspeakers and so on. PZT motors are used in 
digital cameras for lens auto-focusing, and piezoelectric benders can be used to drive zooms in 
mobile applications. PZT transformers are also moving from portable computers to cell phones, 
because personal digital assistant (PDA) cell phones have large screens that need backlit 
converters (that use piezo-transformers). Other new applications include computer disk drives 
and accelerometers in mobile phones and notebooks. Piezoelectric materials are gaining 
importance (especially multiferroic materials) in the hardware domain of the IT industry 
(memory devices). Developments on piezoelectric structures are namely being widely 
conducted for devices that require high data density, such as portable electronics. 

The second level is applications, in which piezoelectric materials provide one or more of the 
many microsystems’ components. Thanks to piezoelectric materials multifunctional nature, 
these components will play a key role in the Microsystems and thus in future applications. Since 
these Microsystems, often self-powered, equipped with wireless communication unit and ready 
for further integration are to a high degree still at very preliminary development stage, the 
market potential is not properly reflected neither in F&S, nor in IRAP analysis. 

In few years from now, ICT system offering efficient and universal monitoring will be a tool 
present within more or less any market segment, as for example healthcare, energy 
management, automotive, transportation and safety among others. Hence, the ICT sector is 
one of the most exciting ones in terms of volumes and in terms of future potential. It is a sector 
that should witness tremendous growth. 

There can be differences between regions in the use of piezoelectric materials, due to specific 
market segments of the countries. In the US, developments are mostly driven by the aerospace 
and defence sectors. In Europe, especially in Germany, developments are mostly driven by the 
automotive applications. Although Japan has little aerospace industry of its own, there are some 
developments related to energy harvesting devices for the satellites it is building. However in 
Japan and the rest of APAC, a key driver is the ICT, namely telecom industry. 
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To summarize, piezoelectric materials and devices offer wide possibilities in terms of 
applications. Positioning strategies may vary, based on a player’s business model. While some 
key developers have focused on high volume & low margin sectors, such as automotive, others 
find it more attractive to reach for high quality, low volume and high margin applications, such 
as medical ultrasound. 

For various types of metamaterials, the ICT is probably the largest and most attractive market 
because these materials are specifically designed to interact with electromagnetic fields and 
waves, which are the fundamental carriers of information in modern ICT systems. Here these 
new materials will be used in a wide variety of devices, as different as microwave filters, 
antennas, and future optical computers. Other major markets are envisaged in energy (solar 
cells, photovoltaics), biology and medicine (sensors, markers, nanoimaging, drug delivery), 
transport (car radars, sensors). In particular, metamaterials are in prime interest to the 
industries which deal with the following devices and components: 

8.2.1. Absorbing and filtering (shielding, mode-transforming) materials and 
structures 

 Micro- and nanostructured material layers for absorption of electromagnetic radiation in 
extremely wide ranges of incidence angles and polarizations in pre-determined 
frequency ranges 

 Subwavelength light-manipulating metamaterial layers for applications in advanced 
solar cells and in nanoprocessing of light 

8.2.2. Light concentrators for nanoscopy, nanoantennas 

Design and practical implementation of resonant energy guiding and nanofocusing 
nanostructures for applications in scanning near-field optical microscopes and nanoantennas. 

8.2.3. Nanostructured materials for light, heat, and microwave energy 
harvesting 

 Nanostructured metamaterial layers for direct harvesting of light and microwave energy 
(transforming into electric current); materials and structures for manipulations of 
distribution and transport of heat 

 Engineered electromagnetic materials designed to perform pre-determined 
transformations of electromagnetic fields, for applications in cloaks, field concentrators 
(nanoantennas), wave splitters, storage of light, etc. 

8.2.4. Active and reconfigurable microwave, terahertz and optical materials, 
including advanced antenna applications 

 Artificial materials with engineered properties (permittivity, permeability, chirality, 
surface and sheet impedances) which can provide power gain for microwave and light 
waves and be electronically adjusted or switched within predefined parameter ranges 

 Artificial materials enabling terahertz and novel optical devices 
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 Artificial electromagnetic materials with engineered predefined properties in the 
terahertz frequency range, including artificial dielectrics (low-loss or absorptive), 
artificial magnetics, materials with engineered anisotropy and bi-anisotropy 

 Extraordinary-property and non-classical optical materials, optical nanocircuits 

 Artificial electromagnetic materials with extraordinary and extreme properties (very low 
or very large values of material parameters or wave impedance). Photonic nanocircuits 
for nanoprocessing of light 

8.2.5. Structures for slowing and localization (storage) of light, also on 
quantum level 

Artificial nanostructured materials (organic and / or inorganic) with engineered dispersion for 
extreme slowing, localization and storage of light. 

8.2.6. Engineered nonlinearity of materials 

Composite materials with engineered nonlinearities for applications in waveform control, signal 
processing of microwave and optical signals, as well as in nanoimaging, including superlenses 
and magnifying superlenses. 

8.3. R&D future priorities 

Piezoelectric materials 

For evaluating, on a global scale, the competitive market landscape analysis of the piezoelectric 
applications space, the Piezo Institute has commissioned a report to the well known Consultants 
Agency Frost & Sullivan’s Technical Insights. Toward achieving the positional rank for the high 
impact application sectors for piezoelectric materials and devices, Technical Insights used a 
multiple criteria decision making (MCDM) tool, called the analytical hierarchy process (AHP). 
This tool provides prioritized ranking of the alternatives (high impact application sectors for 
piezoelectric materials and devices), based on a set of evaluation criteria that are specific to the 
piezoelectric field. The figure below shows the prioritized values for the key application sectors 
of piezoelectric materials, as determined by Frost & Sullivan’s Technical Insights Unit: Technical 
Insight’s assessment of key application sectors for piezoelectric materials and devices shows 
that Healthcare, Automotive, and Telecommunication/ IT/ IS, have the highest prioritization 
weights for these smart materials, with values of respectively 23.6 for the Healthcare sector, 
19.4 for the Automotive sector, and 16.9 for the Telecommunication/ IT/ IS sector. Indeed, the 
Semiconductor Manufacturing, which weights for 13.4, concerns the fabrication of 
semiconductor devices. Yet, those devices address mostly the Telecom market, which in turn, is 
a market segment of the global Information & Communication Technology (ICT) market. On 
another hand, the Telecommunication/ IT/ IS sector, which is also a market segment of the ICT 
global market, weights for 16.9. 



110 – MATERIALS FOR INFORMATION AND COMMUNICATION TECHNOLOGIES (ICT) (WG6)
 

 

 

Figure 33: Application sectors prioritization diagram 

Source: Frost & Sullivan / Piezo Institute 

Thus, the overall weight of piezoelectric materials and devices in the ICT sector is 13.4 + 16.9 
= 30.3. This result clearly shows that among all the industrial sectors in which piezoelectric 
materials and devices find applications, the ICT sector is the highest key application sector. 

