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INTRODUCTION

The motto “citius, altius, fortius” (Latin
for “faster, higher, stronger”) is known
worldwide in the context of the Olympic
Games and could also be viewed — with
the inevitable addition of “cheaper” — as
the catch-cry of the structural materi-
als industry throughout the nineteenth
and twentieth centuries. Steel, concrete,
wood, structural ceramics, glass, non-
ferrous metals, and a wide range of com-
posites underpin the entirety of mod-
ern society. Taller and more ambitious
structures placed in more extreme ser-
vice environments demand materials with
higher performance: strength, durabil-
ity, and scope for repair and retro-
fitting in challenging environments. Rapid
construction not only influences costs
related to performance but also demands
improved materials and manufacturing.
The U.S. Materials Genome Initiative
Strategic Plan lists “Lightweight and Struc-
tural Materials” to be of primary impor-
tance across sectors: national security,
human health and welfare, clean energy
systems, and infrastructure, and consumer
goods (National Science and Technol-
ogy Council Committee on Technology,
2014).

The goal of sustainability was added
to the core ambitions of the structural
materials industry around the beginning
of the twenty-first century, as environmen-
tal footprints and resource depletion were
better understood. As recently as 1999,
the U.S. National Academy of Engineer-
ing published a report entitled “Struc-
tural Materials: Challenges and Opportuni-
ties” (Starke and Williams, 1999) without
mentioning sustainability; from this point,
we can observe a rapid shift in empha-
sis toward sustainable development objec-
tives in less than two decades, where it
would now be unthinkable to omit this
aspect from a discussion of challenges in

the science and engineering of structural
materials.

Today, we are facing scientific and tech-
nological challenges linked to provision
of durable and reliable infrastructure to
the billions worldwide who live without
appropriate housing, energy, and/or san-
itation. Solutions here will not necessar-
ily involve advanced structural materials
as such, but will be related to optimizing
structural characteristics and durability at
low financial and environmental costs. This
requires creativity to rely on locally avail-
able resources, which means that we should
not always count on one-size-fits-all solu-
tions. Modern materials design thus goes
far beyond pure technical performance. To
“do more with less” has given additional
impetus to research on materials recycling,
reuse, and substitution, including in the
improvement of material durability.

The above goals can only be achieved
through a thorough scientific approach to
materials design that also exploits recent
advances in high-throughput, combina-
torial and computational methodologies
in manufacturing, analytical and data-
processing facilities. The result is that we
are able to precisely specify almost all mate-
rial characteristics for any given applica-
tion.

The present article offers a summary of
the key areas of research and challenges
facing structural materials researchers with
particular focus on areas with major
advances to be made. This discussion is by
no means exhaustive as the topic merits
analysis in far more depth than is pos-
sible within the context of an overview
article.

BOTTOM-UP DESIGN OF MATERIALS
FOR IMPROVED PROPERTIES

The most dramatic innovations in new
materials development are now being
seen at the interfaces between apparently

distinct fields of science, which are areas
ripe for innovation. Such new mate-
rials are increasingly being designed,
rather than just discovered. The develop-
ment of metallic glasses with extremely
high damage tolerance (Demetriou et al.,
2011) or biomimetic structures engineered
to produce composites with enhanced
mechanical properties (Fratzl, 2007) pro-
vide excellent examples. The achieve-
ment of further innovations and improve-
ments in material properties and per-
formance will increasingly require a
bottom-up design process that tailors
properties at a chemical, a nanos-
tructural, and a microstructural level.
Thus, greater crosstalk is needed between
the theoretical and practical aspects
of the field of structural materials
science.

The goals stated by the U.S. Materi-
als Genome Initiative include the ambi-
tion to quantitatively predict the corro-
sion behavior of any metal alloy, and to
describe the processes of polymer curing
and structural damage to polymer com-
posites (National Science and Technology
Council Committee on Technology, 2014).
Multiscale modeling is necessarily central
to the description of such processes (Niem-
inen, 2002). In this context, there is an
emerging demand, and an ongoing chal-
lenge, for materials specialists to collabo-
rate with modelers to identify new “phys-
ical shortcuts” (Elliott, 2011), to overcome
the problematic computational load asso-
ciated with simulations on a realistic geo-
metric scale, or describing “rare” events in
dynamic simulations.

