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Target Areas for Nanotechnology Development for Water
Treatment and Desalination
Mikel Duke, Raphael Semiat, and Dongyuan Zhao

It is of no surprise to many around the world that water is a priority research
area: water is one of the most fundamental elements of our existence. We use
water for drinking, cleaning, cooking, removing waste, recreation, manufacturing,
cooling, and so on. These uses have criteria related to the quality for its intended
purpose (e.g., drinking) and quality to minimize its harm to the environment when
it is disposed after use. To meet these criteria, there is nearly always a treatment
process that requires energy and chemicals. Our health and our environment
are significant priorities. We have conflicting issues regarding energy usage and
chemicals that lead to pollution and harmful by-products associated with their
production, delivery, and disposal; hence, we need to minimize the usage of those
resources while improving water quality and counter the risk of human illness
or the damage to our ecosystems. This is therefore, the motivation for innovative
technologies for water treatment: reduced energy and chemicals use. Of course
this must be achieved at low cost.

1.1
The Future of Water Treatment: Where Should We Target Our Efforts?

Many research endeavors ranging from fundamental to applied, typically address
specific issues and aim to make improvements based on relative measures. For
example, we can report improvements to new types of materials to remove
microcystin, or we can, for the first time, apply a commercial ceramic membrane
to filter an industrial waste. But what in common drives such efforts, and where
is all this heading in terms of the greater needs of the society for low energy, safe,
and reliable water?

Technologies that are used for water treatment include adsorption, coagulation,
reaction, heating, and filtration. These have the effect of removing or deacti-
vating/converting unwanted elements, such as salt, organics, odors, microbes,
suspended solids, and toxins. The choice of technologies and the required removal
varies considerably around the world, driven by specific quality needs or regulatory
requirements. Water treatment systems must

Functional Nanostructured Materials and Membranes for Water Treatment, First Edition.
Edited by Mikel Duke, Dongyuan Zhao, and Raphael Semiat.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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• reliably provide water fit for its intended purpose (e.g., drinking water) and
• collect contaminated water (by humans and/or industry) and remove harmful

components before its release to the environment or reuse.

The connection between these points (i.e., closing the loop) increases as technolo-
gies become more efficient, reliable, and available. Ideally, we might like to take
any water source, regardless of its contamination, and convert it directly to drinking
quality water. This is known as direct potable reuse and has many incentives for a
future with sustainable water [1]. This pathway to adopting such treated wastew-
aters for applications that include human contact (irrigation, drinking, washing,
etc.) will involve not only efficient technologies but also evidence of their reliability
and is thus another measure from an innovative solution.

The argument for direct potable reuse is that it is far less energy and resource
intensive than indirect potable reuse (i.e., holding the water in a large ‘‘diluting’’
body such as a reservoir before reusing). But under increasing economic, energy,
and environmental pressures, we foresee that recent developments based on
nanotechnology, which might take at least five years to come to market, are likely
to become part of a future headed toward direct potable reuse systems. This might
give some thought to how researchers might like to steer their work. For example,
energy saving systems that produce high-quality water safely and reliably will be
likely successes. The alternative to this is treating water that is ‘‘fit for purpose,’’ – it
meets the minimum requirements for another purpose such as direct (nonpotable)
reuse – for example, desalination of saline waste for reuse in an industrial boiler.
Such opportunities require less public and government acceptance to engage (and
are indeed already underway), but there must be a convenient user of this water to
make fit-for-purpose treatment viable. So it appears that for technologies emerging
in the next decade, we should aim to provide solutions that support the fit-for-
purpose agenda, when the market for the water is known. Therefore, efforts that
bring the costs and environmental impacts down to reliably deliver water for our
direct consumption are most worthwhile.

In this book, we present nine chapters focused entirely on technology approaches
to improve water quality. All of them essentially and ultimately aim to achieve fit-
for-purpose, or even direct potable reuse, aligning with the future demands of
the water industry. Specifically, the contributions have routes in nanotechnology
respecting that the chemistry, materials, and thinking at this scale offers new
opportunities for future water treatment. The technologies considered harness
functions such as catalysis, sensing, diffusion, and adsorption.

1.2
Practical Considerations for Nanotechnology Developers

Any new nanotechnology that demonstrates virtue for water treatment must
undergo a rigorous process to validate its full commercial and environmental
potential. We have listed the following considerations/questions that should be
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determined/answered at the earliest phases of development to facilitate its success
as a water treatment solution:

• Nanoparticles cannot reach people, animals, or the environment.
• No new hazardous by-products are inadvertently created.
• Unwanted materials and by-products (if created) are completely removed or

mineralized.
• Is reaggregation of nanoparticles going to occur? Is this a problem?
• Is the process that must be installed to harness the nanotechnology simple? Can

untrained people use it? Is it expensive?

On top of these specific considerations, the work must also consider the broader
implications:

• Does the new treatment solve the problem or generate a new one?
• What is the fate of the contaminants – can we completely destroy them? Recover?

Or maybe they are returned to the environment? What is the cost?

We propose that the aforementioned points be considered in any future research
and in turn publications to be considered when weighing up if their nanotechnology
is on the right path to becoming a practical water treatment process. As you will
see in the following contributions from the authors’ areas of expertise, there has
been a focus on the new technologies in working toward real needs in the water
industry.

1.3
The Water Treatment Market for New Nanotechnology

Clearly, with the recent scientific developments in the last decade in the field
of nanotechnology, these aspire to commercial use. But how big is this market
expected to be? A report published in early 2011 by BCC Research [2] looked at the
current market status of nanotechnology applied to water treatment and forecasts
its growth. In 2010, they estimated the market (in US dollars) for nanostructured
products used in water treatment to be $1.4 billion. By 2015, they expected this to
grow to $2.2 billion. Interestingly, this was mostly confined to established products
including membrane technology, which is categorized as nanobased (reverse
osmosis, nanofiltration, and ultrafiltration). Of the nine original contributions to
this book, six are based on membrane technology, aligning with the significance of
membranes picked up by the market report. For emerging nanomaterials such as
nanofiber fillers, carbon nanotubes, and nanoparticles alone the market estimate
was $45 million in 2010, but is expected to grow rapidly to $112 million by 2015.

We have pointed out that researchers should target their efforts at achieving
potable water quality, or at best a significant and defined fit-for-purpose application.
At the same time, this should be done with demonstrated opportunities for cost
reduction, energy savings, and chemical reduction while no other consequences
emerge as a result. With these taken into account, successful nanotechnologies are
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expected by economists to experience growth in the sales in the next five years.
Therefore, it seems safe to say that it is an exciting time for scientists and engineers
to develop new technologies and theories as it is certain that the market will take
them up in future. We are currently at the phase where science is demonstrating
the concepts proposed, but there is still a lot of work ahead in terms of measuring
the performance and economic potential in real application.

1.4
Purpose of This Book

There are a multitude of agendas for improving desalination and water recycling
deployment, for example, demand management, public perception, ‘‘simple’’
solutions, and of course new technologies. None of these will solve our water issues
alone, but in this book, we focus on new technologies and thinking that have been
borne out by exploring at the nanoscale, which has emerged only in the last decade
from fundamental level research. The chapters presented in this book cover the
major areas where nanotechnology has shown promise in addressing the issues in
water treatment that are understood by industry.

In Table 1.1, we broadly divide water treatment into the three categories: pollutant
removal, detection/monitoring, and desalination. Many water treatment efforts can
be defined under these categories for relatively simple purposes as shown. Some
of the chapters spread across these categories (e.g., desalination and pollutant
removal). It is interesting to point out that despite these broad and highly differing
purposes, the concepts behind the technology share a lot in common, such as
catalysis, adsorption, materials engineering, colloidal chemistry, and molecular
diffusion. These are well-known scientific pillars of nanotechnology. Therefore,
the purpose of this book is not only to demonstrate working nanotechnological
solutions for major water treatments but also to highlight the common sciences
and achievements that bring about such solutions.

In the chapters, we show how nanotechnology leads us to develop new ma-
terials, improving existing technologies (e.g., membranes), and to enhance our
understanding of complex processes (e.g., molecular simulations). Developing
new materials from the bottom up offers new and exciting opportunities for
efficiency improvements yet unseen by industry. Such materials are included
in Chapters 2–4. Improving existing technologies is part of Chapters 5–9. For
example, membrane technology has been successfully deployed at full scale for
water filtration and desalination, but limitations are being realized through the
ongoing issues related to fouling. Also, as current technologies such as membranes
move into more challenging water treatment areas, these issues will become cost
prohibitive. So the priority in research is to explore ways to enhance membrane
life and performance by way of improved fouling tolerance and durability without
compromising on the essential flux and selectivity features. We also broaden the
thinking of nanotechnology beyond materials developing in Chapter 10, where
nanodimension modeling gives fresh insight into molecular diffusion, interaction
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Table 1.1 The purposes of each water treatment category aligned to the chapters presented
in this book and the nanotechnology concepts applied.

Category Purpose Chapters in this book Nanotechnology concepts applied

Pollutant
removal

Prevent
micropollutants
released to
environment.
Improve water
quality for reuse.

Chapter 2
Chapter 4
Chapter 5
Chapter 8
Chapter 9
Chapter 10

Catalysis, adsorption,
materials design, surface
chemistry, colloidal
chemistry, molecular
diffusion, and molecular
dynamics.

Detection/
monitoring

Rapid and specific
water quality
monitoring.
Improved
performance of water
treatment systems.

Chapter 3 Catalysis, adsorption,
materials design, surface
chemistry, colloidal
chemistry,
electromaterials, and
optical physics.

Desalination Access abundant
ocean water
resource. Improve
water quality for
reuse.

Chapter 5
Chapter 6
Chapter 7
Chapter 9
Chapter 10

Adsorption, materials
design, surface
chemistry, colloidal
chemistry,
electromaterials,
molecular diffusion, and
molecular dynamics.

chemistries, and fouling mechanisms. This not only contributes new science but
also offers new approaches to manage plant operation to gain better performance
of our current membrane technologies.

1.5
Concluding Remarks

We have identified that fit-for-purpose, and ultimately direct potable reuse, should
be on the minds of nanotechnology researchers when developing their technologies
for likely uptake in no less than five years. The chapters in this book cover most
of the global efforts underway to bring about these water treatment agendas. The
authors of this book were identified when the book was conceived to provide expert
contributions from their field, but we duly acknowledge that more nanotechnology
research is being carried out beyond what has been published here particularly as
the field is in a state of rapid growth with creative minds continually emerging with
new ideas.

Finally, we would like to make a mention of the current state of the world in which
this book was written, which has given priority to water treatment research. At
the time of writing, the world was undergoing major economic issues, specifically
the Global Financial Crisis. This had a direct consequence to funding research
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that addresses our need for improving environmental and economic sustainability.
Despite the uncertainty in global economies, climate change was recently accepted
by politicians while society begins to witness never before weather activities such as
severe and prolonged water scarcity and pollution. This is compounded by the rapid
intensification of mining, resource extraction, and manufacturing that presents
new water treatment challenges. So with the achievements in the fundamental
science giving rise to nanotechnology in the last decade, now is an exciting time
to drive emerging nanotechnology solutions to practically solve our most critical
issues.

Whether you are an engineer or a scientist, a student, or working in industry
or research, we hope this book serves your needs and gives you a comprehensive
picture of the emerging nanotechnology and associated sciences now being applied
to water treatment.
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14.1
Introduction

Wind power that involves the conversion of wind energy into a useful form of
energy has become an increasingly attractive source of energy generation [1].
Wind turbines consist of three principal components: nacelle, rotor, and tower
(Figure 14.1) [2]. The nacelle compartment is connected to the rotor hub via
shaft, which includes the generator, gears, and controlling mechanisms that
enhance energy collection and conversion. The rotor consists of three wing-
shaped blades connected to a central hub, which converts the kinetic energy of
the wind into rotational energy. The tower, including the supporting foundation,
ensures the height necessary to access the wind resource and the conduit
required to transfer the turbine-generated electricity to the collection system of
the wind power plant, where electricity from all wind turbines is often fed to the
power grid. The wind energy-related research broadly encompasses the aerody
namic modeling for the various levels of stresses on structural components as
well as exploration of lightweight advanced materials for better performance
while preventing failure under critical working conditions.

