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As materials scientists and engineers, the pri-
mary focus of our industry is on performance.
Whether selecting from existing materials and pro-
cesses or developing new alloys and processing
techniques, it is first and foremost important to
meet the functional requirements of any given
application. Next, it is often most logical and prac-
tical to select the option which minimizes cost while
maximizing performance. However, what role do
other factors, such as life cycle environmental
impacts and supply-chain security, play in this
decision-making process? What role should they
play, now and in the future? And what is our
responsibility, as a community, in leading the way?

Historically, the aforementioned issues have been
considered ancillary and were largely neglected in
major materials design decisions. However, over the
past 50 years, several events have forced these
concerns into the spotlight. For example, in the
1970s, a small-scale uprising in Zaire (now the
Congo) created a short-term supply shortage in
cobalt as 40% of global production was mined in that
geographic area. This caused massive spikes in the
commodity price of cobalt, which resulted in specu-
lation, government stockpiling, and massive dis-
ruption to firms in the semiconductor industry.1

Additionally, the introduction of the Environmental
Protection Agency (EPA) and its various policies
(Toxic Substances Act, Clean Air Act, Clean Water
Act, etc.) changed the way many materials could be
used. For example, in light of new evidence as to its
extremely high toxicity, substitution of lead became
a priority in the 1980s for applications such as
gasoline additives and paint pigments. However,
because of the lack of substitutes in battery appli-
cations, lead use has increased overall.2

When considered together, these factors begin to
form part of the larger picture that is materials
criticality. Although it lacks a consistent definition

throughout the literature, criticality is generally
defined as a dynamic, multidimensional character-
istic of materials, which describes the level of
inherent vulnerability as well as the risk within their
respective supply-chains. This special topic in JOM
highlights some articles representing international,
industrial, and academic perspectives on the com-
plex and evolving issue of materials criticality. It is
the hope that this issue will increase awareness and
inspire further developments that help improve our
collective understanding of criticality and its impact
on the material science field. There will be a criti-
cality plenary session at the upcoming TMS annual
meeting in Orlando, Florida, and a future expanded
special topic in the June issue of JOM (manuscript
deadline of February 15, 2015).

The most basic type of criticality research focuses
on concerns over physical abundance or scarcity.
Concerns over material availability, especially for
emerging technologies, are not new and over the
last 70 years have sparked debates as well as
national policies aimed at securing critical materi-
als.3,4 For example, the most recent Department of
Defense Strategic and Critical Materials report per
the Strategic and Critical Materials Stockpiling Act
uses material consumption, production, and pro-
jected future demand to determine the severity of
material criticality. Similarly, in previous litera-
ture1,5–9 the material availability is determined
primarily by physical scarcity. Scarcity research
calculates static metrics, such as depletion time (a
measure of how long known reserves will last, given
current levels of extraction); although it is infor-
mative and useful, it can provide only limited reso-
lution of the real and complex issues at hand. In
reality, criticality is a dynamic characteristic; how-
ever, dynamic approaches are challenging and
therefore lacking in the literature. However, a few
studies have been published in recent years
employing dynamic material flow analysis1,10 and
agent-based modeling.11

Expanding on physical scarcity is an approach
first introduced by the National Research Council’s
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2008 report titled, ‘‘Minerals, Critical Minerals, and
the U.S. Economy,’’ where two dimensions of criti-
cality are defined: (I) supply risk (of which scarcity
is a factor) and (II) impact of supply restriction (of
which demand factors such as substitutability is a
factor).12 Since its introduction, this two-dimen-
sional approach has been applied by government
agencies (e.g., Department of Energy,13 United
Nations Environmental Programme,14 and Euro-
pean Commission)15,16 and industry (e.g., General
Electric17) to analyze criticality at various scales
(local, corporate, national, and international) for
various economic sectors (energy, electronics, etc.)
and for various timescales (short-term, mid-term,
long-term). However, the most common sector of
focus in these and other published studies is, by far,
the energy sector because of interests in changing
energy mix and potential sustainability trade-offs
represented by clean technologies based on scarce,
risky materials.

More recently, criticality research has begun
considering the role of environmental factors in
supply-chain security, as alluded to in the original
NRC report.12 The Yale Critical Materials Group
has identified some indicators in this category such
as human health and ecosystem damages.18 Since
then, other researchers, such as Goe and Gaustad,
have stepped in to apply and expand upon this
three-dimensional approach to characterizing criti-
cality.19 The Yale Group currently has several
recent and forthcoming publications of this type,
focusing on different groups of materials from their
own application of the three-dimensional model,
which is now composed of more than two dozen
indicators.20–24 The key results of these studies are
summarized in one of this issue’s own articles by
Graedel and Nuss.25 In this article, the authors
compile the findings of a broad elemental study on
criticality into useful indicators and guidelines for
product and process designers to apply in their
decision-making processes.26

The research summarized thus far only repre-
sents one family of criticality research: criticality
characterization. Another important focal point is
on criticality mitigation. Research in this space
investigates possible strategies for reducing risk in
the supply chain, such as finding substitutes for the
critical material. An example of this type of research
can be found in this issue’s featured article from GE
Aviation, focusing on the evaluation of a substitute
for high-purity rare-earth oxides in the synthesis of
disilicate, ceramic matrix composites, used for the
protection of important engine components.27 Other
examples look at the role of recycling, reduction of
material utilization, and improvement of yield in
mitigating supply risk.10,28,29 There is tremendous
value and opportunity in future research of miti-
gation strategies, and it requires the technical
expertise of the materials community.30

By staying up to date on criticality research and
emerging issues, we of the materials community can

make better decisions in the future which could
ultimately improve the sustainability of various
products and supply chains. We can do so by
choosing or developing better substitutes for critical
materials, by finding ways to further reduce the
amount of critical material required, and by devel-
oping novel recycling methods and higher efficiency,
greener extraction methods. Therefore, to answer
the questions posed at the beginning of this intro-
duction, it is paramount that we as members of the
materials community recognize the amount of
leverage we have to address future issues of mate-
rials criticality. The broad compilation of research
provided in this JOM special topic could serve as a
useful starting point for those new to criticality or as
fuel for further research for specialists.
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11. C. Knoeri, P.A. Wäger, A. Stamp, H.-J. Althaus, and M.

Weil, Sci. Total Environ. 461, 808 (2013).
12. National Research Council, Minerals, Critical Minerals, and

the U.S. Economy (Washington, DC: National Academies
Press, 2008).

13. D. Bauer, D. Diamond, J. Li, D. Sandalow, P. Telleen, and B.
Wanner, Critical Materials Strategy (Washington, DC: U.S.
Department of Energy, 2010).
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