Processes of importance in concrete sci-
ence span around 10 orders of magni-
tude in both length and time scales —
nanometers to centimeters, picoseconds to
decades — and therefore it is far from
straightforward to link atomistic-level
properties to macroscopically observable
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ones (Jennings and Bullard, 2011). For
example, we face a debate among the
best existing models to explain the fac-
tors underlying the microstructural evo-
lution of cement paste within the first
48" after mixing (Thomas et al., 2011).
It is a question that will certainly require
major advances in the available theoret-
ical approaches, as well as in improve-
ment of the in situ and ex situ character-
ization methods to provide the data for
model validation. This is not to say that the
problem is intractable, but caution is cer-
tainly needed when using molecular-scale
simulations to directly predict the macro-
scopic properties of a material, which is
heterogeneous on every length scale, with-
outalso considering mesoscale interactions
and influences.

A recent Grand Challenge article in
another section of this journal provides an
excellent overview of glass science (Mauro,
2014) to enable the full potential of glass
as a structural and functional material.
Focused research efforts, such as the Usable
Glass Strength Coalition (Mattos, 2012),
provide a framework for industry and
academia to collaborate to identify and
solve key problems in glass science, link-
ing research to an end application. Industry
may play a central role in inspiring cutting-
edge basic research through provision of
insight and facilities that allow academics
to genuinely ask the right questions for
future innovation.

SUSTAINABLE SUPPLY: SOURCING,

RECYCLING, AND DIVERSIFICATION

Design engineers have long dreamed
of implausible combinations of material
properties, and have described such mate-
rials as “unobtainium” since at least the
1950s (Becker, 1983). We also face signif-
icant practical availability constraints on a
number of key elements in modern mate-
rials engineering, which may arise due
to geopolitical reasons or simply because
global demand exceeds the available quan-
tity of a particular element (European
Commission, 2014). Among the materi-
als on the 2014 EU Critical Raw Mate-
rials list, magnesium/magnesite, niobium,
chromium, and tungsten are of interest
in the structural materials sphere. Their
substitution by other elements is signifi-
cantly limited based on the current per-
formance of their alternatives in their

main applications (Graedel et al., 2013).
Thus, the substitution of scarce or expen-
sive components in structural materials
without loss of essential performance is
a key area of research at present, and is
only likely to become more so in future
years.

Supply constraints are actually not lim-
ited to costly or geologically scarce ele-
ments; the concrete industries in US and
UK have in recent years experienced short-
ages of fly ash, a by-product of coal com-
bustion for electricity. As the processes
used for electricity generation change to
improve environmental sustainability by
low-NOy burners and a shift to bio-
mass combustion, the characteristics of by-
produced ashes are no longer ideal for use
in concretes.

Further demand for alternative cement-
ing systems is driven by the high envi-
ronmental footprint of Portland cement
itself, which contributes to around 8% of
the global anthropogenic CO, emissions.
This comes from its carbon-intensive pro-
duction from limestone precursors and
is due to its extremely high production
volumes, >3 billion tonnes per annum
worldwide (Olivier et al., 2012). Some
of these alternatives are based on the
substitution of Portland cement itself by
other materials (Juenger et al., 2011; Pro-
vis and Bernal, 2014), while others are
based on the exploitation of natural clay
mineral reserves calcined to enhance reac-
tivity (Scrivener, 2014). In the long-term,
a “toolkit” of various approaches will be
used in cement design and selection, and
the optimal solutions will differ between
applications and geographical locations,
depending on the local availability and
costs of raw materials (Provis, 2014).

In this context, many important ques-
tions are raised about the sustainability
characteristics of bulk structural materials.
For example, discussion is open regarding
the environmental merits of concrete vs.
timber in structural applications (Purnell,
2011; Sathre et al., 2012), where critical
issues in this debate relate to definitions
of functional units, system boundaries, and
attribution of emissions among co- and by-
products. Very different outcomes can be
reached from superficially similar life-cycle
analysis studies when scopes and attribu-
tions are defined in subtly different ways.
Lobby groups promoting specific classes

of materials, environmental scientists, pol-
icymakers, and economics experts together
play a fundamental role in decision-making
at both local and global levels, based
on analysis which must be fundamentally
rooted in local considerations.

The other key point related to the sus-
tainable use of materials is that one of
the pillars of sustainability is efficiency:
the avoidance of wastage. The recycling or
downcycling of off-cuts or scrap of tradi-
tional manufacturing, in particular, met-
als, textiles, and wood, introduces enor-
mous energy costs. The percentage of metal
machined or cut away and re-melted is
commonly around 50%, and can be as high
as 90% where the product geometry is com-
plex and its weight must be minimized
(Allwood and Cullen, 2012). In the case
of wood and many composites, the scrap
is not recyclable in this way and is gener-
ally recovered into lower-value products or
used as fuel.

