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technology is to be sustained. Some recent industry responses to elemental scarcity and implications for
corporate and governmental policy are discussed.
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1. The materials of early technology

Materials diversity in manufacturing is a modern development.
Historically, materials were employed more or less as nature had
provided them - stone, wood, mud, thatch. Early metallurgy was
able to use tin and copper ores to fashion bronze objects. Much
later, in the Middle Ages, rudimentary forms of iron and steel were
fashioned; these became stronger and easier to produce when the
Bessemer Furnace was invented and improved uponin the late 18th
and early 19th centuries. By 1900, industrial employment of min-
eral resources constituted perhaps a dozen elements, only a few of
which were used widely.

It was not until the investigations of the analytical geochemists
of the mid to late 19th century that most of the elements of the
periodic table were identified. Nonetheless, they remained largely
laboratory curiosities until modern materials science began in the
last few decades to employ them for their specific physical and
chemical properties. The trend continues today, with virtually no
part of the periodic table left untouched.

As the material diet of technology has become more and
more omnivorous, the trade of metals worldwide has noticeably
escalated, such that a manufacturing company in one region of
the world customarily employs materials from most other world
regions. In a world with increasing population, increasing wealth,
and declining ore deposits, it is reasonable to wonder if prob-
lems could lie ahead for today’s most sophisticated technologies
and technologically-advanced countries, or whether a materials
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science can be fashioned that returns to the use of the most abun-
dant resources while maintaining and improving product function.
These are the issues explored in this paper.

2. Examples of technological evolution

Technology innovators, whether they are companies or indi-
viduals, are continually seeking to improve the performance and
reliability of their products, as well as to create new products for
new applications. The pursuit of innovative products may involve
new processes, new ideas, and in many cases new materials and
elements. Each element has a unique suite of fundamental proper-
ties, including strength, conductivity, corrosion resistance, melting
point, resistance to oxidation, magnetic strength, dielectric con-
stant, and even radioactive half-life. A particular product type will
place emphasis on one of these properties, or perhaps some opti-
mal combination. As industries mature, they tend to seek out very
specialized properties and to require specialized elements or com-
binations of elements. It would appear, based on recent history,
that expanded sophistication of technology fundamentally requires
more elements. To illustrate this, we consider the evolution in the
use of elements for three applications: jet engines, medical tech-
nology, and electronics.

2.1. Evolution of jet-engine superalloys

Jet engines are one area of technology in which material ele-
mental composition has clearly increased in complexity over time.
The hotter an engine burns the more efficient it can be, and so
engines require materials that have excellent strength and cor-
rosion resistance at increasingly high temperatures. A class of
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materials referred to as superalloys has been used to provide
these properties. The 20th century saw continual improvements
(through elemental additions, among other factors) in these mate-
rials.

Superalloy development can be traced to the beginning of the
20th century with the discovery of austenitic stainless steel consist-
ing of iron, chromium, and nickel. The high-temperature strength
of stainless steel was quickly outgrown, however, and in 1929
nickel-chromium alloys utilizing aluminum, titanium, and nio-
bium elements were first created (Sims, 1984). The late 1930s also
saw the invention of the Vitallium alloy, a cobalt-based alloy that
contains chromium and molybdenum.

Additional elements continued to be added in the next few
decades, with tungsten added in the MAR-M-200 alloy to improve
strength. The element tantalum was also added for similar pur-
poses (Sims, 1984). In the late 1960s/early 1970s superalloys were
further modified by the addition of the element hafnium to improve
ductility (Donachie and Donachie, 2002).

In the late-1980s, alloys containing the additional element rhe-
nium first started to appear (Walston et al., 1996). Rhenium is
used to improve the temperature creep strength of superalloys, and
its use as an alloy component distinguished “second-generation”
single crystal alloys from “first generation” alloys. Increased con-
centrations of rhenium further distinguished third-generation
alloys from those of second generation. Rhenium is by itself a very
interesting and rare metal. It is not mined as a primary product,
but rather is only recovered as a byproduct of molybdenum, which
in turn is often a byproduct of copper. Fig. 1 depicts the trends in
jet engine alloying elements over time and the resultant increased
alloy strength at extreme temperature that resulted.