There is a continuous thrust to develop low-cost materials with higher
strength-to-mass ratio [3] for wind blades. Wind power plays a growing role to
meet increasing energy demands, without the emission of greenhouse gases. In
order to increase efficiency, current wind energy industry focuses mainly on

Nanotechnology for Energy Sustainability, First Edition. Edited by Baldev Raj, Marcel Van de Voorde,
and Yashwant Mahajan.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 14.1 (a) Schematic diagram showing the dimensions of different structural components
of a large wind turbine, (b) Engineering design of the major structural components [2].

larger scale dimensions. Tower configurations [4] include lattice type, concrete
type, free-standing steel tubular towers, guyed steel tubular towers, and other
special designs. Among them, the most popular configuration for a tower is a
free-standing steel tubular tower [5]. A wind turbine tower is a complex struc
ture that is usually tapered in construction, instead of being simple cylindrical
shape with a varying wall thickness. Because of tower height expansion, the
transportation, assembly, installation, and servicing of the tower components
also become difficult and costly. The weight and cost of conventional tubular
towers also inflate exponentially with height.

Wind blades are subjected to certain external loading conditions [6], which
include the flapwise and edgewise bending loads, inertia forces, gravitational
loads, and loads due to pitch acceleration and torsion. The flapwise and edgewise
bending loads [7] can create tensile and compressive stresses for the materials,
respectively. Furthermore, the flapwise and edgewise bending moments also lead
to the rise of fatigue damages in materials, which is responsible for more than
90% of the damage in blades. Besides the above mentioned loading conditions,
the wind blades are also exposed to the cyclic loadings caused by wind varia
tions, turbulences, wind shear, and pressure variations around the wind tower,
and so forth. It is worthwhile to note that the materials for wind blades are vul
nerable to some environmental conditions, such as lightning, heat, and humidity.
Currently, available lightning protection system mainly consists of lightning
receptors at the tip or surface of the blade.

The ideal blade materials for high performance in wind energy application
should satisfy the following specifications [4–8]: (i) low weight (or density) so as
to diminish the load induced on tower, and the effect of gravitational forces
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generated due to the weight of materials; (ii) high-strength materials to resist
strong wind under the harsh conditions, as well as the gravity load arising from
the blade material itself; (iii) high fatigue resistance to guarantee the stable func
tioning during the service life; (iv) high stiffness to ensure the stability of the
aerodynamically optimal shape and orientation of the blade during the work
time, as well as clearance between blade and the tower; (v) wide availability and
easy processing of materials to minimize the cost and maintenance; and (vi)
excellent stability to tackle the issues arising from environmental impacts such
as lightning strikes, humidity, temperature, and so on.

The natural materials such as wood and canvas were utilized at the early stage
of wind mills, due to their low price, availability, and ease of manufacture. Small
blades can also be made from lightweight metals such as aluminum and its
alloys. These materials require frequent maintenance and limit the blade shape
to be a flat plate that has a proportionately low aerodynamic efficiency to capture
wind energy [9]. Recently, polymer composites have also been used as the struc
tural components of modern wind blades. Based on thermoplastics, thermosets,
and elastomers, these materials are considered to be a significant group of cost-
effective materials for many engineering applications. Polymer-based composites
are synthesized with constituent materials having different properties to improve
its resultant properties. For example, natural or man-made fibers are incorpo
rated into polymer matrices to fabricate composites with improved mechanical
and fracture properties.

In order to enhance the working lifetime of blades and enable larger area
rotors to be relatively cost-effective, it is important to design and optimize stiffer
and stronger blade materials together with better fatigue resistance. A lighter
structural design is directly linked with material selections. It is worthwhile to
mention here that the material selection is entirely based on production design
requirements, which is initiated from the conceptual design stage.

Another class of materials with a potential for wind energy applications is the
nanostructured materials with structural unit length scale of less than 100 nm in
any dimension [10]. The defining length scale can be related to particle diameter,
grain size, and layer thickness in case of coatings. Based on dimensions, nano
structured materials are classified into different classes, including zero-dimen
sional (nanosized powders), one-dimensional (nanocrystalline multilayer), two-
dimensional (filamentary rods of nanoscaled thickness), and three-dimensional
(bulk materials with at least one nanosized phase) [11]. Nanocrystalline and
ultrafine-grained metals and alloys, with average and range of grain sizes typi
cally smaller than 100 nm, have been the subject of considerable research in
recent years. These materials possess some interesting physical and mechanical
properties compared to their coarse-grained counterparts. Several laboratory-
scale processing techniques are available to produce nanocrystalline metals and
alloys. These will be reviewed in this chapter.

In the above broad perspective, this chapter primarily focuses on the material
aspects and in particular on the lightweight nanostructured materials. In order
to develop a comprehensive understanding on the subject, this chapter will



326 14 Lightweight Nanostructured Materials and Their Certification for Wind Energy Applications

briefly discuss the fundamental aspects of aeroelastic, aerodynamic, and aeroa
coustic properties. This will be followed by a complete section on the develop
ment of steel-based and polymer-CNT-based materials for wind energy
applications. A brief introduction to nanostructured materials is provided in this
section. However, the various challenges related to the nanostructured materials
processing as well as the issues related to the mechanical property enhancement
of this class of materials are discussed at greater details in a subsequent section.
Prior to the closure section, the certification to the component fabrication is dis
cussed along with the proposed guidelines.

14.2
Property Requirements for Wind Energy Applications

The property requirements for materials to be used for wind energy applications
are summarized in this section.

14.2.1

Aerodynamics Properties

Wind turbine-related aerodynamic research [12] has emerged from blade and
rotor aerodynamics, to include wind plant and atmospheric inflow effects. Aero
dynamic interactions determine the energy capture of all wind farms. This aspect
is significant because these conditions impact the cumulative fatigue damage of
turbine structural components that ultimately determine the useful lifetime of
wind turbines. Both turbine lifetime and wind farm energy production are the
decisive factors of the cost of wind-generated electricity. Another consideration
in wind energy is the sound energy that wind turbines emit.

In the backdrop of the above, the analysis of the aerodynamics aspects of a
wind turbine is not only crucial for the energy production but also vital for the
static and fatigue resistance. Moreover, wind turbines have an impact on other
turbines in their surrounding area, which is known as wind park effects [13]. As
the wind turbines have matured both in size and in power output, numerical
methods are used to determine the wind turbine aerodynamics, since the exper
imental measurements may become troublesome.

The understanding of wind turbine blade aerodynamics can improve the preci
sion and reliability of aerodynamic force predictions in engineering models used
to design wind turbines. These advances can improve machine operability, life
span, energy capture, and power quality. All these aspects together enable contin
ued reduction in the cost of wind-generated electricity. The experiments at the
80 ft× 120 ft wind tunnel, located at NASA Ames [12], the United States, allowed
researchers to measure and understand turbine blade rotational augmentation
and dynamic stall, which occur frequently during routine turbine operation.

In a similar effort, the researchers at NREL have been able to successfully
develop stochastic inflow turbulence simulator that can reliably replicate
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important flow conditions such as low-level jets and site-specific turbulent con
ditions. The results of such simulations can be used as the input parameters to
engineering models in order to fabricate new turbine designs. In addition, the
current research on the atmospheric conditions created by wind turbines is sig
nificant for continued deployment of wind energy. Specifically, when turbines
are grouped together in a large multiple row array wind farms, interactions
between the wind farm and the local atmosphere, as well as interactions between
individual turbines complicate turbine structural loading and energy capture,
thus requiring further study.

In particular, the behavior of the atmospheric boundary layer can have a large
impact on the performance and turbine loads. The researchers attribute the
principal cause of lower energy capture and increased failure rates in wind farms
to the turbine wake interaction. The turbines in wind farms are in close proxim
ity to one another, causing many of them to operate in the wake of upstream
turbines. The operation within a wake causes a decrease in power output and an
increase in mechanical loading, translating to less energy and greater mainte
nance costs. The impact of terrain and vegetation are other areas of uncertainty.
It is well known that wind speeds increase at the tops of ridge lines, which is why
wind turbines are often placed in these locations. However, the downwind
impacts of terrain or of vegetation on potential wind sites remain unknown, and
could be vital.

In addition to the aerodynamic loading, rotor blades also experience signifi
cant gravitational, centrifugal, gyroscopic, inertia, and brake loads. The interac
tion among these loadings with blade aerodynamic profile leads to the
emergence of complex real-time load scenario. Designing such an aerodynamic
structure simultaneously for decreased mass, cost, environmental impact, and
embodied energy obviously leads to a multiple constraint and compound objec
tive-based optimization problem [14].

Aeroacoustic Properties

Aeroacoustic emissions [15] are the sounds made by air interacting with wind
turbine blades. In aeroacoustics, sound propagation and generation mechanisms
in turbines and compressors are experimentally investigated and numerically
simulated. In this context, new aeroacoustic measurement methods are devel
oped. In addition to improving aerodynamics, the National Wind Technology
Center (NWTC) is engaged in comprehensive research efforts to enhance the
understanding of wind turbine aeroacoustics. For decades, engineers have been
researching on methods to bring down the sounds emitted by wind turbines.
The efforts that lessen mechanical sound sources associated with gearboxes,
bearings, and other turbine elements have been successful. However, other aero-
acoustic emissions are not well understood or controlled. NWTC engineers are
conducting aeroacoustic tests to identify the physical causes of wind turbine
sound.
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Some of the key aeroacoustic research-related issues include trailing edge
noise, and noise from inflow turbulence is the dominant source; maximum blade
tip speed ratio is typically limited to 70 m/s due to noise constraints. Further,
turbines with a downwind rotor and low-frequency noise can have a major
problem.

14.2.3

Aeroelastic Properties

Aeroelasticity is the study of the elastic interaction of inertial, structural, and
aerodynamic forces on aircraft, buildings, surface vehicles, and so on. The inter
action among these three forces can cause several undesirable phenomena such
as divergence (static aeroelastic phenomenon), flutter (dynamic aeroelastic phe
nomenon), limit cycle oscillations (nonlinear aeroelastic phenomenon) and vor
tex shedding, buffeting, and galloping (unsteady aerodynamic phenomena). The
schematic diagram showing the interaction forces in aeroelasticity is shown in
Figure 14.2.

The aeroelasticity research focuses on both numerical simulations and exper
imental studies of axial turbines and compressors. The research in the aeroelas
tic design section [16] is focused on the development of aero-servo-elastic
simulation methods, computational fluid dynamics (CFD) codes, and software
design tools for analysis of airfoils, blades, and wind turbines, and application for
design in interaction with the industry. Aeroelastic stability analyses and experi
ments to determine modal damping properties of a wind turbine are crucial
aspects that have received intense attention.

By combining models for atmospheric flow and wakes, aerodynamics, struc
tural dynamics, and control into aeroelastic codes, one can simulate and predict
the extreme and fatigue loads, that a wind turbine will experience during its life
time under different complex conditions, for example, in a wind farm. The off
shore operation is also simulated taking wave loadings or floating conditions into

Figure 14.2 The interaction triangle to show the possible interactions among structural,
inertial, and aerodynamic forces determining the dynamic aeroelastic stability [12].
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account. The tools are used as well for cost optimal layout of wind farms, taking
a variety of parameters into account.

New dedicated airfoils [16], such as thick high-lift- or multielement airfoils,
are developed and designed by means of aerodynamic engineering models and
the numerical wind tunnel in combination with numerical optimization. They
are verified by wind tunnel measurements and subsequently applied by the
industry.

New concepts, such as individual blade pitch and distributed blade trailing
edge control in combination with advanced sensoring technique, are also subject
to substantial research and development with the perspective of reducing fatigue
and extreme loads, and thereby increase rotor size, energy capture, and cost effi
ciency. Figure 14.2 represents the factors affecting aeroelastic blade design.