More particularly, ICT is a sector that should witness tremendous growth, thanks to the 
development of new multifunctional piezoelectric materials; offering in particular the 
opportunity to miniaturise and add more complex features to wireless systems. 

Metamaterials 

The goals to be targeted in the immediate future (3-5 year horizon) include: 

 Materials with superior and unusual electromagnetic properties, including low-loss and 
broadband negative-valued permittivity and permeability 

 Near-zero values of permittivity and/or permeability. Extreme anisotropy (close to zero 
permittivity along one direction but very high permittivity in the orthogonal directions) 

 Strong and anisotropic spatial dispersion (material parameters strongly depend on the 
wave vector) 

 Extremely strong chirality and other bi-anisotropy coefficients 

 Externally tunable parameters 

 Designed-for-purpose nonlinearity 

 Low-cost technologies to manufacture these materials 

 Specialised simulation techniques and physics based models for metamaterial design 
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In the 10-15 year horizon we expect the need of: 

 Quantum-level models and design of artificial electromagnetic materials. 

 Advanced multi-physics (-chemistry) models in commercial simulation tools. 

 At these time scales, metamaterials will pursue the two main types of the research 
objectives: 

 Material-science oriented goals: 

o Design and realization of nanostructured electromagnetic materials with unusual 
and extreme electromagnetic properties.  

o Targeted design of electromagnetic materials with the specified properties. 

o Material architectures providing design control over the material parameters, 
including losses, spatial dispersion, nonlinearity. 

o Electrical, magnetic, optical, thermo- (etc.) control of the properties of 
engineered materials. 

 Application-driven goals for the materials enabling new capabilities in: 

o Nanoimaging and nanosensing devices. 

o Sub-wavelength optical information processing systems. 

o Smart and adaptive integrated electronic, microwave, and optical circuits and 
devices. 

 Sensors, including biosensors 

o In-body monitoring, drug delivery and control and diagnostics devices. 

o Autonomous sensors and other self-powered devices. 
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9. BIOMATERIALS 
(Working Group 7) 

Within the activities and scopes of the Biomaterials working group are included two classes of 
material products: 

 Materials for health 

 Bio-based products 3 

The EuMaT activity on Biomaterials and, in particular, the area concerning materials for health, 
is part of a wider context, where other relevant technological platforms are involved. Among 
these platforms there are the ETPs dealing, directly or indirectly, with other aspects of the same 
subject: Nano technology for Health (NanoMedicine), Smart System Integration (EpoSS) and 
relevant organisation like the European Society of Biomaterials, a non-profit scientific society 
whose main objective is to encourage progress in the field of biomaterials in all aspects, 
including research, teaching and clinical applications. 

EuMaT, through its WG7 and in line with the overall external policy of its Steering Committee, 
intends to contribute to establish a full synergy with these platforms, with the aim of launching 
future initiatives promoting the policies and supporting schemes falling under the 
recommendations of the Commission (e.g. the Innovation Union, the Innovation Partnerships, 
the PPP and the KET). 

9.1. Materials for Health 

9.1.1. State-of-the-art 

The overarching theme of the EuMaT Strategic Research Agenda recognises the need for 
coordinated actions aimed at enhancing competitiveness of the European industry with a 
mission for advanced materials. The future of the biomedical sector, including companies 
marketing medical devices, advanced medicinal products and diagnostics, falls in this scope as 
it heavily depends on the development of novel biomaterials able to offer clinical solutions for 
pathologies identified as of high societal impact by the EC. Indeed, highly performing medical 

                                                

3 Definition: Bio-based products refer to non-food products derived from biomass (plants, algae, crops, trees, marine 
organisms and biological waste from households, animals and food production). Bio-based products may range from 
high-value added fine chemicals such as pharmaceuticals, cosmetics, food additives, etc., to high volume materials 
such as general bio-polymers or chemical feedstocks [i.e. building blocks]. The concept excludes traditional bio-based 
products, such as pulp and paper, and wood products, and biomass as an energy source. [2007 Commission report on 
Bioproducts] 
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implants, drug delivery carriers and biospecific diagnostics will be increasingly required for the 
early diagnosis, treatment and monitoring of diseases linked to ageing and life style. 

Currently, the biomedical field relies on the use of biomaterials falling under the traditional 
categories of polymers, metals, ceramics and composites that partially fulfil the clinical needs 
by: 

 Replacing the damaged tissues and organs (i.e. medical implants) 

 Treating them through a controlled administration of drugs (i.e. drug carriers) 

 Enabling diagnosis and monitoring (i.e. contrast agents, biosensors) 

Despite their significant impact in clinical applications, all these materials suffer limitations, 
reducing their longevity (medical implants) and biospecificity (biosensing, drug carriers and 
contrast agents). In addition, these materials are not fully able to respond to the clinical drive 
towards regenerative medicine whereby damaged tissue are “re-generated” rather than “re-
placed”. 

Despite the number of European companies with a mission in the production of medical 
devices, only a few have been developed as propriety novel biomaterials. The majority of the 
medical devices currently produced by the European industry are based on the development of 
material engineering methods and on the optimisation of new material formulations rather than 
on basic innovation. When considering the challenging area of materials for tissue engineering, 
several disappointing product launches have been recorded in the field worldwide. According to 
bibliography (Tiss. Eng., 2004), by the close of 2002, twenty products had entered Food and 
Drug Administration clinical trials. Four were approved but none of these are yet commercially 
successful. Six other applications were either abandoned or failed to achieve product approval. 
Ten products were still in clinical trial, some of which were investigator sponsored, and the 
majority of which were at the phase I/phase II stage. Activities in structural application (repair 
of tissues such as cartilage or skin) have declined, while there was an increase of stem cells 
firms. It is likely that the development of biomaterials with a more precise design of structural 
and functional properties will give a new burst to the tissue engineering industry and allow 
material engineers to gain a central role in this arena which is currently dominated by medical 
and biologically related strategies. 

Currently, the goal of the majority of scientists and biomedical companies is to bring step-wise 
improvement to the materials belonging to the above mentioned traditional categories. Methods 
aimed at producing new formulations, surface modification and engineering solutions pervade 
both the scientific literature and the industrial portfolio. These approaches are based on the use 
of materials of synthetic and natural origin and of non-degradable or degradable features. 

The areas of clinical applications where these materials play a significant role spans from the 
manufacturing of orthopaedic (e.g. joint replacements, bone plates, bone cement, artificial 
ligaments and tendons) and dental implants (e.g. dental fixtures, bone fillers) to the production 
of cardiovascular [e.g. blood vessel prostheses, heart valves, coronary stents (Figure 34) and 
urological devices (e.g. urinary catheters, ureteral stents). These products, together with other 
systems including wound dressings and ophthalmological implants, contribute to widen the 
portfolio of many biomedical companies worldwide. 
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Figure 34: Scanning electron microscopy of a cardiovascular stent 

Source: Courtesy of Brighton University 

Biopolymers and bioceramics (including glasses and glass-ceramics) have been widely exploited 
because of their well-established biocompatible character. In addition, in some of these 
biomaterials a bioactivity useful to tissue regeneration has clearly been identified. For example, 
biopolymers based on collagen, hyaluronic acid and chitosan are the base of many commercial 
biomedical products. Bioceramics are used by many companies as coatings for orthopaedic and 
dental implants as well as for bone filling applications [bioactive and bioresorbable powders, 
granulates, macroporous 3D scaffolds with trabecular morphology (Figure 35), also in 
combination with polymers as composite materials (bone cements, injectable fillers for spine 
surgery). Some of them have been also proposed for drug delivery purposes, as mesoporous 
carriers for therapeutic agents. 