Coatings for the superalloys, used as a thermal barrier to
increase operating temperatures, have themselves evolved to con-
tain a number of uncommon elements. Yttrium is key among these,
used because it improves adhesion of the oxide scale. Zirconium
is another common coating element, used as a grain boundary
strengthener.

The high temperature-strength materials have come a very long
way in both performance and complexity from the stainless steels
of the early 20st century. The jet engine of today contains a variety
of different superalloys for different purposes within the engine,
and thus a variety of elements. Fig. 2 depicts elements employed
in one engine component, the turbine blade. Today’s jet engine not
only uses these more complex alloy systems, but also uses them in
larger quantities. According to Donachie and Donachie (2002), the
typical jet engine in 1950 contained 10% superalloys by weight; by
1985 that number had increased to 50%.

Finally, so-called “fourth generation” superalloys that add
ruthenium as an additional alloying element have been developed
in research labs (Koizumi et al., 2003). This indicates that the con-
tinual desire to improve superalloys is likely to involve additional
elements in the future, if it is economically feasible to do so.

2.2. Evolution of nuclear medicine and medical imaging

Nuclear medicine is the use of radioactive substances for both
the diagnosis and the treatment of disease. The field originated in
the 1930s and 1940s, with the earliest clinical therapeutic applica-
tion taking place in 1936 when John Lawrence used phosphorus-32
to treat leukemia (Society of Nuclear Medicine, 2012). Since that
time the field has rapidly expanded, both in terms of the number
of practitioners and in the variety of technologies and elements
used. Today, over 200 radioisotopes are commonly employed for a
variety of different medical purposes (World Nuclear Association,
2012).

lodine-131 followed phosphorus-32 as an isotope utilized early
in the history of nuclear medicine, with its first published clinical

Table 1
The evolution of isotopes for use in nuclear medicine: a sampling.

Date Isotope Use

1936 Phosphorus-32 Lukemia treatment

1936 Sodium-24 Lukemia treatment

1939 lodine-131 Thyroid imaging and treatment

1957 Xenon-133 Lung ventilation studies

1964 Technetium-99 Wide variety of imagining applications,
especially skeleton and heart muscle

1973 Thallium-201 Diagnosis of coronary artery disease other
heart conditions

1978 Fluorine-18 PET scans for studying brain physiology

1989 Rubidium-82 Myocardial perfusion imaging

1990 Indium-111 Brain studies, infection and colon transit
studies

1991 Samarium-153 Pallative medicine, especially for bone
cancers

1995 Holmium-166 Treatment of myeloma in bone marrow.
Also being developed for liver tumors

2003 Yttrium-90 Cancer brachytherapy and pain relieve of
arthritis

2006 Rhenium-188 Treatment and pain relief of skeletal
metastases

2008 Lutetium-177 Prostate cancer applications

use occurring in 1939 (Society of Nuclear Medicine, 2012) and first
application to thyroid cancer therapy in 1946 (Turner, 2012). This
isotope was and still is used to treat thyroid cancer and to image the
thyroid, along with other applications such as diagnosis of abnor-
mal liver function. As is the case for several radioactive isotopes,
the parent element can be different from the isotope element. In
this case, most iodine-131 is produced from tellurium.

Later, in the mid-1960s through the early 1970s, the isotope
technetium-99 was developed for medical purposes, and today this
is the dominant isotope in use in nuclear medicine. Technetium is
particularly well suited for medical imaging applications due to
the emission spectrum of its radiation and its short half-life, which
keep total patient radiation exposure low. The element is typically
derived as a fission product of uranium through a molybdenum-99
intermediate. Xenon-133 was also developed for medical purposes
around the same time period, and is used for pulmonary (lung)
ventilation studies.

In the late 1970s and early 1980s new techniques in medi-
cal imaging were being developed, one important example being
positron emission tomography (PET). In the PET scanning pro-
cess, radioisotope decay can image a target tissue very precisely.
The most important clinical role for PET scans is in oncology,
but they are also used in cardiac and brain imaging. They thus
provide additional imaging capabilities to the medical community
using isotopes thatinclude carbon-11, nitrogen-13, oxygen-15, and
fluorine-18 (Hoh, 2007).