Some of the key outstanding aeroelastic research [15] issues include modeling
of detailed influence of atmospheric inflow, turbulence and wind shear, non
linear structural modeling of blades, structural damping enhancement, and load
alleviation using trailing-edge flaps or other devices.

The specific concepts [17] that are being developed include more efficient
blade structures (thick airfoils, designs that fully integrate structure and aerody
namics, and slenderized blade geometries) and adaptive structures for load con
trol (passive and active). Further, improvements in materials and manufacturing
involve new materials for wind turbine blades such as carbon, carbon-hybrid,
S-glass and new material forms, design details to minimize stress concentrations
in ply drop regions, and less expensive, embedded blade attachment devices.

Fatigue Properties and Material Selection Criteria

Fatigue is the phenomenon that small varying loads may eventually cause failure,
in spite of the fact that they are well below the static yield limit. This happens
because locally there are always stresses higher than the yield limit due to (sur
face) imperfections and associated stress concentration, which cause local plastic
deformation. Fundamentally, microscale plastic deformation with every load
cycle can lead to a microcrack, which finally develops into a large crack leading
to failure. In composites [18], the failure mechanisms are different and damage
may, for example, be caused by fiber microbuckling. The challenge is to predict
the component life with sufficient accuracy for any type of variable loading (the
time until a crack of defined length is formed until collapse).

Generally, a wind turbine should work for 20–25 years without repair and with
minimum maintenance. The work of wind turbine means that the blade defor
mation should be very small (to sustain the aerodynamic properties of the blade
and avoid hitting the tower), that the fatigue effects (due to gravitational forces
at rotation and cyclic loading by wind) are negligible, and that the blades can
also sustain extreme wind loads. High fatigue resistance is required to ensure
the stable functioning of wind turbine blades for more than 20 years and 108

cycles. Long fatigue life is needed to reduce material degradation. A material
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that is as light as possible for a given stiffness is required in order to satisfy the
blade design criteria and to minimize the weight-induced fatigue loads.

As far as the experimental measurement of the fatigue life is concerned, the
S–N or Wohler curve [19] gives the number of load cycles that a material can
withstand. The fatigue strength is a function of the cyclic, constant amplitude
load. It is established by applying a certain cyclic load to a specimen and record
ing the number of cycles until failure, or sometimes until a crack of some prede
fined size is created. In order to determine the fatigue properties of a material,
the tests were devised, where a specimen is cyclically loaded by a given force (S)
until it fails. Then counting the number of load cycles to failure (N), it is known
how many cycles of load size S will fail the material. Repeating this test for
numerous loads and plotting them against the number of cycles to failure yields
the S–N curve.

Wind turbines are subject to continuous loading and unloading. The rotation
of the rotor, shafts, and gears, the gusting and lulls of the wind, and subsequent
vibrations, induced by all these factors and more, lead to load cycles varying in
size, frequency, and sequence. The random nature of the cyclic loading of wind
turbines poses a unique challenge to the engineer. With knowledge of the statis
tical distribution of the wind speeds, a statistical distribution of turbine loads can
be achieved. Using an S–N diagram, a fatigue life can be estimated, for which a
statistical probability of attaining such longevity can be attached.

Based on the determination of the fatigue strength (σf), the design criterion for
selecting materials for wind energy application can be adopted. In the following,
we review some specific selection criteria and more details can be found
elsewhere [14].

As far as the use of lightweight materials is concerned, the material index to
minimize blade mass can be given by the following equation:

ρ=σ2=3MIblade mass f ; (14.1)

where ρ is the density of the material. Clearly, the blade mass can be minimized
with the use of lightweight materials having higher fatigue strength.

The material index for mass minimization due to axial deformation can be
expressed as

MIbend mass ρ=σ0:5: (14.2)

In addition, the material index for mass minimization due to buckling can be
represented by the following expression:

MIbuckle mass ρ=E1=3: (14.3)

From the above set of equation, it should be clear that the blade mass will be
minimized with the use of materials having higher elastic modulus/fatigue
strength.
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The fracture criterion also significantly depends on the fracture toughness
(KIC) property. As discussed in Ref. [14], the following combination of properties
constitutes the selection criterion:

150 MPa and K Ic 15 MPa m for large blade ; (14.4)σf

50 MPa and K Ic 5 MPa m for small blade : (14.5)σf

It may be worthwhile to mention that the small turbine blades typically generate
wind power of less than 100 kW, while large turbine blades generate much larger
magnitude. Also, the different set of property requirements for large and small
blades can be attributed to the variation in aerodynamic load and fluctuation in
turbulence at varying height (wind shear effect).

High Strength Requirement

It is well perceived that the wind turbine blades must be strong enough to with
stand the applied loads without failure. Thus, the ultimate strength must be suf
ficient to withstand extreme loads, and the fatigue strength must be sufficient to
sustain the time-varying loads throughout the intended life of the blade. The
blades must also be stiff enough to prevent collision with the tower under
extreme conditions. Stiffness is also important locally for preventing the buck
ling of those parts of the blade that experience compressive stresses.

High strength is essential to withstand not only extreme winds, but also grav
ity loads. The most accepted and widely used material for wind turbine blades
are called composites [20], more specifically polymer matrix composite (PMC)
or fiber-reinforced plastic (FRP). Composites are also unique in their ability to
be tailored for different properties using various reinforcement configurations,
matrix materials, and manufacturing processes. These composites are composed
of matrix and fiber, which together form a useful material for blade application.
The most commonly used fiber and its matrix is E-glass fiber and polyester resin
for structural applications. The strength of the composite is determined by the
amount of fiber ((FVF) fiber volume fraction) in the resin. The high-strength
fibers with low density occupy a large fraction of the volume. New generation of
large wind turbine blades are designed with all composite fuselage and wing
structures. The repair of these advanced composite materials requires an in-
depth knowledge of composite structures, materials, and tooling. These materi
als have a major role to play in maintaining and developing the wind turbine
industry. The primary significance of composite materials is their high strength,
relatively low weight, and corrosion resistance. Carbon fiber prepregs are a cost-
effective option for large diameter blades, where less quantity of material is
required to achieve the optimum strength and stiffness of glass structures.
Hybrid reinforcements of glass and carbon are also a potential option. Further, if
composites combine the properties of high strength values and high stiffness val
ues, with low weight and corrosion resistance, these materials constitute a new
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Figure 14.3 The material properties of
relevance for aerostructural applications – plot
of specific strength versus specific modulus
(specific property defined as density

normalized property, e.g., specific modulus
means modulus divided by density) of a
number of structural metals, ceramics, and
polymeric materials [18].

class known as advanced composite materials (ACMs). The general characteris
tics essential for advanced composites are shown in Figure 14.3.

14.3
Brief Overview on Materials for Wind Energy Applications

14.3.1

Polymer-Based Lightweight Materials

Lightweight materials [20] have always been a crucial topic in product design
across several industries, where large rotating parts (e.g., rotor blades of wind
turbines) are key elements. Reducing structural weight is one of the major ways
to improve performance. Lighter and/or stronger materials allow a greater range
of speed and may also contribute to reducing operational costs. The break
throughs such as those associated with the development of lightweight precipita
tion hardenable aluminum alloys, heat-treatable titanium alloys, and, more
recently, fiber-reinforced polymer (FRP) composites have made it possible to
reduce structural weight significantly. The most effective way to reduce struc
tural weight is to minimize the density of structural materials. In order to reduce
the cost of the power generated, the blade construction needs to be as light as
possible. This can be achieved through optimization of the structural arrange
ment and dimensions in accordance with the material selection.

In the wind industry, extreme lightweight materials are applied in the long
rotating blades, which transform the wind energy into rotating energy, which is
then transformed into electricity. High wind speeds and the size (length and
mass) of the blades can cause the blade material to bear high stress, which can
be reduced by using extremely light materials. The majority of wind turbine
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manufacturers currently use glass fiber as structural material for their blades.
Carbon fiber is currently the most explored lightweight material due to its high
potential for weight reduction in certain applications. Despite high cost, wind
industry is already using stiffer carbon fiber for stabilization. The higher stiffness
factor of carbon fiber than glass fiber may allow a further increase in blade
length that cannot be achieved with the other, resulting in greater output per
wind turbine. This will become increasingly significant as offshore wind energy
increases.

Nearly all commercialized wind blades are made from fiber-reinforced poly
mers (FRPs), a composite material consisting of a polymer matrix and continu
ous fibers. In FRP structure, long fibers provide longitudinal stiffness and
strength, while the polymer matrix ensures the fracture toughness, delamination
strength, out-of-plane strength, and stiffness of the materials. Based on the con
stituents of FRPs, efforts aiming at improving the performance of wind blades
can be put on modifying the properties of either polymer matrix or fiber. The
schematic illustrating the strategies to improve the performance of FRPs using
CNTs is represented in Figure 14.4.

CNTs [22] are one-dimensional carbon materials with a tube-like structure
and CNTs have a length-to-diameter ratio greater than 1000. The exceptional
mechanical properties together with low density and high aspect ratio of CNTs
make them a perfect candidate for reinforcement in composite materials. With
unique structural and transport properties, carbon nanotubes (CNTs) have been
selected as the major reinforcement to develop polymer-based nanocomposites
with exceptional mechanical properties and multifunctional characteristics. The
fatigue crack growth rates [23] can be significantly minimized by (i) using CNTs
with smaller diameter, (ii) increasing the CNT length; and (iii) improving the

Figure 14.4 Strategies to improve the performance of FRPs using CNTs [21].
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dispersion of nanotubes. By optimizing various parameters such as tube length,
diameter, and dispersion states, over 20-fold reduction in the fatigue crack prop
agation rate of the nanocomposites can be achieved, in contrast to the neat
epoxy.

The introduction of nanoscale CNTs as an additive into a polymer resin has
been widely used to fabricate CNT/polymer nanocomposites [22]. Special
emphasis should be placed on the mechanical, fatigue, electrical, thermal, and
barrier properties of CNT–polymer nanocomposites [21], which are important
considerations when selecting suitable materials for wind blades with larger
rotary radius. Based on the extensive review of the mechanical properties of
CNT–polymer nanocomposites, general consensus has been that CNTs can
improve simultaneously the modulus, strength, and toughness of polymers. Such
property enhancement is seldom found in conventional composites reinforced
by microscale fillers.

Novel concept anchoring on enhancing lightning protection for wind turbine
blades is to use materials with multifunctional properties [21]. CNTs have a
great potential to achieve this goal, specifically due to the following advantages:
(i) CNTs exhibit a high electrical conductivity to efficiently divert the lighting
currents; (ii) CNTs provide excellent chemical and thermal stability to sustain
the heat arising from the lightning discharge; (iii) the high thermal conductivity
of CNTs make it possible to dissipate the heat generated from the lighting
strikes. By depositing a very thin layer of CNTs on glass fibers, Gao et al. [24]
prepared functional fibers with the highest electrical conductivity of 106 S/cm,
which is comparable to that of metals. This result shows the potential of employ
ing CNTs as a conducting coating for wind blades to transport lightning current.
Recently, a published patent [25] described the employment of CNTs as light
ning receptors for wind blades. The receptors integrated onto the wind blades
ensured that blade materials were able to withstand the electrical and thermal
shocks arising from the lightning strikes.

Some recent development includes a novel method to convert carbon nano
fibers into CNF [26], which could be further integrated into laminated compo
sites using resin-transfer molding (RTM) or vacuum-assisted resin-transfer
molding (VARTM) process. Multifunctional nanocomposites were developed by
applying a carbon nanofiber-based coating material on the surface of fiber-
reinforced composites. This unique coating material possesses good conductiv
ity, excellent damping property, high hardness that leads to potential applica
tions for lightning strike protection, vibrational damping, and surface erosion
resistance for wind turbines blades.

Recently, a new design scheme of lightweight structure for wind turbine tower
has been reported [27]. This design scheme is based on the integration of the
nanostructured materials produced by the surface mechanical attrition treatment
(SMAT) process. SMAT is a productive way to create nanostructured surface or
subsurface layers on a metal’s surface and are especially good at processing plate,
tube, and wire structures. In that they have attempted to accomplish the weight
reduction by optimizing the wall thickness of the tapered tubular structure.
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Figure 14.5 Strength–formability relationship for mild, conventional HSS, AHSS, and SMAT
material [27].