 

Figure 35: Injectable calcium phosphate putty obtained by sol-gel method 

Source: Courtesy of Brighton University 

Metal-based implants and their relative surface treatments have allowed many biomedical 
companies to enter the dental, orthopaedic and cardiovascular market with devices capable of 
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enhanced biocompatibility and tissue integration. Metals are relatively susceptible to corrosion 
in the biological environment and for this reason they have to undergo surface treatments. As 
an example, a variety of surface treatments aimed to obtain a better connection between bone 
and titanium and its alloys have been developed: plasma-spray, blasting, sintering of titanium 
beads (in the past), rather than (more recently) different chemical and thermal treatments 
which lead to a bioactive behaviour by composition and/or morphology modification of surface 
layers (characterized by a sub micrometric or nanometric texture), (Figure 36). 

 

Figure 36: Scanning electron microscopy of the interface between bone (left side) and porous 
plasma-sprayed titanium coating (right side). The dark interposed layer shows lack of 

integration of the metal surface in the growing tissue 

Sourse: Courtesy of Brighton University 

Some drawback has also been approached in the field of wear resistance. A number of clinical 
studies have described the use of new generation metal–metal total hip prostheses which 
provided an excellent outcome. However, metal particles (20–100 nm) have been shown to be 
leached in the body and the levels of metal ions, in the blood and urine, are elevated. In the 
past, some ceramic coatings have been proposed, by different vapour deposition techniques 
(PVD, ion implantation, sputtering) but they have difficulties to find commercial applications 
mainly due to the lack of standardisation (Figure 37).  
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Figure 37: Metallic Hip prosthesis 

Source: Courtesy of IK4-TEKNIKER 

For this reason, surface modifications of metal alloys able to assure proper wear resistance and 
passivation against corrosion, low metal release and a strong interface with the substrate, with 
or without ceramic coatings are today of great interest. Irradiation is a typical practise to 
increase the wear resistance of High molecular weight polyethylene prosthesis. 

Finally, efforts are being directed to develop implantable devices with antibacterial surface, to 
avoid bacterial colonization and infections. 

Most of the technologies deriving from this strategy are linked by a common denominator, that 
is, the development of biomimetic and bioresponsive biomaterials. It is widely recognised that 
the improved longevity of medical devices and the biospecificity of drug carriers and contrast 
agents has to be pursued through the mimicry of the structural and functional components of 
tissue and organs. The body environment can be simulated by synthetic materials to support 
tissue repair processes and facilitate cell-specific recognition processes required to a bio-
targeted drug delivery or imaging. Likewise, biomimetic, bioresponsive biomaterials are widely 
recognised as a pre-requisite for the future implementation of cell-based therapies (Figure 38). 
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Figure 38: Biomimetic dendrimeric polymers and their deposition on a metal implant surface 

Source: Courtesy of Brighton University 

9.1.2. Main Challenges 

Despite the assessed performance of conventional biomaterials and the recognised potential of 
biomimetic, bioresponsive and bioactive biomaterials their successful applications still suffer of 
limitations related to: 

 Longevity and partial restoration of the tissue/organ functionality (all traditional 
biomaterials) 

 (Bio)resorption kinetics and toxicity of degradation products (mainly 
polyesters/degradable polymers) 

 Tuneability of surface properties at the nanoscale (wettability, cell adhesion, charge 
distribution, (an)isotropy) 

 Batch-to-batch reproducibility, poor mechanical properties for some applications, risks 
of transmittable disease (biopolymers) 

 Manufacturing costs/availability of bioactive moieties and functional groups (bioactive 
biomaterials) 

 Adaptability to minimally invasive procedures (stimuli-responsive/injectable polymers) 

 Bottle-necks in their development process mainly generated by the limited funding of 
clinical trials and ethics approval 

 Regulatory issues (bioactive biomaterials as they are regarded as pharmaceuticals not 
as medical devices); the regulatory issues also impinge on the development costs 

 Penetration of the conservative clinical market (for all the most innovative technologies) 
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9.1.3. Market/Target Groups 

Despite the different reports that have been considered, there is clear evidence of a stable 
increase of the biomaterials market for the next fifteen years. The European total hip 
replacement market is about 525.000/year and the market of apatite coated dental prostheses 
is equal to about 224.000 units/year. The world market is about 5 times the European Market. 

The estimated worldwide market for biomaterials is about € 25 billion, with a predicted growth 
rate of 12% per year. The US biomaterials market represents € 10 billion and is growing at the 
staggering rate of 20% per year. Europe comes second, with a market of € 7 billion. 
Competition in this sector is primarily between the USA, Europe, and Japan. The USA dominates 
but Europe is strong, especially in materials research and tissue engineering. New competitors, 
such as South Korea and Taiwan, are gaining ground. 

With several structural differences between the USA and European markets, the landscape of 
biomaterial market is populated by relative small number of large size firms, many of them 
multinational, which represent about 10% in volume of the total market and an incredible large 
number of high-tech small and medium size companies, some time directly spin-off of R&D and 
academic experiences. Economic growth in Europe will depend, notably, on the development of 
new products with high added value. There is plenty of room for this in the biomaterials field. 
For all innovating companies, large or small, it is important to tap the enormous pool of multi-
disciplinary expertise that European research (academic or otherwise) and industrial efforts 
have generated. 

The main large players are, usually, able to identify and activate the right R&D material 
competences (by in-house or outsourcing actions) to support their R&D and innovation 
strategies.  

A different situation is for the numerous SME. SMEs, viewed as major instruments of wealth 
generation and job creation, have an important role to play in the biomaterials sector, if they 
can overcome the difficulties that come with being small. This means finding partners and 
creating synergies. 

Cardiovascular Device Market 

The cardiovascular biomedical segment is the largest out of the many medical devices segments 
(value of 26 billion € in 2005; growth rate: 10%) [Millennium Research Group, 2006; DB Cardio 
Industry, 2003; Medical Industry Intelligence, 2007]. The most of patients with CVD are 
suffering of coronary disease. 

Urological Device Market 

This market is expected to grow more than $5.4 billion. According to a new global report series 
by iData Research, the leading authority in medical device, dental and pharmaceutical market 
research, the U.S. market for urological devices is estimated to more than double in value by 
2016, reaching over $5.4 billion. iData’s report, U.S. Market for Urological Devices 2010, states 
that the combined prostate cancer treatment market, including surgical robotics systems used 
for robotic prostatectomy, will more than triple in value by 2016. Growth in the overall 
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urological device market will be driven by improved diagnosis rates, particularly for prostate 
cancer and benign prostatic hyperplasia (BPH). 