The modern shift toward additive man-
ufacturing (Gibson et al., 2015) can poten-
tially reduce this degree of wastage. There
are various issues that still require intensive
research input for the process to be both
optimized and fully reliable in all circum-
stances in its use for materials including
metals, polymers, ceramics, cement, and
concrete.

MATERIALS FOR EXTREME SERVICE
ENVIRONMENTS, AND THE
IMPORTANCE OF DURABILITY IN
GENERAL

Several of the most extreme service envi-
ronments on Earth are found within oper-
ating nuclear reactors. For this reason,
intensive effort has been dedicated world-
wide to the development of materials,
which can withstand high operating tem-
peratures, high irradiation dose rates, and
contact with chemically aggressive fluids
such as molten metals and metal halides
(OECD Nuclear Energy Agency, 2013). As
older reactors continue to undergo service
extension programs (Naus, 2009), mate-
rial properties need to be investigated
under long-term irradiation, thermal and
mechanical loading. Extended service life
of a nuclear reactor component is imper-
ative because repairs are complex, diffi-
cult, and expensive and the consequences
of material failure can be dramatic. The
materials challenges associated with both
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structural components of advanced fission
reactor systems (OECD Nuclear Energy
Agency, 2013) and future fusion reactors
(Dufty, 2010) are further complicated by
the inability to replicate key service envi-
ronments in the laboratory; modeling and
simulation approaches have thus become
central to performance prediction.

Of course, the nuclear industry is far
from the only scenario in which chal-
lenging service environments are experi-
enced by structural materials. Cyclicloads —
mechanical and thermal, including freeze—
thaw processes — are particularly damaging
to materials in applications ranging from
aerospace to residential construction, and
the effects of long-term static load are also
far from completely understood. Multi-
decadal creep of concrete causes severe
deflection, and occasionally collapse, in
bridges (Wendner et al., 2014); however, it
is rarely able to be measured in the lab-
oratory due to the very long timescales
involved.

A material must be durable to be consid-
ered truly sustainable, i.e., it should retain
its desired properties and appearance at
least for the span of its intended service
life. Durability is a critical point to consider
when proposing the replacement of a mate-
rial with a “low-carbon” alternative, as the
environmental and financial costs of repair,
retrofitting, or replacement also need to be
incorporated into the cost-benefit analy-
sis. The need for resilience and durability
as a performance criterion has also led to
the suggestion that toughness rather than
strength should be used as the key in mate-
rials selection, as this is often a limiting fac-
tor in service (Launey and Ritchie, 2009).
It is clear that a more nuanced view of
the mechanical performance of materials
and its dependence on time, environmen-
tal, and mechanical loads, is warranted in
the field of structural materials in general;
it will no longer be sufficient to specify a
material according to a single strength mea-
surement, whether compressive or tensile,
if complex physical and chemical loading
states are expected during its service life.

CONCLUDING REMARKS

Upon launching a new journal in this
highly active research field, it is always
tempting to make grand predictions
regarding the future directions. The quote
“prediction is very difficult, especially about

the future” — attributed variously (and
maybe erroneously) to Niels Bohr, Yogi
Berra, and others — seems eminently rele-
vant in this context. The one thing of which
we can be certain is that structural mate-
rials will be revolutionized in the coming
years by advances in computational capa-
bilities, by deeper interactions with other
branches of engineering and science, and
by the application of thousands of talented
minds to the solutions of problems facing
global society. Major leaps forward in the
understanding and use of structural mate-
rials lie at the interfaces between research
disciplines — physics, chemistry, chemical
engineering geology, biology, mechanical
engineering, civil engineering, architecture,
industrial design, and industrial/process
engineering, to name a few. These areas
bring a range of perspectives that structural
materials researchers can use to broaden
our view on critical problems.

How can we enable sustainable, safe,
durable, and resilient provision of hous-
ing, infrastructure, energy, and transport
to the growing global population? If the
whole planet is made of “stuff)” then the
scientists and engineers of structural mate-
rials are the ones who convert that “stuff”
into a useful form, and enable our society to
be built upon it. The grandest challenge of
all is therefore not just to conduct research,
but to implement its results for the benefit
of the entire society.
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