The basic methods include the identification of the critical zones and the distri
bution of the high-strength materials according to different necessities. The
equivalent strength or stiffness design method and the high-strength properties
are combined together in SMAT-processed materials. The strength–formability
relationship for mild, conventional HSS, AHSS, and SMAT material is shown in
Figure 14.5.

Steels and Other Conventional Materials

The steel industry [2] has an inescapable role to play in clean production tech
nologies, such as wind energy. A wind farm does not emit any CO2, which marks
it safer than power generation based on fossil fuels. Wind turbine parts depend
entirely on iron and steel. A typical wind turbine is reported to contain 89.1%
steel, 5.8% fiberglass, 1.6% copper, 1.3% concrete (primarily cement, water,
aggregates, and steel reinforcement), 1.1% adhesives, 0.8% aluminum, and 0.4%
core materials (primarily foam, plastic, and wood) by weight. A strong founda
tion is crucial to connect the turbine to the ground or seabed. The blades are
normally made of other materials, such as carbon fiber or alloys. Steel holds the
blades in place as they turn, using a cast iron or forged steel rotor hub.

Rotor blades, which are constructed primarily of fiber glass-reinforced plastic
mixed with epoxy adhesive and lightweight core materials such as balsa wood or
polymer foam, are utilized in converting wind energy to mechanical energy. The
recent trend is toward lighter and stronger blades that can have stall-regulated
or variable-pitch design. Principal materials are fiberglass and reinforcing
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products, such as epoxy resin with steel. A steel blade extender is used to pro
vide an additional blade support and to attach the blade to the hub. The cast
iron hub serves as a base for the rotor blades and extenders and as a housing for
pitch control systems. The pitch drive is constructed primarily of stainless and
alloy steels, which controls blade angle for optimum energy recovery and enables
adjustment for wind speed and other weather conditions that may affect wind
turbine operation.

The current trend in blade design was toward the increased use of lightweight
composite materials, for example, carbon-reinforced plastic, in highly stressed
locations to stiffen blades and to improve fatigue resistance. Blade design and
configurations are customized because wind characteristics vary between loca
tions. At sites with lower wind speeds, longer blades may be used to increase
energy capture. Variable-pitch drive systems are used to automatically adjust
turbine pitch for changing wind patterns, reduce blade stress, and keep blade
speed within design specifications.

14.3.3

Ultrafine Grained/Nanostructured Materials

In the last few decades, the ceramics-based lightweight composites are gaining
wider importance in energy applications. Some important aspects are discussed
in the following section, while a more extensive review on this topic is reported
elsewhere [28].

14.3.3.1 Processing-Related Challenges
The transformation of nanosized powders to a bulk dense compact is a challeng
ing task. The powder-based processing involves the green compact by consolida
tion and careful optimization of sintering parameters to retain nanosized grains
in an otherwise dense bulk sintered compact. From the consolidation aspect,
it is difficult to obtain green compact of ultrafine precursor powders at
200–300 MPa. This is particularly important as the nanoparticles tend to
agglomerate and inter- or intra-agglomerate pores restrict the consolidation.
This can be better realized if one can have a closer look at Figure 14.6. The total
number of interparticle contacts becomes increasingly larger for finer particles.
The enhanced number of contacts during compaction leads to an augmentation
of the frictional resistance to the applied pressure [29]. This necessitates the
application of higher pressure for compaction of nanocrystalline ceramic pow
ders. For example, a compaction pressure of around 480 MPa in uniaxial press
ing resulted in 45% relative density for green [30]. In another study, the
application of large pressure (∼1 GPa) can result in 51 and 62% green densifica
tion for ZrO2 particles (∼10 nm) [31] and TiO2 particles (∼15 nm), respec
tively [32]. It has been reported that “superhigh” isostatic pressure of 3 GPa was
necessary for obtaining 60% green densification of 3Y-TZP nanopowders
(∼10 nm) [33].
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Figure 14.6 (a) A schematic illustration of particle agglomeration, an inherent problem related
to nanopowders. (b) TEM image of SiC nanopowders. (c) TEM image of ZrO2(3Y) nanopow
ders [7] showing chain-like powder network as a result of agglomeration [28].

It is worthwhile to reiterate here that the processing of nanocrystalline materi
als requires grain growth minimization during final stage of densification. Typi
cally, the rate of grain growth for a polycrystalline material is given by

dg=dt 2:Mb:γ: 3=g (14.6)

where g is the grain size, Mb is the grain boundary mobility, and γ is the interfa
cial energy. From the above equation, it can be easily conceived that the smaller
the grain size, the faster is the grain growth. Therefore, lower sintering tempera
tures together with shorter sintering times are necessary for production of bulk
nanocrystalline ceramic materials. In another approach, the formation of Si3N4

layer on nano-SiC particles by heat treatment in nitrogen can hinder grain
growth of nanosized SiC [34].

Since nanocrystalline powders can be densified at a faster rate than micro
crystalline powders, inhomogeneous densification becomes apparent [35]. This
can be more significant in nanoceramics, especially for nanoceramic materials
with low thermal conductivity (ZrO2, Al2O3). The bulk compact experiences a
thermal gradient because of faster heating rate with outer surface being densified
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at a faster rate than the control region. Hence, the cracks and pores result due to
strain incompatibility. Also, the grain size changes take place simultaneously
with density gradient.

14.3.3.2 Challenges Faced Due to Agglomerated Powders
Another major issue arises from the enhanced tendency of the nanocrystalline
powders to form agglomerates. It is important to note that for agglomerated
powders, agglomerate sizes and not the crystallite sizes largely influence the den
sification behavior. The larger the agglomerate sizes, the coarser the interag
glomerate pore sizes. The intercrystallite/intra-agglomerate pore sizes are
however much smaller than the interagglomerate pore sizes. During sintering,
smaller intercrystallite/intra-agglomerate pores are removed at a much faster
rate than the larger interagglomerate pores due to higher driving force for anni
hilation. Here, it must be noted that an early annihilation of the intercrystallite/
intra-agglomerate pores will reduce the constraint for grain growth. Larger pore
sizes can result in lowering the densification rate (since dρ/dt 1/r, where r is
the pore size). Higher sintering temperature therefore becomes necessary. How
ever, higher sintering temperature can lead to enhanced grain growth. Another
reason for enhanced grain growth can be attributed to the bimodal pore size
distribution, characteristic of agglomerated powders.

14.3.3.3 Processes Used for Developing Bulk Nanocrystalline Ceramics
In continuation of the discussion in the previous section, the consolidation of
nanopowders therefore requires precise control of the coarsening densification
competition during the sintering process. A combination of much lower sinter
ing temperature together with shorter sintering time, in short “activated sinter
ing,” can be utilized. Fundamentally, “activated sintering” implies either
enhancing the driving force for sintering or enabling the process of sintering
kinetically faster by physical or chemical treatment.

In case of conventional pressureless sintering, higher temperature and longer
time are required to obtain near theoretical density. It is known that pressureless
sintering results in significant grain growth in the final stage of sintering [36].
However, the application of a two-step sintering process [37], which involves
holding at the sintering temperature followed by holding at a lower temperature
after reaching the peak sintering temperature, demonstrates the feasibility of
processing nanoceramics via pressureless sintering. According to Chen and
Wang [38], the kinetics of grain boundary mobility is reduced at the lower hold
ing temperature, without compromising the grain boundary diffusion kinetics to
ensure elimination of residual pores. Here it can be noted that pressureless sin
tering together with application of “superhigh” pressure (∼3 GPa) during green
compaction can be used to develop bulk nanoceramics in some ceramic systems
such as 3Y-TZP (∼80 nm crystallite size) [39].

The densification rate at lower sintering temperature/time can be enhanced in
conjunction with external pressure (hot pressing, sinter forging, sinter HIPing,
and spark plasma sintering). Near-theoretical densification was recorded via
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uniaxial hot pressing for γ-Al2O3 powders (grain size of ∼50 nm) [40]. Uchic
et al. [41] sintered nanocrystalline TiO2 at 650 °C (<0.5 Tm) via sinter forging
and importantly retained nanocrystalline grains (50–60 nm). In a similar study,
it has been demonstrated that HIPing can also result in more than 98% densifi
cation of Si3N4–SiC nanocomposites, with the SiC grains size of less than
30 nm [42]. Nanocrystalline SiC (grain size ∼150 nm) was obtained after HIPing
at 1600–1650 °C and 350 MPa pressure [43].

Another variant of activated sintering, that is, field-assisted sintering technique
(FAST), involves the densification of a powder compact with simultaneous appli
cation of electric field and pressure. FAST is known by different names such as
spark plasma sintering (SPS), plasma-activated sintering (PAS) or pulse electric
current sintering (PECS) [22], and plasma pressure compaction (PPC) [44].
Using SPS process, it has been recently demonstrated that one can obtain oxide
(Al2O3, ZrO2) and nonoxide ceramics (TiB2) with uniform mechanical propert
ies by carefully tailoring the multistage heating schedule [45–47].

14.4
Properties of Bulk Ceramic Nanomaterials

14.4.1

Mechanical Properties

This section will illustrate how the mechanical behavior of nanophase ceramics
is different from that of conventional ceramics. Figure 14.7 plots the published
experimental results for SiC ceramics and WC-Co cemented carbides. An anal
ysis of Figure 14.7 indicates that apart from increase in strength and hardness,
Weibull modulus is also improved due to grain refinement, which points
toward the improved reliability of fine grained. This can be attributed to
improved homogeneity of microstructure and reduction of critical flaw size/
density.

14.4.1.1 Hardness and Yield Strength
In the field of materials science, it is known that an increase in yield strength and
hardness follows the Hall–Petch relation:

const=d 0:5; (14.7)Hd H0

where Hd is the hardness at grain size d, H0 is the hardness of single crystal of
the same material, and d is the grain diameter. In the Hall–Petch relationship,
hardness (Hv) and yield strength (σ) are used interchangeably. From Eq. (14.2),
hardness and strength are expected to increase with decreasing grain size.
Despite such theoretical predictions, the increment in strength for nanocrystal
line materials falls below that based on the Hall–Petch equation. In fact, the
grain size refinement to beyond a critical grain size is reported to result in an
inverse Hall–Petch relationship. A decrease in hardness/strength with grain
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Figure 14.7 Literature result, showing (a) the experimentally measured variation of hardness
with decreasing grain in fine grained SiC and (b) hardness, bending strength, Weibull modulus,
and abrasive wear resistance variation with grain sizes for WC-Co cemented carbides [7].

refinement below a certain nanocrystalline level has been recorded for TiAl [48]
and TiO2 [49]. As reviewed by Ovidko [50], several mechanisms, based on dislo
cation motion and interface diffusion, can explain such typical behavior.

It is known that brittle materials undergo considerable grain boundary micro-
cracking under indentation load. According to Richter and Ruthendorf [51], the
Hall–Petch relation needs to be refined to incorporate a negative term (σGB)
related to the grain boundary strength, where σf(d) is the flow stress of a poly
crystal with grain size d, σf(d= α) is the flow stress of a polycrystal with very
large grains, D is a typical dimension of the indented zone, and A∗Ф(D/d)∗d 1/2

is a term related to dislocation pile up at grain boundaries. At the finest grain
sizes, the amount of deformation in ceramics due to cracking increases. More
over, from Eq. (14.3) it can be observed that when D » d, the negative term
σGB(D/d) has a significant contribution to the overall σf(d). Thus, the above the
ory provides an insight into the negative Hall–Petch relationship, as observed at
the finest grain sizes.
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14.4.1.2 Fracture Strength and Fracture Toughness
The considerable increase in fracture strength due to microstructural refinement
can be attributed to the synergistic effects of the reduction in flaw sizes with
reduced microstructural scale [52,53] and to the lowering of thermal residual
stresses arising from anisotropic crystal structure/coefficient of thermal expan
sion mismatch among microstructural phase assemblage [54]. It is widely recog
nized that the fracture strength of brittle materials is determined by the size/
distribution of the critical flaws. Hence, due to alleviation of the flaw sizes in
nanocrystalline microstructure, the fracture strength can be significantly
enhanced. The fracture strength σf of any crystalline solid containing the flawsm

can be described by Griffith’s criterion

; (14.8)σfm αEmψ ; where ψ
γ

Emh

where Em is the elastic modulus, γ is the surface energy, h is the crystal dimen
sion, and α is a crack geometry-related parameter. A comparison of the strength
increment on reduction of h predicts that there exists a critical dimension (h

∗
),

at which the actual strength (from Eq. (14.4)) becomes equal to that of the theo
retical strength of the perfect crystal without any flaw (see Eqs. (14.8) and (14.9)):

α2 γEmh∗ : (14.9)
σ2

th

Above this critical size (h∗), the crystal strength is determined by the presence
of flaws. However, below this critical size, the strength will remain insensitive
to flaws, that is, the strength limited by the theoretical strength of the flawless
“perfect” crystal.