Prostate cancer is the leading non-dermal cancer among American males and is diagnosed in 
approximately 150 out of every 100,000 men. External beam radiation therapy is currently the 
most frequently used primary treatment method for prostate cancer, but it is predicted to be 
overtaken by robotic prostatectomy surgery by 2013. However, external radiation is still 
expected to be a popular secondary treatment, and will be used on over 40% of patients. Other 
treatments include brachytherapy, cryotherapy and high-intensity focused ultrasound (HIFU), 
with the developing market for HIFU estimated to grow at a compound annual growth rate 
(CAGR) of 91% by 2016. 

“With growing patient awareness and an emphasis on early detection of prostate cancer and 
BPH, we are seeing more patients diagnosed,” says Dr. Kamran Zamanian, CEO of iData. 
“Higher disease diagnosis rates will drive growth in the overall market for urological devices.” 

iData’s Urological Devices series provides a comprehensive analysis of the prostate cancer 
treatment market including brachytherapy, cryotherapy, external beam radiation, HIFU and 
robotic prostatectomy systems. The reports cover the BPH treatment device market, including 
devices for TURP, TUMT, TUNA, prostatic stents and laser BPH treatment. In addition, they 
include incontinence treatment, bladder cancer fulguration, urodynamic equipment, stones 
identification.  

9.1.4. R&D Priorities: 3-5 years horizon 

On the basis of both the state-of-the-art and the main challenges in the area of materials for 
health, widely-recognised priorities emerge that are likely to determine the R&D stakeholders’ 
agendas. These agendas are generally product-oriented thus channelling the efforts of material 
scientists and technologists towards the areas of main clinical demand. In line with this trend, 
the present section suggest short- and long-term horizons for the development of materials to 
be used in the manufacturing of the medical devices, tissue engineering constructs and drug 
delivery carriers significant to the main clinical applications reported in the State-of-the-art 
section of this WG report. 

Orthopeadic and Dental implants 

Surface modified metal implants with high wear resistance and low ion leaching, macroporous 
bioactive ceramic scaffolds, dense and porous coatings, injectable bone fillers. New antibacterial 
materials. 

Cardiovascular Devices 

The implant of a coronary stent represents one of the most diffused and effective therapeutic 
approaches to the treatment of coronary disease. Last generation of coronary stents has shown 
improved resistance to restenosis, due to the new devices capability of combining two 
therapeutic approaches (biomedical and pharmaceutical) by the controlled release from the 
stent platform, via polymers or other release mechanisms, of antiproliferative/antitumoral 
drugs. Drug eluting stents (DES) have shown a strong initial diffusion worldwide which has 
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been reduced in the last few years, due to the increased risk of late thrombosis associated to 
devices eluting antitumoral drugs [-36% of market value in 2007 vs. 2006 in favour of bare 
metal stents and coronary artery bypass grafts CABGs surgeries (Morgan Stanley Research, 
2008)] (Figure 39). 

 

Figure 39: Cross-section of an implanted cardiovascular stent showing the metal struts 
embedded into neointimal tissue. Excess of neointimal tissue leads to the re-occlusion of the 

vessel, a process called in-stent restenosis 

Source: Courtesy of Brighton University 

The absence of molecular targeting, the not selective cytotoxicity of the currently used drugs 
and the controlled but not “intelligent” eluting systems make the current DES not yet ideal for a 
multi-therapeutic approach to coronary disease. In this context strategies devoted to the design 
of multifunctional stent coating incorporating active principles, of which the targeted release 
can be controlled and guided are a clear research priority in the medium term. 

Another key issue in the cardiovascular field (reparative and substitutive surgery) is the 
availability of devices (valvular or vascular prosthesis) that can undergo remodelling during 
implantation, in order to optimize shape and functional properties. 

This goal can be pursued by developing innovative materials (the related substructures and the 
technological solutions), upon which one can base novel designs for new generations of 
prostheses offering shape remodelling capability during surgery and, after intervention, 
preservation of the given shape and stability of the implant during operative life. 

Urological Devices 

Catheters, uretheral stents, artificial bladder 

The significant impact that pathologies of the lower urinary tract have on the European 
population will require innovative materials for the manufacturing of more performing urological 
devices. It is envisaged that a focus of the R&D activity in the next 5 years will need to be 
based on surface modification of currently available biomaterials. Such a focus will lead to 
improved device longevity by reducing device-related infections and encrustations. Biomaterials 
have recently been developed that have well proven anti-fouling properties. However, the 
research on biomaterials has not yet provided clinical evidence for their translation into clinics. 
It is envisaged that surface-modified urological catheter and ureteral stents will need to be 
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manufactured and tested by pre-clinical and clinical tests in a more systematic manner and the 
data used as feedback to material scientists for a further development of their physico-chemical 
properties. As far as the production of an artificial bladder is concerned, more efforts will be 
needed to achieve within a 3 to 5 years period functional devices made of materials with 
suitable mechanical and biocompatibility properties. Currently, bladder is replaced by the use of 
bowl tissue autologous transplantation leading to patient’s morbidity and, consequently, to 
relatively limited quality of life. A step forward towards the production of an artificial bladder 
will also require the integration of electronic components in the device for a patient’s friendly 
control of its functions. To this purpose, the materials used to manufacture the electronic 
components will need to be compatible and fully integrated with those used to manufacture the 
device architecture. 

Ophthalmological Devices 

Contact lenses, artificial cornea, glaucoma devices 

Likewise the materials for urological devices, the short-/medium-term R&D in the field of 
ophthalmological devices also rely on the development of biomaterials surface properties. Anti-
fouling substrates of suitable mechanical properties will be required to produce contact lenses 
and glaucoma devices able to minimise protein adsorption and the consequent bacterial 
colonisation or inflammatory cell activation. The available research literature offers 
technological solutions in this direction that are very attractive for industry, but not yet fully 
exploited. In the case of biomaterials for artificial cornea, research in material science will also 
be required to promote the selective interaction with the cells required to ensure the integration 
of the device within the ocular tissues, while avoiding lens opacity. As for the other devices, the 
research progress has not fully been exploited by the European industry to obtain highly 
performing materials that are commercially sustainable.  