Many other isotopes have been developed for a variety of
medical purposes. One area where additional isotopes are used
is in palliative, or pain-relieving, treatments. Strontium-89 and
samarium-153 have been used for the relief of cancer-induced bone
pain, for example (Turner, 2012). Rhenium-186 is an isotope also
used for this purpose.

New isotopes with specific medical properties continue to be
employed. Lutetium-177, for example, an isotope identified for
medical uses in the early 21st century (Turner, 2012), emits just
enough gamma radiation for imaging and enough beta radia-
tion to perform therapy on small tumors. Its half-life is long
enough to allow sophisticated preparation for use (World Nuclear
Association, 2012). This isotope complements yttrium-90, which
was used for similar applications. Other commonly used isotopes
include bismuth-213, palladium-103, dysprosium-165, erbium-
169, holmium-166, ytterbium-169, and many more (World Nuclear
Association, 2012). Table 1 provides a summary of some of the key
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Fig. 1. Trend of superalloy strength with additional alloying elements. The “temperature strength” is the highest temperature at which the alloy maintains satisfactory

physical properties for at least 100 h at 140 MPa pressure.
Adapted from Donachie and Donachie (2002).

radioactive isotopes along with their approximate date of introduc-
tion.

The nuclear medicine industry today is quite pervasive, with
around 20 million procedures per year in the US alone (Fahey et al.,
2011). The field continues to grow at a rate of about 10% per year. In
order to perform these procedures, nuclear medicine has utilized an
increasing number of elements with specialized radioactive prop-
erties, as outlined above. In addition to highly specialized elements,
nuclear medicine also relies upon specialized processing to pro-
duce the radioisotopes, a reliance which was highlighted by the
2009-2010 medical isotope shortage caused by the unexpected
shutdown of the CANDU reactor (Zakzouk, 2009).

Other applications of medical technology, such as magnetic res-
onance imaging (MRI), also contain a large and expanding number
of elements. MRI machines need hundreds of pounds of magnets,
and rare earth magnets have generally replaced earlier magnet
technology in MRI machines. Fig. 3, focusing on elements used in
GE Health Care products, shows the breadth of elements used over
the broad health care technology segment.

2.3. Evolution of the electronics industry

The progress of the electronics industry over the 20th century
and early 21st century has been profound, so much so that it could
not have been foreseen even by some of its founding scientists and
engineers (Kilby, 2000). Increasing material complexity has accom-
panied this progress, as the industry has used ever more elements
and alloys in its continual drive to improve a variety of properties
including magnetic strength, electrical conductivity, and capaci-
tance, to drive down costs, and to decrease product size.

Magnetic hard-drives, for example, have seen incredible per-
formance gains over the latter half of the 20th and early 21st
centuries. In 1956, IBM sold its first hard drive, which stored
5MB of data, at a cost of $50,000 dollars (Farrance, 2012). It was
as large as two refrigerators. Today’s standard PC hard drives
hold 5-6 orders of magnitude more data and cost a tiny frac-
tion of the price. These performance and cost improvements were
achieved by the introduction of additional specialized elements
and alloys, among other technological and process innovations. For
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Fig. 2. Elements used in modern jet engine turbine blade superalloys and coatings (alloy Rene N5) (Duclos et al., 2010).

Figure courtesy of D.M. Lipkin, General Electric Central Research Laboratories (2010).
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Fig. 3. GE Healthcare products use nearly all elements in the periodic table.

Courtesy of D.M. Lipkin, General Electric Central Research Laboratories (2010).

example, the magnetic material currently used in hard-disk heads
is a neodymium-iron-boron alloy (NIB). This magnet type was
first commercialized in 1983 and largely displaced another rare
earth magnet, the samarium-cobalt magnet developed in the 1960s
(Enokido, 2010). Although magnetically strong, NIB magnets are
prone to oxidation due to the high iron content, and so additional
elements such as nickel, copper, zinc, gold, silver, tin, titanium, and
chromium are used as coatings to reduce corrosion (E-Magnets
UK Limited, 2012). Another rare earth element, dysprosium, was
later added to increase the performance of the magnet at elevated
temperatures.