Another reason cited for these improved fracture strength is the presence of
lower residual stress [55]. Such residual stress is generated during cooling from
the sintering temperature due to anisotropic crystal structure as well as
coefficient of thermal expansion mismatch between different microstructural
phases. However, the sintering temperatures are generally lower for nanoceram
ics than their conventional counterparts. It is also reported that the residual
stress can be relieved to a greater extent in nanoceramics [56].

Despite significant improvement of fracture strength, it has been experimen
tally observed that fracture toughness is not improved by the reduction of grain
sizes to nanocrystalline levels [57,58]. The toughness is however improved to a
moderate extent, by nanocomposite design [5]. Stating this concept in a broad
way, the incorporation of reinforcements in conventional/nanostructured
ceramic matrix (ceramic nanocomposites) could potentially result in an increase
of strength and fracture toughness. For example, Niihara and Nakahira reported
an increase in flexural strength of brittle ceramics by almost three times via
nanocomposite design [57,58]. The enhanced fracture toughness was attributed
to the development of localized residual stresses within/around reinforcements
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due to coefficient of thermal expansion mismatch between the constituent
phases. The compressive residual stresses within the nanocrystalline
reinforcements is reported to cause crack deflection toughening and change in
fracture mode from intergranular to transgranular [59,60]. On the other hand,
stresses generated near the reinforcement/matrix interfaces open up micro/
nanocrack at the crack tip of a propagating crack. Micro/nanocracking expands
the size of the fractal process zone (FPZ), resulting in an enhancement of frac
ture toughness [61]. Furthermore, crack bridging by the nanodispersoids have
also resulted in modest improvement of fracture toughness [62]. Such enhance
ment of the resistance to crack propagation leads to significant improvement of
the fracture strength.

Here, it must be noted that although the beneficial effects of residual stresses
are also present in conventional ceramic composites, the mechanical property
improvement will be more in ceramic nanocomposites. According to Niihara
and coworkers, three effects of nanosized reinforcements need to be considered.

First, residual stresses can lead to a competition between toughening from
particle bridging and fracture toughness reduction due to residual traction in
the matrix. In contrast, the fracture toughness reduction due to matrix residual
traction increases monotonically with an increase in reinforcement size. In
accordance with the above observation by Niihara, Levin et al. [63] computa
tionally predicted how smaller reinforcement size would reduce the negative
effect of tensile matrix residual stress on the net fracture toughness.

Second, it has been observed that crack propagation in many of the ceramic
nanocomposites (e.g., Al2O3–SiC nanocomposite) is via fracture of the matrix–
reinforcement interface. Therefore, an increase in interfacial strength can result
in impeding the crack propagation.

Third, for a given reinforcement volume fraction, the interparticle distance (λ)
reduces with the particle sizes. Considering crack bridging as the major toughen
ing mechanism, the frequency of crack interaction with the nanosized
reinforcement increases considerably due to a reduction in λ. The tortuous
nature of crack and frequent obstruction to crack propagation results in a
steeper slope of R-curve (crack growth resistance curve) in the nanocomposites
compared to that in microcomposites or monolithic ceramics. Another effect
that can lead to enhanced fracture resistance is that, at a given reinforcement
volume fraction, the number of particles increase on reduction of particle size.
This leads to more uniform distribution of stress among the particles and such
stress distribution would reduce the propensity for fracture at a given applied
load and hence increase the strength.

14.5
Certification

The requirement of low probability of failure; withstanding a hostile service
environment; very high stresses; restrictions on weight and size indicated by
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users/designers (not as critical as in aerospace applications); and stringent opera
tional requirements have necessitated a high degree of consistency in the behav
ior of new and advanced materials. Furthermore, in order to minimize variability
and to maintain a high degree of consistency within a narrow range in property
requirements for these materials, a systematic approach/method has to be
adopted and practiced for all critical nanomaterials and components, namely,
“certification/type testing/type evaluation.” Once a material/manufacturing pro
cess/component fabrication technique or a system undergoes certification, it can
be assumed that the material/component/system will fulfill the design and oper
ational requirements during the designed service life [47–49].

Certification of Nanomaterials

The combination of relatively moderate safety factors (not as low as for aero
space, but also not as high as for static land- or sea-based structures) and highly
efficient structures requires high-strength materials with verified consistent per
formance for wind energy components. Nanomaterial-based components also
need to fulfill such requirements. Furthermore, the relatively high costs of man
ufacturing and the thrust for extended life have made certification of primary
importance.

The process of certification of nanomaterials (and components, with differ
ences only in the specific aspects of qualification) is illustrated in Figure 14.8.
The certification process has the following steps [49]:

1) Approval of manufactures/suppliers: There are two distinct stages involved
in the approval of a new supplier/manufacturer. First, there is a quality
audit of the supplier’s organization. This begins with the supplier submit
ting detailed documents about the organization, emphasizing the technical
aspects. After scrutiny of these documents, a team of quality and engineer
ing experts from the certification agency (for military/defence nanoapplica
tions, this is the Regional Centre for Military Airworthiness (Materials),
CEMILAC and one needs to identify such agency for nanomaterial-based
wind energy applications) and representatives from developing and user
agencies visit the organization and investigate its facilities in detail and in
particular the following:
– Personnel employed, and their technical background.
– Production facilities.
– Performance of equipment and system of monitoring.
– Quality control and its check system.
– Discipline of check system and checks on equipment and control systems.
– Handling of nonconformity in production.
– Systems of studying specifications.
– Documentation and traceability of records.
– Laboratory and R&D facilities (if any).
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Figure 14.8 Detailed illustration of the certification methodology.

The team then prepares a report after being satisfied about the supplier’s
capability of manufacturing nanomaterials and/or components for wind
energy applications. This report is submitted to the regulatory body’s quality
assurance agency for approval of the supplier’s organization as a potential
manufacturer. Only after this approval has been obtained, the second stage is
undertaken, namely, to approve the nanomaterials and their components.

2) Approval of designer: It involves identification and ratification of material
designer. The designer must be equipped with latest technologies to design,
evaluate, and qualify the design. The designer and the designing agency
should be aware of latest technologies and material manufacturing method
ologies and intricacies of component design and production. In the subse
quent process of nanocomponent production, the designer is principally
responsible for any changes in material selection, material processing, and
component manufacturing methodologies.

3) Approval of nanomaterials: In the first instance the supplier provides general
data to indicate competence in making a particular nanomaterial or compo
nent, together with a declared procedure/process from start to finish. This is
followed by several evaluation stages. For any class A (i.e., primary and pre
mium quality) metallic component, there are three distinct stages of evalua
tion for ensuring consistent behavior in service [49]. A note of caution here
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is that the nanomaterial-based wind energy components may not get catego
rized as class A. But general engineering specifications are indeed available
whichever the class these components are categorized. Then, the procedure
to approve primary nanomaterials, in this case the nanopowder, involves the
qualification in terms of chemical composition and physical properties,
namely, powder particle shape, median particle size, apparent density, and
flow rate.

14.5.2

Certification of Nanomaterial Processing

All processing steps have to be studied in detail, the effects of various processing
parameters are to be established, and finally an optimized process for both basic
nanopowder(s) and their conversion into primary products through optimized
processes are to be established and approved. Such approved processing will
then be recorded as process flowchart, whose details have to be discussed and
ratified through Local Type Certification Committee (LTCC). Once the process
flowchart is finalized, the entire processing methodology of the materials and the
components (the component approval will be discussed later) is sealed. Any
modifications or changes should be approved after due deliberations by the
LTCC.
Approval of nanomaterial processing: The processing in this case might

involve (a) ball milling (powder-to-ball ratio, ball diameter, weight of each ball,
time and temperature of ball milling); (b) mixing of powders (uniform mixing of
the powders to achieve required green strength and lubrication characteristics);
(c) powder compaction (hydraulic press details, condition of the die, die mate
rial, and size; compaction parameters, namely, pressing load, time to reach maxi
mum pressure, and dwell time); (d) sintering (type of furnace, number of zones
and temperature and time schedules to be followed, sintering temperature, time
and atmosphere, dew point, and purity of H2); and (e) machining, grinding, and
finishing (parameters of grinding, namely, speed of the wheel, feed rate, and
coolant).

14.5.3

Certification of Nanostructured Components

The component certification requires full-scale structural/product/component
tests after elaborate testing of the basic materials and various subcomponents.
Ground, simulated, and in-service testing of the components qualify the prod
ucts in terms of (a) microstructural features (as evaluated by SEM & TEM);
(b) freedom from defects (as evaluated by DT & NDT techniques); (c) perform
ance within prior agreed permissible distortion levels; (d) qualifying the basic
physical properties, namely, density, modulus, thermal conductivity, and
coefficient of thermal expansion; (e) qualifying basic mechanical properties,
namely, hardness, compressive strength, static and dynamic tensile strength, and
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fatigue (HCF and notch fatigue under constant amplitude and spectrum loading
conditions); (f) fracture toughness and damage tolerance (fatigue crack growth)
properties; and (g) special properties for wind energy applications, namely, aero
dynamic properties (CFD-based force cycle testing and life fulfillment under
flight simulated conditions), aeroacoustic properties performance within permis
sible limits of acoustic/sound generation and noise levels, and aeroelastic proper
ties (both experimental and simulated data for aerofoils, blades, and wind
turbine components).

The process flowcharts are then finalized and production is regularized
through the issuance of minimum three provisional clearances for three consec
utive batches of production (see step two of certification methodology [64],
given in Figure 14.8), a type approval (TA) is accorded and issued to the manu
facturer. Any further production of the materials/components by this manufac
turer is done under the association of certification and more so by the quality
assurance agencies by strictly following the type record, based on which the TA
is given.

14.6
Conclusion and Outlook

This chapter has reviewed the various property requirements for materials to be
used for wind energy applications in reference to aeroelastic, aerodynamic, and
aeroacoustic properties. This is followed by a discussion on various conventional
and advanced materials with potential applications in wind energy. In addition to
conventional steels, polymer–CNT-based advanced composites have attracted
wider attention in the material community for such emerging applications.

As mentioned in this chapter, extensive research on the nanoceramics and
nanoceramic composites has provided an insight into the property modulation
by careful selection of the processing techniques and parameters, with concomi
tant control of the microstructures and compositional design. It is important to
reiterate here that the agglomeration of nanoscale powders and considerable
grain growth via conventional sintering often cause problems in maintaining
nanocrystalline grains. Various techniques are also being developed for minimiz
ing the problem of powder agglomeration and contamination. The production of
nonagglomerated nanosized powders is now feasible at commercial level (Nano
phase Technologies, Tosoh). Some of the advanced processing techniques, in
particular “activated sintering techniques,” have been successful in developing
bulk ceramic nanomaterials. Among them, SPS has been a major success. With
high heating rate, lower sintering temperatures, and short holding times, SPS
can restrict grain growth in laboratory-scale synthesis of bulk nanoceramics. It
remains an intriguing issue whether processing of larger components can suffer
from densification gradient. With better understanding of the underlying densifi
cation mechanisms of SPS, it would be possible to closely tune the SPS
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parameters to develop dense nanostructured materials in a large number of
ceramic systems.