Wound dressings 

Hydrocolloids, bioactive dressings 

Despite the large and challenging clinical demands, the R&D on wound dressings has been 
quite stationary over the past 20 years. Most of the products available to the clinicians are 
based on traditional synthetic and natural biomaterials the performance of which is limited to 
ensure the protection of the wound bed from bacterial infections while ensuring sufficient 
oxygen permeation and wound exudates absorption. More recently, some products based on 
the concept of bioactive biomaterials able to contribute also to wound healing have been 
brought to the market. However, these are either based on the integration of very expensive 
growth factor in the hydrocolloids/hydrogels/foams or based on not well proven intrinsic 
bioactivity. For example, dressings based on Manuka Honey have successfully been 
commercialised that purportedly have anti-infection and wound healing properties. However, 
thus far the active principle(s) has not yet been identified. It is envisaged that the development 
of biomimetic, bioresponsive and bioactive materials specifically tailored for the various types of 
wounds (e.g. chronic foot ulcers, venous ulcers and burns) will support clinicians in their 
difficult task to treat wounds leading to serious clinical complications (e.g. extended scarring 
and limb amputation). 
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Drug delivery  

Organic polymers, organic-inorganic hybrids, silica-based ordered mesoporous particles as 
carriers for guest molecules. 

A short-/medium-term development of biomaterials able to confer a tissue-/cell-specific delivery 
of drugs is required to support the research against serious pathologies such as cancer and 
cardiovascular diseases. A large body of literature is now available showing the controlled 
delivery of drugs from biomaterial carriers. Although providing important information about the 
suitability of these biomaterials as drug carriers, a lack of understanding of their performance in 
vivo is still a serious obstacle towards their use in clinics. Industrial investment will be required 
to have drug-specific carriers developed that can simultaneously overcome biological barriers 
and reach the targeted tissue with more efficiency. 

9.1.5. R&D Priorities: 5-10 years horizon 

Orthopeadic and Dental implants 

Materials for bone and cartilage tissue engineering, hybrid scaffolds for guided bone growth, 
bioresorbable organic/inorganic composite fibres for hard and soft tissue regeneration. Surface 
functionalization of bone implants with osteogenic biomolecules or inorganic elements involved 
in cell metabolism. 

Cardiovascular Devices 

There is an urgent demand for new methods to repair and replace damaged cardiovascular 
tissues. One of the most promising ways to achieve this goal in the longer term is the 
development of regenerative therapies aided with novel intelligent nanobiomaterials as 
constituents of bioactive scaffolds. The development of innovative bioactive polymeric materials 
able to guide tissue formation from dissociated stem cells, for engineering autologous 
cardiovascular replacements, namely vascular tissues, heart valves and cardiac muscle is 
therefore a key priority in this area. Two different strategies can approach the creation of new 
engineered tissues: 

1) In vitro tissue engineering: according to the most frequent paradigm in regenerative 
medicine, where cells are seeded on a scaffold composed of synthetic polymer or 
natural material and the tissue is matured in vitro in a bioreactor, in order to obtain a 
construct that can be implanted in the appropriate anatomic location as a prosthesis. 

2) In vivo tissue engineering: unseeded scaffolds that recruit endogenous cells and control 
cell proliferation and differentiation. Materials science and engineering plays a vital role 
to achieve this specific aim, since the success of the regeneration strategy is solely 
based on the smart design of a multifunctional nanomaterial. Cardiac patches and 
injectable gels (possibly containing micro or nanoparticles for controlled release) are 
the candidate platforms, where smart functionalisation strategies, surface tailoring, 
control of the (bulk) mechanical and rheological properties, have to be developed to 
impart to these systems the capability of releasing insoluble (ECM-like) and soluble 
(growth factors, cytokines) signals for a successful strategy towards tissue repair. 
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Urological Devices 

Materials for lower urinary tract tissue engineering 

While the short-/medium-term R&D activity has mainly to be oriented towards the 
functionalization of currently available devices, the satisfactory treatment of some pathologies 
of the lower urinary tract will be achieved only through the long-term development of 
biomaterials able to regenerate the damaged tissues. The most obvious applications are those 
related to cancer of the lower urinary tract where the removal of the cancerous tissue leads to 
the destruction of vital anatomical parts. The complex combination of mechanical and bio-
functional properties of the natural tissue cannot be replaced by artificial devices especially over 
long period of implantation. In these clinical cases, it is fundamental to make available tissue 
regeneration approaches. To this purpose, biomaterials for tissue engineering of the various 
types of tissues need to be developed. Challenges in this sector will not only be the 
development of adequate scaffolds, but also the optimisation of transition zones facilitating the 
coordinated growth and integration of different cell types and the optimisation of minimally-
invasive surgical procedures. 

Ophthalmological devices and materials for corneal regeneration 

Tissue engineering of the cornea is the main alternative towards the clinical demands of 
reducing/eliminating the dependence on cadaveric transplantation. Lessons learnt from the 
selective functionalisation of biomaterial surfaces need to be translated to fully functional 
scaffold biomaterials able to provide a substrate for the formation of the various tissue types 
within the tissue engineering construct. To this purpose, alongside the various ocular tissues to 
be regenerated, biomaterial strategies for the control of angiogenesis also need to be 
developed that can either favor or inhibit angiogenesis in the various parts of the construct.  

Wound dressings and materials for skin tissue engineering 

In clinical conditions where the damage of skin extends to the deeper tissue layers, a 
regenerative medicine approach is likely to lead to improved clinical outcomes. Although dermal 
substitutes are already available on the market, their clinical performances are still debated. 
The innovation in this sector is rather limited as most of the materials are based on collagen 
and proteoglycans. Although these materials are the natural components of the skin 
extracellular matrix, they still present problem related to tissue integration, bioabsorption and 
handling properties. These problems add up to the problem related to the cell loading 
procedure that are not easy in these biomaterials as well as to their storage and final 
implantation conditions. Materials specifically engineered for glands and hair follicle 
regeneration will also need to be developed to ensure the functionality of the tissue engineering 
constructs and the aesthetic requirements. 

Drug delivery and diagnosis 

Surface functionalization of organic and inorganic micro- and nanoparticles for in-situ drug 
delivery and magnetic or immunological drug targeting. Surface functionalization of inorganic 
thin films for optical biosensing purposes. 
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The long-term development of cell- and tissue-specific drug delivery system will also need to be 
accompanied by a more sophisticated control of their drug delivery process. Research projects 
are currently in progress where the biomaterials are coupled, for example, to the concept of 
magnetic drive. Truly immune-stealth materials will also be required that can prevent the attack 
by the immune system upon administration. 

9.2. Biobased Products 

Advancements in bio-products science and technology are resulting in new opportunities for 
grower associations, commodity processors, and chemical companies, as well as federal 
agencies interested in the environmental and economic benefits of renewable resources for 
production of high-value industrial and consumer products. For nearly 30 years, bio-products 
research has been the development and application of novel thermal, chemical, and biological 
processes to convert biomass to industrial and consumer products, fuels, and energy.  