Integrated circuits, the core electronics processing components,
have themselves undergone a large increase in material complexity
in the drive to maximize the number of electronic constituents that
could be integrated. Pecht and Prabhu (2006) provide an overview
of some of the more common materials used today in these devices.
These include silicon, gallium arsenide, indium phosphide, and
germanium as semiconductor material; alumina, beryllia, copper,
tungsten, and molybdenum for IC substrate materials; gold-tin,
gold-germanium, and organic polyimide as attachment materials;
gold, aluminum, copper, and silver as wire attachment materials;
and tin-lead, antimony, bismuth, silver, and tin-indium for solder
materials. The recent history of one IC component, digital random
access memory (DRAM), is reviewed by Gerritsen et al. (2005). This
history shows a trend (Fig. 4) from more common dielectric materi-
als such as silicon dioxide in the 1980s to tantalum oxide, hafnium
oxide, and zirconium oxide in the 2000s. The electrode material has
also continued to evolve.

The breadth of elements used across the whole of the inte-
grated circuit is depicted in Fig. 5, which shows the evolution in
the elements used in an Intel printed circuit board over the past
three decades. Beginning in the 1980s with only twelve elements
in use, tantalum, tungsten, bromium, and titanium were added in
the 1990s. In the 2000s, however, the elemental diversity exploded
to the sixty or more used today - nearly every element that is not
radioactive, water-soluble, or gaseous.

3. The geography of mineral deposits

As noted in the above examples, modern industry is depend-
ent on access to a large spectrum of elements. Individual business
entities must ensure that they have a reliable source of these raw
materials. Raw material availability is a function of various fac-
tors, from geophysical (deposit quality) to political (export quotas).
Recent work has sought to characterize this “supply risk” of mate-
rial availability at a national as well as individual business level
(Graedel et al., 2012). One aspect of this work focuses on the distri-
bution of mineral deposits across different countries.

Nature is whimsical in the geography of ore deposits. Some
countries and regions are richly endowed with a great diversity
of resources, some have large deposits but of only a few differ-
ent resources, some have very little at all. The situation can be
demonstrated by examining the Mineral Reserve statistics for a
wide variety of mineral commodities. The US Geological Survey
defines Mineral Reserves as the in-place demonstrated mineral
deposits that can be economically extracted at the present time.
The degree to which deposits of a particular mineral are concen-
trated can be indicated by the Hershman-Hirshenfeld Index (U.S.
Department of Justice and Federal Trade Commission, 2006), given
by

HHI; = Z(f,-yj)z
i

where f is the percentage of the global Mineral Reserves of min-
eral j in country i. (Note that if the entire Mineral Reserve is in
a single country, HHI=1002 = 10,000, and if the Mineral Reserves
are divided into three countries on a 50%/25%/25% basis then HHI,
502 +252 +252, 3750.) A second variant of the HHI for a particular
mineral commodity can be calculated from Mine Production statis-
tics rather than Mineral Reserve statistics. Differences between
these two variants of HHI indicate the possibility of evolution in
mineral sourcing.

The HHI results for twenty select elementary mineral commodi-
ties are shown in Fig. 6, as calculated from U.S. Geological Survey
data (USGS, 2012). HHI values above 3000 indicate that the mineral
is dominated by one or two major countries. The figure shows both
HHI variations; Mine Production and Mineral Reserves. It is inter-
esting to note the minerals with the highest HHI according to Mine
Production. These include the rare earths (elements vital to modern
electronics), niobium (a critical element in steels and superalloys),
antimony (used for a variety of purposes such as flame retardants),
and platinum group metals (used as catalysts in the automotive
and petrochemical industries). A new or sharply-expanding use
for any of these resources would create an economic windfall for
the countries hosting major deposits, should they choose to exploit
their resource position.

The differences between Mine Production HHI and Mineral
Reserve HHI for these high HHI mineral commodities contains some
interesting information. For example, for the rare earth elements,
although the mine production HHI is high the Mineral Reserve
HHI is considerably lower. This indicates that additional rare earth
deposits could be brought to the market (as is now beginning to
happen) should the dominant country exploit its current market
position. In contrast, the platinum group metals have a significantly
lower Mine Production HHI than Mineral Reserve HHI. This may
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Adapted from Gerritsen et al. (2005), see also Itoh (1990).

indicate that the production of these minerals will become more
concentrated in the future.