Also, the reduction of microstructural scale can result in an enhancement in
hardness and strength. However, it is intriguing the extent to which such incre
ment is possible for ceramics characterized by the finest possible grain sizes
(<20 nm). It has also been observed that below a critical grain size, softening
takes place.

An important drawback however appears to be the inability to enhance frac
ture toughness to a satisfactory level with grain refinement in single-phase
ceramic materials. The possibility of fracture toughness improvement can be
pursued by incorporation of tougher reinforcements, piezoelectric/ferroelectric
nanoparticles. One notable advantage is that the incorporation of considerable
amount of softer phase for toughening is possible without compromising the
hardness to any considerable amount. Also, the theoretical studies concerning
the mechanical behavior of nanoceramic composites were validated on a limited
number of ceramic systems such as Al2O3–SiC [57] and Si3N4–SiC [28].

A proposed methodology for type certification, leading to nanomaterial quali
fication, process approvals and finally the product/component qualification are
also presented in detail. One has to note that such procedures are mandatory for
highly critical applications, such as aerospace applications; adoption of such pro
cedures brings in a high degree of product performance consistency and also
aids in ensuring the highest quality. This strategy should be tempered with cau
tion for the simple reason that the procedures involved are quite elaborate and
often make the production marginally more expensive.

At the closure, the major issues related to the development of nanoceramics
and nanoceramic composites together with the type certification are summa
rized in Figure 14.9. The major processing-related challenges include the synthe
sis of nonagglomerated nanosized ceramic powders as well as adopting
appropriate densification route to inhibit grain growth at the final stage of sinter
ing. Concerning the mechanical properties, while better hardness and strength
can be achieved, the enhancement of fracture toughness is to be pursued in
many technologically important nanoceramic/nanocomposites of relevance for
wind energy applications.

Finally, it needs to be emphasized that future material development should
be guided by the need to develop lightweight composites, preferably nano
structured, with a combination of high elastic modulus, fatigue strength, and
fracture toughness property in the desired window. This window for property
combination varies depending on the power generation requirement for spe
cific applications. Although polymeric materials are ideally suitable from the
perspective of rotor blade to be lightweight, the enhancement of material
property to the desired window, as highlighted in this chapter, remains a
major challenge to be addressed further in future. Also, lightweight ceramics
with better strength properties need to be evaluated for futuristic wind energy
applications.
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Figure 14.9 Schematic illustrating the major issues with the development of nanostructured
ceramics, together with the other aspects related to certification [28].
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1.1
Standards and Standardization

Standards and standards development activities are of increasingly significant
interest as these and associated products directly impact trade, technology, inno
vation, and hence competitiveness. A 1999 OECD (Organization for Economic
Cooperation and Development) report on Regulatory Reform and International
Standardization1) cites a study that estimated that 80% of trade (estimated to be
about $4 trillion annually, at the time of the study) could be affected by stan
dards or associated technical regulations. Given the growth in trade and number
of countries that have joined the global trading system since this report
appeared, it is clear that the impact of standards and their use as technical regu
lations have likely grown dramatically, and impacts trillions of dollars annually.

Standards have also national and local positive impacts, and multiple studies point
to the benefits accruing from the development and use of standards and standard
ized approaches. An effort by the International Organization for Standardization
(ISO) to compile studies on the economic benefits of standardization2) included
studies that showed in the United Kingdom standards made an annual contribution
of GBP 2.5 billion to the economy, and 13% of the growth in labor productivity was
attributed to standards. More locally, companies that participate in and use stan
dards reap direct benefits from standards. The benefits span a broad spectrum of
technologies and organizations and can range from large multinational companies
with tens of thousands of employees to small enterprises with 10 to 20 employees.

1) TD/TC/WP(98)36/FINAL OECD Working Party of the Trade Committee Report on Regulatory
Reform and International Standardization, January 1999, http://www.oecd.org/tad/benefitlib/
1955309.pdf.

2) ISO Standards: What’s the Bottom Line, 2012, http://www.standardsinfo.net/info/benefits/benefits
.html.

Metrology and Standardization for Nanotechnology: Protocols and Industrial Innovations, First Edition.
Edited by Elisabeth Mansfield, Debra L. Kaiser, Daisuke Fujita, and Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Standards play a critical role as they represent an agreed-upon approach, and also
form the lingua franca that enables clear and precise communication of intent and
expectation. Applying this common language in communication and in processes
provides predictability in performance and enables interoperability. Standards also
reflect consensus among experts and often embody the state of the art in technol
ogy. Thus, standards can help achieve public policy objectives such as consideration
of health and safety consideration of materials or products, enable technology inno
vation by providing common platforms upon which competitors and product
developers can provide further value-added products and services, and enable inter
operability by defining where and how interoperability is needed and desired.

All these directly benefit consumers and users through better products,
improved performance, and reduced costs. Evidence of these benefits of standard
ization is seen in products as mundane as motor oil used to lubricate automotive
engines, safety glasses and ladders used by tinkerers and home improvement pro
fessionals, and smartphones used by just about everyone. Smartphones represent
a rather remarkable story of the success of standardization as they have evolved
from large brick-sized (and just as heavy) contraptions capable of making
scratchy phone calls that could last only a few minutes to amazingly complex
handheld computers with remarkable computing power that have completely
transformed every facet of our lives and all in about two decades.

1.2
Nanotechnology Standardization

Standards development in support of nanotechnology has now been underway in
a range of international, regional, and national organizations for over 10 years.
For a relatively recent activity, the progress made in these organizations is note
worthy. Standards development activities involve the development of documen
tary standards, measurement protocols, test specifications, and reference
materials. Prior to examining the trajectory of nanotechnology standardization,
it is important to understand some of the broader trends relating to technology
standardization as that can provide some additional context to understand and
appreciate nanotechnology standardization.

1.2.1
Technology Standardization

Technology standardization has been underway as an organized activity for cen
turies. Examples of early technology standardization are seen in guilds and simi
lar collectives in Europe, where the guilds established common practices for
measurements and tools among guild members.3) Examples of common

3) Ruth A. Johnson in All Things Medieval: An Encyclopedia of the Medieval World, vol. 2, pp.
734–735.
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measures and tools used to ensure equity in trade are seen in many museums in
cities around Europe. Modern day standardization, as we know it, can be consid
ered to have started more than a 100 years ago with the formation of formal
groups to help develop common solutions to problems confronting technology
deployment. An example of such a formally government-driven and govern
ment-organized activity was the convention in 1865 that established the prede
cessor to today’s International Telecommunications Union to address challenges
posed in exchange of telegraph traffic and associated tariffs. Another example of
stakeholders organizing themselves into groups to address problems of engineer
ing, production procurement through standards was the establishment of the
International Association for Testing Materials, which organized working groups
to discuss testing methods for iron, steel, and other materials supporting the
railroad industry in the United States.4) This group paved the way for the forma
tion of the American Section of the International Association for Testing Mate
rials in 1898, which is the predecessor to today’s ASTM International.

Today, technology standards development is underway in many organizations
that develop standards and specifications using models that are responsive to the
needs of their members or the unique characteristics of the industries that sup
port the standards development. The strong interest in technology-related stan
dardization is driven in large part by an expanded awareness and understanding
of the strategic value of standardization. Increased participation in standards
development by countries that have not been traditional leaders or major con
tributors to standards is changing the landscape of standards development in
many bodies. Many emerging economies are looking to both lead and actively
participate in the development of international standards, by suggesting new
ideas for standardization, bringing forward technologies for standardization, and
actively supporting the participation of their experts in the development of tech
nology standards. This increased participation is ensuring that standards have
greater global relevance and applicability, but in some instances it is also leading
to tensions in standards development in light of varying cultural differences and
expectations.

Development of Standards for Nanotechnology

Nanotechnology standardization is being driven by a combination of factors that
create a push–pull dynamic. As nanotechnology and nanomaterials are increas
ingly being used in commercial applications, nanotechnology-related standard
ization is helping by developing common vocabularies and terminologies and by
providing standardized testing techniques that can inform important decisions
about potential risks relating to these materials. Simultaneously, developments
in applying measurement existing techniques to assess materials and properties

4) ASTM 1898–1998: A Century of Progress, http://www1.astm.org/IMAGES03/
Century_of_Progress.pdf.
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in the nanoscale range, and the advent of new techniques for measurement, are
also informing the development of standards for nanotechnology and
nanomaterials.

Though standards development activities in the size range considered to be
nanoscale have been underway for many years, standardization specifically for
the purpose of elucidating properties of nanomaterials and for enabling nano
technology can be considered to have started in the early 2000s. This timing also
tracks the development of many national initiatives focusing on nanotechnology
such as the National Nanotechnology Initiative (NNI) in the United States,
which was established in 2000. Two efforts in the development of international
standards for nanotechnology and nanomaterials were initiated in 2005. ISO
established Technical Committee (TC) 229, or ISO TC229, on nanotechnologies
with initial efforts focused on developing standards for terminology and nomen
clature, metrology and instrumentation, and environmental, health, and safety
(EHS) practices.5) ISO TC229 later expanded its scope of activities to develop
standards for material specifications relating to nanomaterials. ASTM Interna
tional’s Committee E56’s initial efforts focused largely on standards both for
physical, chemical, and toxicological measurements and for safe handling of
nanomaterials.6) Later, E56 broadened its efforts to include common file format
ting of nanomaterial data and education and workforce training for nano
technology. In early 2007, the International Electrotechnical Commission (IEC)
established Technical Committee 113 to develop standards for “technologies rel
evant to electronic products and systems in the field of nanotechnology.”7) IEC
TC113’s initial scope of work included standardization for components and
intermediate assemblies made of nanoscale materials, their properties and func
tionalities, final products that used these components, and standardization in
various fields of activities that would see applications of nanotechnology.8) Rec
ognizing the commonality in scope and potential for overlap in work in develop
ing standards for terminology and nomenclature and standards for measurement
and characterization, ISO TC229 and IEC TC113 established joint working
groups for standardization in these two areas.

The framework of international standards development work established by
these technical committees has provided an excellent start in addressing many
questions relating to a common and agreed-upon vocabulary for nanotechnology
and its applications, metrology and characterization, important EHS-related
questions, and materials and device characterization. Some of these standards
are now being considered for use by regulators, and some are already being ref
erenced in rules, proposed rules, or other guidance supporting the implementa
tion or regulations, such as those in the European Commission’s

5) http://www.iso.org/iso/iso_technical_committee?commid=381983.
6) http://www.astm.org/COMMITTEE/E56.htm.
7) IEC Dashboard, IEC TC113: Nanotechnology Standardization for Electrical and Electronic Products

and Systems, http://www.iec.ch/dyn/www/f?p=103:7:0::::FSP_ORG_ID,FSP_LANG_ID:1315,25.
8) Ibid.

http://www.iso.org/iso/iso_technical_committee?commid=381983
http://www.astm.org/COMMITTEE/E56.htm
http://www.iec.ch/dyn/www/f?p=103:7:0::::FSP_ORG_ID,FSP_LANG_ID:1315,25
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Recommendation on the Definition of Nanomaterial, 9) the Environmental Pro
tection Agency’s Proposed Rule on reporting and record keeping requirements
for chemical substances when manufactured or processed using nanoscale mate
rials10), or as part of the Food and Drug Administration’s Recognized Consensus
Standards Program11) and industry.12)

Nanotechnology standards development work in ASTM International13) E56
has resulted in 15 standards including test methods for physical and chemical
characterization of nanomaterials and in support of EHS aspects of nano
technology. Recent efforts have led to the establishment of work to address ques
tions arising from the increased commercial availability of nanoenabled
consumer products and the publication of standard guides and practices for
workforce education. This work is unique in that it addresses an important need
for worker training and credentialing.

Standards development activities in ISO TC229 are informed by experts from
36 participating countries and have resulted in nearly 50 products, including
standards, technical specifications, and technical reports (as of June 2016).14)

These products cover standards for terminology, nomenclature, measurement,
characterization, metrology, EHS aspects, and material and product specifica
tions. In addition, work in ISO TC229 has also focused on how consumer, socie
tal, and sustainability aspects could be considered in the development of
nanotechnology standards, given the confidence that nanotechnology can help
in solutions to address many societal and sustainability challenges. Recently, the
group has also been exploring possible standardization opportunities that may
lie at the intersection of nanotechnology and biological systems.