Since the 1990s, an important development of bio-based polymers has been observed in certain 
application areas. One of the main drivers for this development has been the goal to provide 
the market with polymers that are biodegradable. In principle, biodegradable polymers can also 
be manufactured completely from petrochemical raw materials. But bio-based polymers 
(considered as polymers that are fully or partially produced from renewable raw materials), 
have so far played a more important role in the domain of biodegradable polymers. In Europe, 
biodegradable polymers were originally developed and introduced to the markets for two main 
reasons. Firstly, the limited volume of landfill capacity became more and more a threat and 
secondly, the bad general public image of plastics called for more environmentally friendly 
products. While the first issue has been “solved” due to the introduction of plastics recycling 
schemes and due to newly built incineration plants, the environmental performance is an 
important argument for bio-based polymers, including their biodegradable representatives. 
Apart from consumer demand for environmentally friendly polymers, technological progress 
represents a more and more important driver. Polymers made from renewable resources or 
biodegradable polymers are gaining rapid momentum in the plastics industry. New possibilities 
and innovations with these polymers are being created every day and are supported by a wide 
variety of decision makers from the industry. In contrary to polymers based on fossil derived 
resources, these relatively new biopolymers have different characteristics that make them 
unique in a very special way. Many bio-plastics have been developed in the past for different 
reasons. A lot of bio-plastics were initially designed for the medical industry, such as 
disposables, suture, bone-tissue and many other degradable applications. Through the years 
many of these medical bio-plastics were commercialised on a larger scale and modified for 
common plastics processing. For many decades, cellulose polymers played a key role in a wide 
range of applications. In the meantime, these bio-based polymers have lost important markets 
due mainly to polyolefins. On the other hand, attempts are being made to develop new 
cellulose polymer markets in the areas of films, fibres, non-plastics and for natural fibre 
composites. 

Since the 1980s, more and more types of starch polymers have been introduced. So far, starch 
polymers are one of the most important groups of commercially available bio-based materials. 
Initially, simple products such as pure thermoplastic starch and starch/polyolefin blends were 
introduced. Due to the incomplete biodegradability of these blends these products had a 
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negative impact on the public attitude towards biodegradable polymers and they damaged the 
image of the companies involved. It took many years to repair this damage, which was 
achieved largely by introduction of more advanced copolymers consisting of thermoplastic 
starch and biodegradable petrochemical copolymers. 

Since The 1990s polyhydroxyalkanoates (PHA) were introduced by means of cheaper and 
simpler ways of production. While considerable progress was undoubtedly made, one of the 
most important producers terminated their activities in this area in 1999 since the envisioned 
PHA yields for the production in crops were not reached and because they had important 
doubts about the feasibility and the sensibleness of commercializing large-volume bio-based 
polymers Nevertheless R&D has continued in public and private organisations. In the meantime 
major progress has been made in industrial production of other types of bio-based polymers, 
for example polylactic acid (PLA). Apart from being the monomer for PLA, lactic acid has also 
the potential to become a new (bio-based) bulk chemical from which a variety of other 
chemicals and polymers can be produced (acrylic acid, propylene glycol, propylene oxide and 
others). Bio-based polymers are in their infancy. There are success stories and very promising 
developments but experience in their performance for different industrial applications is still 
very low. 

Bio-lubricants are often, but not necessarily, based on vegetable oils. They are products for 
which formulation for (a certain extend of) rapid biodegradability and low environmental toxicity 
is a deliberate and primary intention. However, no universal agreement exists on the origin and 
chemical composition of the bio-lubricants. They can also be synthetic esters which may be 
partly derived from renewable resources i.e. the hydrolysis of fats and oils to produce the 
constituent fatty acids. They can be made from a wider variety of natural sources including solid 
fats and low grade or waste materials such as tallows. Genetically-modified vegetable oils, such 
as high-oleic sunflower and rapeseed, are also beginning to find use in applications where 
higher oxidative stability is needed. Vegetable oils offer biodegradability and low toxicity. 
Obviously during the formulation of a biodegradable and low toxicity fluid the additives must be 
biodegradable and have low toxicity. In the beginning of the development of bio-lubricants 
(some 20 years ago) the focus was on the formulation of products based on pure vegetable 
oils. Over the last ten years, however, the trend has been the use of synthetic ester types 
which may be partly derived from renewable resources. Synthetic, chemical paints contain 
harmful additives and solutions that may produce symptoms such as allergies, eczema and 
sometimes even brain damage. Increasing numbers of additives are therefore being banned, 
but as a result the quality of the dye is rapidly declining. Before the appearance of synthetic 
paints, properties were achieved using linseed oil paint, a natural, sustainable paint that 
provides protection for at least twelve years. The disadvantage of linseed oil paint, however, is 
its long drying time and satin matt appearance, which many consumers find unattractive. It is 
also inconvenient for painters and decorators, due to the waiting time required between 
applying coats of paint.  
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Figure 40: Use of High Oleic Sunflower oil for lubricant formulation 

Source: Courtesy of IK4-TEKNIKER 

The main objective of research in the paints area is the development of non-toxic paints, with a 
renewable resource material, recycled content, contains no V.O.C. and odorless. Bio-paints have 
being developed predominantly from natural ingredients since the early seventies in response to 
increasing concerns about the environmental impact of man-made chemicals. Great care has 
been taken to select modern ingredients, which compliment the original formulas and minimize 
the risk of adverse effects. Some ingredients employed in the formulation of bio-paints can be 
chalk, china clay, plants oils and tree resins. Incorporating biobased raw materials in coatings 
formulations not only promises to help ease dependence on petroleum-derived compounds, but 
also provides the industry with a means to deliver value-added products and achieve long-held 
goals like reducing volatile organic compound (VOC) content. New technologies and other bio-
based oils are needed to produce new bio-based paints that will dry faster and have a glossier 
finish, with increased abrasion, erosion and corrosion resistance with antifouling and 
antibacterial properties resulting in its extensive use worldwide.  

9.2.1. Main Challenges and R&D Priorities 

As far as the bio-based products are concerned, the main challenges can be identified as: 

 High performance renewable biopolymers for industrial applications 

 Use of new sources of vegetable oils with higher oxidation, hydrolytic resistance and 
longer durability 

 Increase the working temperature range for bio-lubricants 

 Availability of non toxic paints from renewable or recycling resources, odorless with 
reduced volatile organic components 
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 Complete lifecycle assessment and risk analysis to assure sustainability 

 Development of non toxic anti biofouling paints for marine and medical applications 

9.2.2. Market/Target Groups 

The Bio-based Products lead market covers a broad range of intermediate products, product 
components, and ready-made products, e.g. bio-based polymers, pharmaceutical products, bio-
lubricants, bio-fibres for textiles, composite materials for construction and automotive, chemical 
and pharmaceutical building blocks, organic acids, amino acids, and enzymes. The European 
market has increased from 17.6 billion € in 2005 to 37.5 billion € in 2010 and it is expected to 
duplicate by 2020. The world Market is only 3 times the European Market and employs 190.000 
persons in 20104. Biological raw material from plants and trees, or waste, is renewable in the 
short term (less than 10 years), as opposed to fossil material renewable in 10 million years. Bio-
based products can thus make a sizeable contribution to CO2 reductions. There are already 
several bio-based products on the market in Europe; for instance, the chemical industry is 
estimated to use 8-10% renewable raw materials to produce various chemical substances.  