Other minerals, including widely used metals such as aluminum
and copper, are much more widely distributed than the high HHI
minerals discussed above. These minerals have formed the back-
bone of technology since the Industrial Revolution, partly because
of their ubiquity, partly because of their ability to be processed into
useful forms by relatively uncomplicated procedures.

A second analysis of Mineral Reserve data that is useful is to
look at deposit concentrations not by element, but by country. This
can be done by determining for each country how many of its
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Mineral Reserve values fall into the top three countries in which
deposits of that mineral occur. The results of that analysis for
twenty selected mineral commodities are shown in Fig. 7. It is
striking that of the 20 minerals whose HHIs appear in Fig. 6, the
country with the largest number of significant domestic deposits
(Australia) has only slightly more than 50%. Thus, although such
countries as China, South Africa, Russia, and Australia could cer-
tainly be termed “mineral rich”, even those countries do not possess
anything like the full palette of elements employed by modern tech-
nology. For other countries, Mineral Reserves are significantly less
diverse (as India) or minimal (as Germany). These latter countries,
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Adapted from a figure courtesy of T. McManus, Intel Corporation (2006).
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which may be capable of quite advanced technological economies,
are very dependent on global trade to prevent elemental scarcity
from becoming a problem for them.

4. Recent industry response to elemental scarcity

In some cases, elemental scarcity becomes a concern due to
biophysical, political, or other causes. Recent export quotas on
Chinese rare earths, where the elements are today mined nearly
exclusively, constitute one such case. Technology companies must
respond to such scarcity and the resultant changes in availability
and price of raw materials in order to keep their products com-
petitive, and have done so in a variety of ways. In this section,
we consider two examples of companies responding to elemental
scarcityinthe 21st century in order toillustrate some of the possible
approaches.

In the first example, we consider General Electric (GE), one of
the major producers of aircraft jet engines. In 2006, the company
recognized that demand for the critical alloying element rhenium
was on pace to significantly outstrip the supply available for use
(Fink et al., 2010). This, in turn, was expected to lead to a significant
increase in rhenium prices. In order to minimize the company’s
exposure to these challenges, a rhenium reduction program was
instituted which consisted of 4 strategies: revert, recycle, recover,
and reduce.

The revert, recycle, and recover strategies all involve the col-
lection of waste material containing rhenium, followed by the
extraction of the rhenium for future use. In the case of revert, the
collected material is waste material from the alloy foundry. Recov-
ery relates to collecting grinding “swarf” from the engine parts

manufacturing process. In the case of recycling, the collected
material is previously fielded turbine hardware. Foundries already
efficiently collect their waste material, so GE’s focus was primarily
on recovery of rhenium from swarf. Pilot research was conducted
by GE to investigate various methods (pyrometallurgic and
hydrometallurgic) to extract rhenium from the swarf, and a pilot
process was developed and applied. The company reported that
90 kg of rhenium was recovered through 2009 by these actions
(Fink et al., 2010).

The reduce strategy involved a redesign of the alloys used by
GE, with the goal of maintaining their desirable properties while
using less rhenium. GE also wanted to avoid introducing additional
exotic elements when redesigning the alloy, as this could create
other element scarcity problems in the future. After conducting an
extensive development and test program, GE was able to develop
two new alloys, one of which used a reduced amount of rhenium,
and one which used no rhenium. Testing consisted of validating a
wide variety of mechanical characteristics such as creep rupture
and oxidation resistance, as well as ensuring that the alloy was
compatible with manufacturing techniques. This testing represents
asignificant investment of time and money, but the investment has
been rewarded as the alloy has now gone into service in the CFM56
engine.

As asecond example, we consider TDK, one of the world’s largest
electronic component manufacturers. TDK has had a long history
of development of magnetic materials since its founding in 1935,
and in recent years has focused on reducing the dysprosium con-
tent in its neodymium-iron-boron (NIB) magnets (Enokido, 2010).
As in the rhenium example, the desire to reduce the magnet’s dys-
prosium content was driven by the scarcity of the element and the
resultant impacts on availability and price.