IEC TC113 standardization work leverages expertise from 14 participating
countries and includes 13 specifications, standards, and technical reports that
cover test methods for measurement and characterization of electrical and elec
tronic properties of various nano-objects and specifications to assist in different
aspects of nanomanufacturing.15) These do not include terminology- and vocabu
lary-related standards that are developed in the joint working groups led by ISO
TC229.

Governments have actively supported the development of international stan
dards for nanotechnology. In the United States, the President’s Council of

9) Commission Recommendation of 18 October 2011 on the definition of nanomaterial (2011/696/
EU), Official Journal of the European Union, October 20, 2011 (http://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:EN:PDF).

10) EPA Proposed Rule on Chemical Substances When Manufactured or Processed as Nanoscale
Materials: TSCA Reporting and Recordkeeping Requirements, April 6, 2015, Regulations.gov
Docket ID: EPA-HQ-OPPT-2010-0572-0001, www.regulations.gov/#!documentDetail;D=EPA
HQ-OPPT-2010-0572-0001.

11) https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfstandards/Search.cfm.
12) Nano’s Big Future, ISO Focus, 110, May–June 2015.
13) http://www.astm.org/COMMIT/SUBCOMMIT/E56.htm.
14) http://www.iso.org/iso/home/store/catalogue_tc/catalogue_tc_browse.htm?

commid=381983&published=on&includesc=true.
15) IEC TC113 standards and publications, http://www.iec.ch/dyn/www/f?p=103:22:0::::

FSP_ORG_ID,FSP_LANG_ID:1315,25.

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:EN:PDF
http://www.regulations.gov/#!documentDetail;D=EPA�HQ-OPPT-2010-0572-0001
http://www.regulations.gov/#!documentDetail;D=EPA�HQ-OPPT-2010-0572-0001
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfstandards/Search.cfm
http://www.astm.org/COMMIT/SUBCOMMIT/E56.htm
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_tc_browse.htm?commid=381983&published=on&includesc=true
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_tc_browse.htm?commid=381983&published=on&includesc=true
http://www.iec.ch/dyn/www/f?p=103:22:0::::FSP_ORG_ID,FSP_LANG_ID:1315,25
http://www.iec.ch/dyn/www/f?p=103:22:0::::FSP_ORG_ID,FSP_LANG_ID:1315,25
http://Regulations.gov
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Advisors on Science and Technology (PCAST) in their most recent (fifth) assess
ment of the National Nanotechnology Initiative called for continuing US federal
agency participation in the development of international standards, particularly
relating to EHS, as a necessary element for supporting the commercialization of
nanotechnology.16) Similar sentiments acknowledging the important role of inter
national standards and international engagement in the development of mea
surement tools and solutions were expressed in previous PCAST assessments of
the NNI. The fourth PCAST assessment of the NNI (2012) recommended iden
tifying an individual who could coordinate US federal agency efforts relating to
nanotechnology standards development.17)

The European Commission, through two standardization mandates to the
European Standards Organizations (ESOs), has expressed its belief about the
importance of standards to meet the Commission’s objectives with regard to
nanotechnology. The Commission first articulated its approach relating to nano
technology in 2004 in COM (2004) 338 “Towards a European Strategy for Nano
technology” and the related strategy document “Nanosciences and
Nanotechnologies: An Action Plan for Europe 2005–2009.” To support the
objectives laid out in these policy documents, the Commission issued Standard
ization Mandate M/40918) in 2007 charging the ESOs to undertake a landscape
scan of existing nanotechnology-related standards activities, identify the need
for new standards, identify other standards-related deliverables, and identify suit
able stakeholders who could contribute to the development of such standards. In
2010, the European Commission issued the second nanotechnology-related stan
dardization mandate M/461 that requested the ESOs to develop specific stan
dards “as regards measurement and testing tools for the characterization,
behavior of nanomaterials and exposure . . .”19)

1.2.3
Nanotechnology Standards Development in Europe

Nanotechnology-related standardization in Europe is actively underway in a
hybrid model. National standards bodies in many European countries have orga
nized national committees for nanotechnology standardization. Many of these
national technical committees also act as mirror committees that represent their

16) Report to the President and Congress of the Fifth Assessment of the National Nanotechnology
Initiative, Executive Office of the President’s Council of Advisors on Science and Technology,
October 2014 (https://www.whitehouse.gov/sites/default/files/microsites/ostp/PCAST/pcast_
fifth_nni_review_oct2014_final.pdf).

17) Report to the President and Congress of the Fourth Assessment of the National Nanotechnology
Initiative, Executive Office of the President’s Council of Advisors on Science and Technology,
October 2012 (http://www.nano.gov/sites/default/files/pub_resource/pcast_2012_nanotechnology_
final.pdf).

18) M/409 Mandate Addressed to CEN, CENELEC and ETSI for the Elaboration of a Programme of
Standards to Take into Account the Specific Properties of Nanotechnology and Nanomaterials.

19) M/461 Mandate Addressed to CEN, CENELEC AND ETSI for Standardization Activities Regard
ing Nanotechnologies and Nanomaterials, Feb. 2010.

https://www.whitehouse.gov/sites/default/files/microsites/ostp/PCAST/pcast_fifth_nni_review_oct2014_final.pdf
https://www.whitehouse.gov/sites/default/files/microsites/ostp/PCAST/pcast_fifth_nni_review_oct2014_final.pdf
http://www.nano.gov/sites/default/files/pub_resource/pcast_2012_nanotechnology_final.pdf
http://www.nano.gov/sites/default/files/pub_resource/pcast_2012_nanotechnology_final.pdf
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nation’s expertise in the standards development work in the development of
international standards such as in ISO and IEC, and in regional standards such
as those developed in the European Committee for Standardization, CEN. In
addition, these technical committees also develop standards and specifications
to address national needs. Examples of such activities include a range of Publicly
Available Specifications (PAS) from the British Standards Institute.20) Simulta
neously, work is underway in CEN, the lead organization among the ESOs, for
standards development work relating to nanotechnology. CEN established Tech
nical Committee 352 in 2006. Similar to the organization of work in ISO TC229,
CEN TC352 has a working group each for measurement, characterization, and
performance evaluation and for EHS aspects. In addition, CEN TC352 also has a
working group to consider commercial and other stakeholder aspects. Due to
the established working relationship between ISO and CEN and the ability of
national bodies to adopt ISO (or IEC) standards as national standards, many of
the standards developed in ISO TC229 have been adopted as European stan
dards21) through CEN processes for regional adoption of standards. In addition,
CEN/TC352 also has standards activities underway that are independent of the
standardization activities in ISO TC229 and represent regional interest of the
stakeholders.

Working with the Organization for Economic Cooperation and Development

Another international organization that is playing an important role in develop
ing protocols and specifications for measurement and characterization of nano
materials is the Organization for Economic Cooperation and Development’s
Working Party on Manufactured Nanomaterials (OECD WPMN).22) The work of
this group has focused on addressing questions about the safety of manufactured
nanomaterials. Though OECD is not a standards developing organization, this
OECD group works in collaboration with ISO TC229 and other standards, regu
latory, and industry bodies in developing its guidance documents and specifica
tions. Of particular note has been the collaboration between the OECD WPMN
and the ISO TC229’s Joint Working Group on Measurement and Characteriza
tion (JWG2) to accelerate the development of test protocols that are suitable for
characterization of specific parameters (endpoints) for 13 manufactured nano
materials that were identified by OECD WPMN as initial materials of interest.
The list contains materials that are either already in mainstream commerce or
are expected to be in wide-scale commercial use soon. Parameters of interest
include chemical composition, aggregation/agglomeration, particle size distribu
tion, crystalline phase, dustiness, specific surface area, water solubility/

20) http://shop.bsigroup.com/en/Browse-by-Subject/Nanotechnology/.
21) CEN/TC352: Nanotechnologies, published standards list at http://standards.cen.eu/dyn/www/f?

p=204:32:0::::FSP_ORG_ID,FSP_LANG_ID:508478,25&cs=
18E152154F73BA190A16C4D279047F5FD.

22) http://www.oecd.org/science/nanosafety/.

http://shop.bsigroup.com/en/Browse-by-Subject/Nanotechnology/
http://standards.cen.eu/dyn/www/f?p=204:32:0::::FSP_ORG_ID,FSP_LANG_ID:508478,25&cs=18E152154F73BA190A16C4D279047F5FD
http://standards.cen.eu/dyn/www/f?p=204:32:0::::FSP_ORG_ID,FSP_LANG_ID:508478,25&cs=18E152154F73BA190A16C4D279047F5FD
http://standards.cen.eu/dyn/www/f?p=204:32:0::::FSP_ORG_ID,FSP_LANG_ID:508478,25&cs=18E152154F73BA190A16C4D279047F5FD
http://www.oecd.org/science/nanosafety/
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dispersability, zeta potential, photocatalytic activity, porosity, redox potential,
radical formation potential, crystallite size, and surface chemistry. A report pub
lished in early 2016 discusses the techniques used to determine the above prop
erties for the materials of interest.23) Other publications from the group that
touch upon nanomaterials can be found at the publication’s site for the series on
the Safety of Manufactured Nanomaterials.24)

1.3
Nanomaterial Standardization

While the discussion so far has focused on documentary standards development
activities, it is also important to note work underway relating to the development
of physical standards that are very well characterized and commercially available
to help users benchmark their measurement or material characterization pro
cesses, calibrate equipment, or help establish metrological traceability to a pri
mary standard, such as a primary unit of measurement (SI unit). These
materials, generally referred to as reference materials or certified reference mate
rials, are produced typically by national measurement institutes (or national
metrology institutes) and are made available with detailed information such as
how the material was characterized, the characterized values and the associated
uncertainty of those values, instructions for storage and use, and a time frame
during which the stated values would be considered reliable.

The National Institute of Standards and Technology (NIST) in the United
States has developed (certified) reference materials (trademarked by NIST as
(Standard) Reference Materials, RM or SRM) with values specified for specific
surface area (titanium dioxide),25) mass fraction of various elements encountered
in the analyses of carbon nanotubes,26) and physical/dimensional characterization
of nanoparticles (10, 30, and 60 nm gold nanoparticles27) and 2 nm Si nanopar
ticles28)). In addition, NIST experts have also developed reference materials that
provide a common set of single-wall carbon nanotube dispersions of varying
aspect ratios and purity29) to help with measurement comparisons. The NIST
portfolio of reference materials also includes polyvinlylpyrrolidone-coated silver
nanoparticles30) that can be used as a benchmarking and investigative tool in the

23) OECD Environment Directorate Report “Physical-Chemical Properties of Nanomaterials: Evalua
tion of Methods Applied in the OECD-WPMN Testing Programme, ENV/JM/MONO(2017)7,
Feb. 2016 (http://www.oecd.org/officialdocuments/displaydocument/?cote=env/jm/mono(2016)
7&doclanguage=en).

24) http://www.oecd.org/env/ehs/nanosafety/publications-series-on-safety-of-manufactured
nanomaterials.htm.

25) SRM 1898 https://www-s.nist.gov/srmors/view_detail.cfm?srm=1898.
26) SRM 2483 https://www-s.nist.gov/srmors/view_detail.cfm?srm=2483.
27) RMs 8011, 8012 and 8013 https://www-s.nist.gov/srmors/view_detail.cfm?srm=8011.
28) RM 8027 https://www-s.nist.gov/srmors/view_detail.cfm?srm=8027.
29) RM 8017 https://www-s.nist.gov/srmors/view_detail.cfm?srm=8017.
30) RM 8281 https://www-s.nist.gov/srmors/view_detail.cfm?srm=8281.

http://www.oecd.org/officialdocuments/displaydocument/?cote=env/jm/mono(2016)7&doclanguage=en
http://www.oecd.org/officialdocuments/displaydocument/?cote=env/jm/mono(2016)7&doclanguage=en
http://www.oecd.org/env/ehs/nanosafety/publications-series-on-safety-of-manufactured-nanomaterials.htm
http://www.oecd.org/env/ehs/nanosafety/publications-series-on-safety-of-manufactured-nanomaterials.htm
https://www-s.nist.gov/srmors/view_detail.cfm?srm=1898
https://www-s.nist.gov/srmors/view_detail.cfm?srm=2483
https://www-s.nist.gov/srmors/view_detail.cfm?srm=8017
https://www-s.nist.gov/srmors/view_detail.cfm?srm=8027
https://www-s.nist.gov/srmors/view_detail.cfm?srm=8017
https://www-s.nist.gov/srmors/view_detail.cfm?srm=8281
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evaluation of potential EHS risks that may be associated with manufactured
nanomaterials during their product life cycle.