The market for natural esters is increasing, but nevertheless strong efforts are still needed from 
ester base oil, additive and lubricant industry to develop improved products which will be 
generally more accepted by toxicologists and legislation as well as by end users. The 
methodologies of lifecycle analysis and risk assessment should be used to assure sustainability 
during the complete lifecycle.  

 

                                                

4 Lead Market Initiative for Europe. COM(2007) 860 Final. Report of the Taskforce on bio-based products 
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10. Overall EuMaT policy 

10.1. Dissemination/Contacts with other Organisations, Initiatives 

The overall policy objective of the EuMaT is the promotion of the leading position and global 
competitiveness of the European technology and companies in the area of Advanced 
Engineering Materials. The concerted EU R&D effort in this area is essential for the issues like 
material production technologies, monitoring and predicting material performance and 
degradation, environmental and/or health impacts.  

EuMaT believes and acts for the cooperation between any player active on Materials Research, 
Technology and Innovation through a systematic collaboration and synergy with other subjects 
such as the ETPs involved in Materials: SUSCHEM, MANUFUTURE, ESTEP, FTC, SMR and other 
sector and products oriented ETPs. The Alliance for Materials initiative launched together with 
these ETPs is the concrete and tangible answer to this need. 

10.1.1. Implementation of Deployment strategy 

The EuMaT deployment strategy covers:  

 Facilitation of the overall research work in the EuMaT area through networking 

 Establishment of the basis for the planning of the future R&D in EU in the area of 
EuMaT (e.g. by periodic updating of the EuMaT SRA) 

 Advising of related Commission services on Materials R&D&I implementation policies 

 Contribution to the overall Commission policy on ETPs 

Involvement of industry, SME and large, is assured by a balanced participation in the governing 
boards and a coordination with other industry driven technology platforms active in different 
value chain sectors. 

Also strong and profitable collaborations exist with the main European organisations dealing 
with materials science and technology such as E-MRS (European Material Research Society), 
and FEMS (Federation of European Materials Societies), EMF (European Materials Forum). 

10.1.2. Technology Platforms  

Main partners for EuMaT are the sectorial/products Platforms. The most important for EuMaT 
working groups are identified in order to closely cooperate: 

 WG1 - Modelling: ACARE, ESTEP; ERTRAC 

 WG2 - Materials for Energy: Zero Emission, Wind, Fuel Cells (HFP), PV, Biofuels, 
Construction (ECTP), Renewable Heating and cooling, Manufuture 
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 WG3 - Nanomaterials and Nano-assembled Materials: NEM, ENIAC 
(Nanoelectronics) 

 WG4 - Knowledge-based Structural and Functional Materials: ERTRAC, FTC, 
ESTEP, ETPIS (Safety & Risk) 

 WG5 - Lifecycle, Impacts, Risks: ETPIS  

 WG6 - Materials for Information and Communication Technologies (ICT): 
ENIAC, NEM 

 WG7 – Biomaterials: Nanomedicine, SUSCHEM 

10.2. Alliance for Materials 

 

Among the main activity dealing with coordination and synergy between EuMaT and other 
organisations, the most relevant initiative in the frame of Materials R&D has been the creation 
of Alliance for Materials. 

The driver for this collaboration was to ensure a Value Chain coverage to improve the speed of 
implementation of innovations in Europe that address the Grand Societal Challenges (SGCs) but 
with a clear attention to the competitiveness aspects too, in agreement with at least two of the 
pillars of Horizon 2020. 

The original initiators of the A4M initiative are six European Technology Platforms with a strong 
materials agenda in their respective strategies. These are: EuMaT, Suschem, Manufuture, FTC, 
ESTEP and SMR. 

Materials R&D is by definition a crosscutting and enabling technology area that affects almost 
every industrial sector. The achievement of effective coordination between different sectors, 
while maintaining the relative autonomy, interests and strategies of each, is an essential 
condition to achieve the best and most effective use of community resources in Materials R&D 
targeted at making effective contributions to the SGCs 

A4M intends to contribute and to provide an effective answer to this coordination need, within 
the framework of the present and future European research and innovation programme and 
initiatives 

Among the fundamental concepts of A4M is the Value Chain concept. It is regarded as the key 
element driving the expected synergy through a common path which integrates players, 
resources and strategies from the fundamental aspects of materials science up to the industrial 
systems which produce and/or transform the materials into valuable products, acting as a key 
driver of the final innovation processes. 
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The integration of players along the Value Chain can make a key contribution to improve the 
speed to market for European Innovations and specifically those where private and public 
jointly address the Grand Societal Challenges. This integration will contribute to overcoming 
some of the limitations existing in today’s research and innovation programmes which are still 
mostly sectoral driven. 

The main objective of A4M is to contribute to creation of the conditions for an effective 
integration of stakeholders, views and resources in the field of Materials R&D at the EU level.  

 Stakeholders: any subject/system directly or indirectly involved in the process of 
increasing knowledge on materials, producing materials, processing and/or 
transforming materials, using materials and any form of their aggregation (e.g. ETPs 
and other relevant systems/organisations) 

 Views: any technological, industrial, commercial strategy which deal with materials 
R&D  

 Resources: any programme, initiative or financial tools, at national or EU level, able to 
support the R&D and innovation processes in the field of Materials R&D. 

A4M does not intend to be an overall structure to merge all the different actors of the Materials 
R&D community, but it intends to become a single table where all the relevant different 
initiatives are shared and discussed with the whole community of R&D actors with an interest in 
Materials, giving a central role to other players in the value chain too. These other players may 
not regard materials R&D as their business, but operate in materials production and/or 
transformation of materials into valuable products/solutions 

Only with a real integration of the different parts of the value chain will it be possible to realise 
value from concept and design supporting initiatives, avoiding dispersion of resources, 
focussing research in the right directions and aligning R&D interests with real industrial needs 
and views. In this context, A4M welcomes and supports in principle initiatives launched by the 
different actors of the value chain in the field of materials R&D. 

For the above mentioned reasons A4M is a natural candidate to be a credible partner in 
supporting the definition and implementation of current and future Commission 
programmes/initiatives in Materials R&D and Innovation.  

A4M has been welcome for its initiatives by Commission services and already some Members 
States have formally expressed their support to the concept.  

Recently, the Commission has granted a CSA activity (the MatVal project) for supporting the 
implementation of the A4M concept. Within the frame of the MatVal project, A4M intends to 
enter in the crucial implementation phase creating the condition for a real enlargement of the 
system to the sector oriented ETPs active along the different value chains and at the same time 
bringing together in the system other relevant actors of the European Materials community for 
a real integration of voices and visions. This is a challenging, but credible exercise. 
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10.3. EuMaT and other main materials-related initiatives 

Among the different initiatives dealing directly or indirectly with Materials research and 
innovation in view of Horizon 2020 or as continuation of existing FP7 running initiatives, EuMaT 
is contributing to the best set up of several initiatives. 