TDK’s solution to reduce its dependence on dysprosium (Dy)
was largely one of process redesign. In an older process, low Dy
and high Dy alloys were mixed together and baked at high temper-
atures to uniformly spread dysprosium throughout the crystalline
particles that make up the structure of the magnet. TDK was able
to develop a new process that diffuses Dy directly onto the surface
of crystalline particles through a low-temperature heat treatment.
In this way, it was found that 20-50% less Dy could be used than
the previous process, and the magnet’s properties were improved
as well (Enokido, 2010).

Thus, several forward-looking technology corporations have
recently focused on reducing their dependence on elements
perceived as scarce. In the two examples surveyed, strategies
to reduce dependence consisted of collection and reuse of var-
ious waste materials (GE), redesign of an alloy product (GE),
and redesign of a manufacturing process (TDK). These examples
illustrate some of the possible strategies available to technology
companies as they focus on element scarcity as well as product
performance in their business decisions.
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5. Discussion

Modern industry and technology have evolved to require a
full palette of materials, and yet geological deposits of different
minerals are widely dispersed. This situation implies that modern
technology renders no region of the world independent of other
regions. Future developments in high-temperature technology, in
energy technologies such as solar cells and wind power, and in
specialty areas as in the electronics and medical imaging can be
expected to further increase this interdependence. In a connected
world many different factors, from domestic mineral supplies to
international export quotas, can lead to disruptive material and
element shortages. It is thus important for all countries and corpo-
rations to consider strategies to mitigate possible shortages.

One initial step is to quantify the level of interdependence for
mineral commodities though the HHI metric discussed above. This
metric indicates the degree to which supply is concentrated in the
hands of a small number of countries, and thus may be prone to
restriction. Market power due to supply concentration may allow a
country toraise prices opportunistically to take advantage of a weak
buyer. Once high HHI elements are identified, policy makers may
choose to take action to diversify sources of elements by providing
incentives for domestic production, for example, or by supporting
expanded production in developing countries prior to a price signal
reaching a product manufacturer.

The degree of concentration of elements is one important factor
in insulating technology from raw material and element shortages,
but not the only one. The criticality work discussed in Graedel
et al. (2012) and the methods developed by the National Research
Council (2008a) are both directed toward creating a framework
for understanding overall element criticality more broadly. The
methodology developed in these works is based on multiple criteria
for metal criticality that capture geophysical availability, politi-
cal considerations, and substitutability, as well as environmental
impacts. Studies specific to particular industries, such as clean
energy technologies (U.S. Department of Energy (2010) and military
hardware National Research Council (2008b), are also important in
understanding the detailed implications of particular elements to
specific sectors.

Product design and manufacturing is an additional tool to mini-
mize the disruption of industry due to raw material shortages. This
work reviewed recent industry responses by GE to reduce rhenium
through alloy redesign and rhenium recovery from scrap materi-
als in several life cycle stages, as well as process changes made by
TDK to reduce the amount of dysprosium required to make its rare
earth magnets. These strategies are applicable to other technology
areas as well. For corporations concerned about supply risk, design-
ing away from elements with high HHIs is also a useful strategy,
especially if the countries containing the large mineral fractions
are viewed as potentially problematic.

As we begin the 21st century, we find modern technology uti-
lizing the full spectrum of elements, both geologically rare, and
geologically more common. International trade supplies these ele-
ments from every corner of the globe to appropriate markets. It is
interesting to think about long-term sustainability questions and
strategies regarding this full utilization of elements. In particular, if
the geological availability of rare elements becomes a concern, one
long-term strategy could be to minimize the use of these elements
in design, focusing instead on achieving better material properties
through more clever combinations of common elements. Another
strategy could be further geological exploration for rare elements

combined with better reuse/recycling of these elements. Industries
that utilize rare elements may not be able to formulate a long-term
strategy (20-50 year time spans) based on the limits of geologic
availability, but instead could focus on short-term economic pro-
jections. Notwithstanding these approaches, it is clear that the time
when ready availability of the full spectrum of elements can be
assumed may be coming to an end. With product design under the
shadow of material constraints likely to be increasingly common
in the future, the prospects for materials supply and demand need
to be part of the thinking of every product development team from
this point forward.
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