Germany’s Bundesanstalt fur Materialforschung und –prüfung ((BAM) Fed
eral Institute for Materials Research and Testing) has created a range of “nano
scaled reference materials” available as certified reference materials, quality
control materials, and reference materials to support reliable characterization of
materials and material properties in the nanoscale. The attributes covered by
these materials include flatness, film thickness, step heights, lateral dimensions,
critical dimensions (e.g., pitch, surface topography, etc.), pore depth, particle size
(including standards to characterize contaminants on surfaces), crystal size, and
other attributes.31)

The development of these materials takes significant lead time and effort.
While these materials might be issued by one organization, the development of
these materials, including sourcing of the raw materials and validation of testing
methods, requires collaborations with many other organizations. Significant
effort is spent in developing a suitable sampling scheme to ensure all samples of
the material are statistically similar to each other and the values assigned to the
material would apply to any sample, within the limits of the associated
uncertainty.

1.4
Challenges

There are several challenges confronting nanotechnology standards develop
ment, despite the robust network of organizations that are helping develop
nanotechnology standards and a healthy body of standards-related activities.
While many of these challenges are similar to those encountered in the early
stages of standardization of any technology, there are other challenges that are
unique to nanotechnology standardization and are also magnified due to the
broad interest in nanotechnology, due to the large resource investment in these
technologies by both governments and private sector, and due to the initial
excitement about of the benefits of nanotechnology.

1.4.1

Data and Information Gaps

Technology standardization inherently depends on robust data and knowledge
that often represents, and is derived from, the state of science within that tech
nology. In well-established technology areas, there is an existing body of work
and commonly agreed-upon scientific practices and processes that help generate
data which in turn forms the basis for standardization work. Consequently, the

31) http://www.nano-refmat.bam.de/en/.

http://www.nano-refmat.bam.de/en/
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standards enable further uniformity in generating new data. This virtuous cycle
enables technology development and innovation in a somewhat incremental
manner.

One of the biggest hurdles confronting experts developing nanotechnology
standards is that much of the data and information needed for standards devel
opment such as for physical and chemical characterization, or for evaluating tox
icological effects, are still being developed. Further confounding the issue is that
there are a large number of material systems that are of both academic and com
mercial interests. While some material systems display similarities in properties
and lend themselves to classification, other material systems are remarkably dif
ferent and have to be dealt with separately. While teams around the world are
actively generating and contributing data, the validation of the data and confi
dence in the techniques used to generate this data form a critical step before the
data can be used for standardization.

The interplay between material systems and techniques is particularly vex
ing as measurement characterization techniques that have traditionally been
used at the macroscale often do not readily lend themselves for use with
nanomaterials and so may have to be modified. At present, new and derivative
techniques specific for use in the nanoscale are being developed. The valida
tion of these techniques through interlaboratory comparisons, application
across different material types and systems, and so on takes time, but it pro
vides the needed confidence in their use and in the data generated through
these techniques.

To counter the time lag issue, practitioners have also adopted the approach of
developing measurement protocols32) that are then put to use. Data and experi
ence generated over time from using these protocols help refine the protocols in
an iterative manner. These protocols can in turn be used to inform formal stan
dards development. A successful example of this approach is the set of measure
ment protocols developed by the National Institute of Health’s National Cancer
Institute Nanotechnology Characterization Lab.33) Recognizing the need to bal
ance timeliness in the development of standardized techniques with the need for
greater confidence in data and the measurement techniques, experts in ISO
TC229 have chosen to develop technical specifications and technique reports as
the first step toward developing international standards. This approach enables
experts to review the specifications in approximately 2–3 years and determine
aspects of the specifications that need to be updated, changed, eliminated, or
formalized. When formalized as international standards, these documents have
regular review cycles of 5 years, though they can be reviewed and updated by
experts sooner.

32) http://www.nist.gov/mml/nanoehs-protocols.cfm.
33) Assay Cascade Protocols, Frederick National Lab, Nanotechnology Characterization Laboratory,

National Cancer Institute, ncl.cancer.gov/working_assay-cascade.asp

http://www.nist.gov/mml/nanoehs-protocols.cfm
http://ncl.cancer.gov/working_assay-cascade.asp
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1.4.2

Competing Priorities

The promise of nanotechnology has raised significant expectations about the
benefits and also raised many questions about safety and conditions under which
exposure to nanomaterials might be hazardous. Nanomaterials and nano
technology are increasingly finding their way into commercially available prod
ucts. While efforts to quantify the use of nanotechnology and nanomaterials in
commerce, such as the Woodrow Wilson Center’s Nanotechnology Consumer
Product Inventory (which identifies over 1800 commercial products),34) indicate
varying numbers of consumer products that are nanoenabled or nanoenhanced,
depending upon the scope of the inventory and the methodology, there is no
doubt that nanoenabled and nanoenhanced products are being used widely. This
growth and associated questions of increased product performance or efficacy
due to the “nano” inside, or questions about the safety of these products, are add
ing pressure to develop more standards to address these questions. As there are
only a very limited number of organizations developing nanotechnology-related
standards, this demand is competing with standards for other purposes such as
property measurement or for definitions. The limited availability of expertise to
work on these diverse set of issues, particularly when these issues are in play in
either regulatory contexts or in litigation (or the potential for litigation), has set
the stage for competing priorities for nanotechnology standards development.

Some interesting challenges also arise due to the crosscutting nature of this
field, which is attracting experts not just from the traditional fields of science,
engineering and technology. Nanotechnology standards development efforts are
also benefiting from the expertise of practitioners in social sciences, economics,
law, international trade, and other nontechnical fields. This interplay of expertise
is creating a dynamic in which participants have different priorities for standards
development, envision the use of standards for sometimes very different pur
poses, and use different terms and lexicon to define similar concepts – or use
the same terms to mean very different things. Bridging these differences and cre
ating a cohesive group that can rapidly develop the needed standards and speci
fications requires a tremendous amount of time, effort, and resources, which are
often limited as most participants in consensus standards development are vol
unteering their time and expertise.

1.4.3

Knowledge of Standards Availability and Their Use

While the work underway in standards developing organizations has resulted in
a robust portfolio of important nanotechnology-related fundamental standards
and specifications, widespread knowledge about these standards, their scope,

34) Also see M. E. Vance, et al., “Nanotechnology in the real world: redeveloping the nanomaterial
consumer product inventory,” Beilstein J. Nanotechnol., 6 (2015): 1769–1780.
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and their applicability is limited, thereby limiting the impact of the standardiza
tion efforts. Though the organizations that develop these standards and the
national standards bodies in many countries have in place a range of tools to
raise awareness on the standards, these tools often do not reach target audiences
such as students, faculty, or other practitioners working in nanotechnology-
related fields. Databases that enable discovery of relevant standards, regulations,
guidelines, and so on, such as the American National Standards Institute’s
Nanotechnology Standards Panel Database35), help fill these knowledge gaps.
This database was established to enable standards developers or anyone with
knowledge of standards or associated relevant documents to enter information
into the database. Potential users of these standards and guidelines may in some
instances identify the cost of the standards as a barrier to access and use of these
standards. To address this issue, standards organizations have tried a range of
approaches to provide easier access to standards. The ISO Online Browsing Plat
form enables users to search for standards, terms, definitions, using a range of
search attributes, and then view parts of the document in question without hav
ing to necessarily purchase the entire standard. Organizations like ASTM Inter
national have subscription models that enable faculty and students to access
standards at greatly reduced prices, compared to regular purchasing models.

In discussions about increased utilization of nanotechnology standards, the
use of these standards by government to support regulation or procurement
activities is often cited as a possible driver for greater use of standards. While
their use for these activities will certainly generate greater awareness and interest
in nanotechnology standards, the use in support of regulations or procurements
is often limited because of the need to have a good match between the standards
or specification in question and the government’s needs. Existing international
agreements, such as the World Trade Organization’s Agreement on Technical
Barriers to Trade, and government policies in various nations, such as the
National Technology Transfer and Advancement Act in the United States and
the associated Office of Management and Budget (OMB) Circular A-119,36)

already require agencies to consider the use of international standards or other
consensus standards in view of government unique requirements.

1.5
Opportunities

As a field of standardization in technological areas that are cross-disciplinary,
have wide applicability, and are in their early stages, nanotechnology standards
and standardization offer many opportunities despite various challenges. These
challenges can be thought of as “growing pains.” As discussed in the previous

35) nanostandards.ansi.org/tiki-index.php.
36) https://www.whitehouse.gov/sites/default/files/omb/inforeg/revised_circular_a-119_as_of_1_22

.pdf.

https://www.whitehouse.gov/sites/default/files/omb/inforeg/revised_circular_a-119_as_of_1_22.pdf
https://www.whitehouse.gov/sites/default/files/omb/inforeg/revised_circular_a-119_as_of_1_22.pdf
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section, some of these challenges are not unique to nanotechnology and are
inherent to any new efforts in standardization. The investment of tremendous
resources from both public and private sectors in nanotechnology is supporting
a very diverse effort in nanotechnology research and development. This is gener
ating new data, insights, and applications for new materials and systems that are
already transforming our lives and finding applications in fields as diverse as
agriculture and telecommunications. The availability of relevant standards can
greatly accelerate further technology applications and development and also has
the potential for catalyzing other applications that are not even on the horizon.

Because of its cross-disciplinary and enabling nature, nanotechnology is
already drawing experts from both traditional scientific areas and other non
scientific areas. This collection of broad expertise provides a really unique
resource that can be leveraged to explore issues that extend beyond the purview
of any one discipline. As convergence of technologies and public policy-related
aspects become more of a norm than an exception, means to address differences
of opinions and the prioritization between the technical issues and the societal
implication issues are being tested in the current efforts and this will likely
inform similar questions in standardization efforts for other technologies. There
is also much opportunity to explore how technical standardization activities can
be informed by nontechnical implications and questions. Likewise, technology
experts and technical standards can also help address nontechnical questions,
providing input on whether solutions being considered are technologically feasi
ble and cost-effective or may have other intended or unintended consequences.

Summary

Though still in relatively early stages of development, nanotechnology standard
ization is off to a promising start. It is beginning to provide much needed solu
tions and tools to help address key considerations that will dictate further
development and deployment of nanotechnology and nanotechnology-/nanoma
terials-enabled applications. Significant resources will be needed to continue the
current efforts and the resource availability is also inherently tied to the quality
of nanotechnology standards being developed, their relevance in the marketplace
and their uptake and use by the broader community. Meeting these needs
requires a concerted effort by the community at large to pitch in and contribute
to the development of nanotechnology standards – through direct participation
in the development of standards, by generating data/results that in turn inform
the development of standards, or by using the standards and providing feedback
to those involved in the development of standards about what works and what
does not work.

Nanotechnology standards are already playing an important role in numerous
ways: bringing clarity in the usage of nanotechnology-related terms through
agreed-upon definitions; enabling consistency in characterization of materials
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and systems through metrology- and measurement-related standards; addressing
important EHS-related questions through standards that help understand, char
acterize, and articulate interactions between nanomaterials and other systems;
and improving workplace and worker safety. Finally, standards facilitate trade
and commerce by streamlining and minimizing ambiguity in business-to-busi
ness communications. As commercialization of nanotechnology-related products
grows, future standards will also address many other aspects of nanomaterials
and nanotechnology specifications and applications.
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