In particular, EuMaT is supporting the EMIRI5 initiative for the establishment of a future PPP on 
Materials for Energy as part of the implementation of the Commission Materials for Energy Road 
Map within the SET Plan policy. 

EuMaT regards EMIRI as “potentially an effective delivery vehicle / implementation tool for its 
energy materials priorities”. 

Other relevant initiatives are the ones focused on other technological areas, but where 
materials play an outstanding indirect role. Among these there are some existing PPPs like 
Factory of Future and Energy-efficient Buildings where material aspects are broadly addressed. 
EuMaT contributes to interaction with the respective systems to align the Materials contents to 
converging visions.  

10.4. EuMaT towards Horizon 2020 

Since the first steps of the new Horizon 2020 definition, EuMaT has worked a lot to contribute 
to the best definition of future roles and contents for Materials. This activity was deployed 
through a long and continuous action that brought EuMaT to be present in the most relevant 
brainstorming and discussion events on this subject for all the main three areas of Horizon 
2020, the Fundamental Research, the Industrial Leadership and the Societal Grand Challenges. 

In particular, a condensed view of the EuMaT position for Horizon is shortly reported in a set of 
recommendations that have been brought to the attention of the Commission and the European 
Parliament. 

 To establish a single common “Materials R&D&I Monitoring Table” with the mandate to 
assure a long lasting structural coordination on future Materials R&D&I activities in 
Horizon 2020. This structure should include the different Commission services in charge 
of the different programmes/initiative impacting Materials and the European 
Organisations representing stakeholders at level of Industry and Academic involved in 
Materials R&D&I activity.  

 Create the conditions for an easy activation during Horizon 2020, of actions on certain 
strategic Materials areas based on a common (PP) medium term strategy [toward a PPP 
light concept]. 

                                                

5 EMIRI is an ‘industrially’ driven association comprising leading companies and R&D stakeholders representing the full 
economic value chain throughout Europe and provides  guidance, focus, direction and commitment to succeed in 
commercialising value added materials programmes for strategic low carbon energy applications fully in line with the 
SET Plan materials road map. 
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 Launch of Proactive FET-like scheme to be used for Advanced Materials R&D&I in 
H2020 by assuring a reasonable budget allocation from the Excellent Science budget to 
FET (Future and Emerging Technologies) on Materials.  

 Recommend the promotion of a dialogue from the materials community (represented 
by the Organisations) and EIT together with the Commission related services, with the 
aim to create a Knowledge and Innovation Community (KIC) on Advanced Materials. 

 Tackle Advanced Materials as a key topic to be managed within the future and existing 
KICs, showing the crucial role of Advanced Materials in the other KICs.  

10.5. Marketing of EuMaT 

The EuMaT Platform will be made known through the following activities: 

 Website maintenance and interaction with members. http://eumat.eu/ 

 Workshop information and dissemination 

 Brokerage events to promote joint project proposals 

 Collecting topics and ideas for initiatives from members 

  Regular update of the Strategic Research Agenda (SRA) 

10.6. EuMaT and horizontal needs  

 Societal issues: analysis of environmental and risk aspects in materials and 
nanomaterials development 

 Technology: analysis of main technological challenges and definition of the barriers 
blocking the achievements 

 Sectorial and Horizontal needs: determination of horizontal needs for materials 
development common to different sectors 

 Production oriented aspects: Materials production limits, scale up needs, modelling 
needs linking production and transformation of materials with their properties 

10.6.1. Typical sectors already addressed within the EuMaT stakeholders 
interests 

EuMaT crosscuts a large number of different industrial sectors, relaying on Materials as key 
enabling element for their competitiveness. The main sectors addressed by EuMaT are currently 
the following: 

 Renewable energy 

 Aerospace  

 Automotive  

 Rail & Marine industries (replacing conventional metals),  
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 Power generation 

 Pressure vessels 

 Wind energy (rotor blades) 

 Micro-chips & micro-machines 

 Biotech & Medicine 

 Construction 

 Raw Materials (recycling and substitution) 

10.6.2. Others cooperating bodies  

 Public authorities (regulators and policy makers, funding agencies; in the particular 
notified and licensing bodies) 

 Consortia from EU projects 

 Financial community (private banks including the EIB, the European Investment Fund 
EIF, venture capital, etc.; in particular supporting SME’s) 

 Civil society, including users and consumers (involving the also the future customers, 
e.g. through associations). 

10.6.3. Spreading information through membership 

EuMaT Platform with a large number of participants represents a very good tool for 
dissemination of project results, as a forum of new ideas, as a tool to create consortia, as a way 
to find the needs of the industries. The website, collects information of the needs of the 
industries, gives the opportunity to share documents actually between the participants, and is 
an excellent tool to find the European Dimension when trying to approach the interested 
research Community. The knowledge of “who made what” in Europe, can enhance the 
exploitation of the results at European Level. 

10.6.4. Website 

The website created and maintained by EU-VRi and KMM-VIN, is the main tool for 
communication and promotion of new ideas and views. National mirror websites will be linked 
to European one and will have the function of acting as interface to National activities, 
increasing exponentially and in a national language the effect of the European Research. 

10.6.5. Other existing coordination activities on materials 

Cooperation with EUREKA, COST 

EUREKA and COST are initiatives that allow the coordination at European Level of activities 
funded at national level. The differences between them is that EUREKA is industrially driven and 
COST is a scientifically driven activity.  
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ERANET initiative is a new tool to follow the research activities of the region, and similar to 
EUREKA initiatives it is industrially driven; a good coordination between EuMaT and MATERA is 
accomplished through the participation of MATERA representatives in EuMaT SC meetings. 

Cooperation with Networks of Excellence, IPs 

The cooperation with other Platforms and big structures as Networks of Excellence and large 
cooperative projects of FP7 is also important for EuMaT. These opportunities is used to 
strengthen the cooperation with other Platforms and to establish common ideas. Sometimes a 
really new idea comes from the integration of ideas coming from different knowledge and 
background. From these links innovative outcomes can appear in new products and processes, 
and then it is really important to establish links and new collaborative opportunities. EuMaT 
endorses quality European and national projects and helps disseminate the main outcomes from 
these activities.  

10.6.6. Involvement of SMEs 

Many SMEs are members of EuMaT. Research institutions linked with EuMaT like TEKNIKER, 
initiatives like PRESTO, have the role to identify the needs for research of SMEs, and often 
perform research.  

10.6.7. Alignment of national activities with EuMaT strategy 

During the time EuMaT generated several national mirror platforms with the idea to create the 
best conditions for a national dissemination of EuMaT vision and initiatives. The alignment and 
coordination of the national activities on materials with the EuMaT is assured by a large 
participation and involvement of EuMaT members in national activities.  

In the frame of the relation with the Member States’ activities on Materials, EuMaT was and is 
directly linked with past and running ERANET actions (e.g. MATERA, MATERA+, M-EraNet) and 
contributes to the definition of the priorities for the national calls. 
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