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1. Executive Summary

A Memorandum of Understanding was signed between the Ames Laboratory and Korea Institute
of Industrial Technology (KITECH) in April of 2011 to establish a close cooperative relationship
of research on Rare Metals. The Ames Laboratory through its operating contractor, lowa State
University, and the KITECH, as one of the goals of a joint Memorandum of Understanding,
made agreement on a Cooperative Research and Development Agreement (CRADA) for a
personnel exchange in April of 2012. Ames Laboratory and KITECH would be jointly
performing collaboration work in this cooperation as the Parties. The individual backgrounds and
capabilities of the Parties are ideally suited to the successful execution of this work. The Ames
Laboratory has a history spanning more than 60 years of pioneering work in rare-earth (RE)
research. With its team of internationally recognized rare-earth experts, the Ames Laboratory is
uniquely positioned to provide the knowledge, expertise and training necessary to help ensure a
global leadership position for the United States in rare-earth research, development and
applications. The KITECH was founded to promote technological capability of small and
medium-sized enterprises in Korea and has a mission of supporting research on materials science
and engineering in Korea. In 2009, Korea Institute for Rare Metals (KIRAM) at KITECH was
established. KIRAM makes selection and funding decisions for technology projects for strategic
rare metals, and provides oversight of R&D programs. The KIRAM is focusing on the
commercialization and recycling of particular rare metals. In addition KIRAM will be
coordinating government, local universities, and small to medium enterprises to facilitate R&D
support for core technologies. KIRAM will be carrying them through to commercialization, and
establishing new industry.

During the last two years both KITECH and Ames Laboratory successfully performed
research collaboration on (1) International cooperation to development of strategy (2) R&D
collaboration for substitution of rare earth resources. The objective of this work was to prepare
and to investigate common response between Korea and the US on the rare metals issue
including rare earths. The scope of research places rare metals in historical context, highlights
factors in markets, and reviews policy recommendations made by various governments and
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studies including the academic research report. As a result of cooperation, both KITECH and
Ames Laboratory are performing the R&D collaboration for the substitution of rare earth
resources. Substitution means finding alternative rare earth resources to replace original raw
supply resources, which is focused on the reclaiming the rare earth resource from the waste
materials. For example, the recycling of rare earths from magnet scraps. The research team
includes Ames Laboratory scientist with representatives from KITECH. The research group is
developing and testing the technique in Ames Lab’s Materials Preparation Center, with a suite of
materials science tools supported by the DOE Office of Science. Scientists at the Ames
Laboratory and KITECH are working to more effectively remove the neodymium, a rare earth
element, from the mix of other materials in a magnet. Initial results show recycled materials
maintain the properties that make rare-earth magnets useful. Indeed, we propose to use a rapid
assessments approach using by 3D additive manufacturing system based on bulk combinatorial
materials science to significantly expand our search area of phase space, in a fraction of the time
needed compared to using conventional synthesis and characterization techniques. By using this
approach we will identify a composition region of interest and more closely focus our
combinatorial approach on this region to identify compositions with enhanced magnetocaloric
properties.

As a result of the base of these all efforts, in September of 2013, the U.S. Department of
Energy opened a new Energy Innovation Hub, to be known as the Critical Materials Institute
(CMI). Based on the successful collaboration between KITECH and Ames Laboratory during the
first period, it is the proper time to expand the next step of cooperation of both institutes through

R&D collaboration in various subjects, as well as opening the Joint Research Laboratory (JRL).



2. Characteristics of Rare Earth (RE)

2.1. Background

In today’s environment in an effort to ensure supply for renewable energy technologies, science
decision makers are formulating policy to mitigate supply risk. Sometimes this formulation is
being done without a complete picture of the complexity of the various factors that contribute to
the demand. Although rare metals or rare earths are not traded through an open commodities
market, public attention was drawn to rapid price increases for many of the rare earth elements,
beginning in 2010. As prices rose to astronomical levels-eventually reaching more than 10 times
their pre-2010 levels for some elements-concerns emerged concerning the needs for these
elements, and the security and stability of their supply. Metals that had previously been the
province of a few technical specialists began to be discussed in the popular media, and political
attention soon followed.

Rare metals have been called “vitamins of industry” and their importance in industry has
been recognized for some time. However, recently, the industry has become highly dependent on
products that cannot be made without using rare metals. Rare metals are becoming “the lifeline
of industry”. Examples of rare metals are indium (In), chromium (Cr), tungsten (W), cobalt (Co),
manganese (Mn), and molybdenum (Mo), vanadium (V) etc. These rare metals, especially in
industrial products, are essential materials for high performance and high functionality of
industrial products and are key resources for mainstream industries. Therefore, the rare metals
become a key issue, since they are quite rare in the earth’s crust and are difficult to extract from
ores. Although supply constraints affect many elements, this study will focus on elements that
have appeared in novel technologies. It will focus on the demands that would be created by the
growing need for rare elements as a result of the widespread adoption of a new technology.
Recent examples of this kind of event include the explosive growth of use and subsequent wild
fluctuations in the price of indium and tellurium (Te) over the past decade. Some elements are
needed only at relatively low intensity (e.g. platinum in catalysts or tellurium in photovoltaic

films), but may be extremely rare in the earth's crust. Other elements, like indium or silver, may
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be slightly more common, but would be needed in much larger quantities. Still others, such as
neodymium (Nd) or lithium (Li), may be relatively common, but rarely concentrated by
mineralogical processes. Moreover, some elements are particularly abundant in one country, but
are not found in economically viable deposits in another country, raising geopolitical issues
should demand for them escalate. Others are only produced in very limited quantities as co-
products with other extraction operations so that their supply would not necessarily respond to
demand. The importance for securing rare metals is different with circumference dependent of
each country. Depending on the valance between the supply and demand of each country, the
number of rare metals is distinguished by economic and political circumferences of countries.
The unusually broad scope of this issue requires the involvement of experts in legislation, policy,
administration, industrial structure, geology, material science, mineralogy, mining engineering,
economics, and other disciplines. Co-sponsorship of this study by the government organization
and collaboration with other scientific societies will facilitate the broad approach needed for this

topic.

2.2. Objective

The aim of this work was to prepare and investigate common response between Korea and the
United States on the rare metals issue including rare earths. The effort described in the summary
is especially appropriate in view of the unique areas of expertise possessed by the Ames
Laboratory and KITECH. Due to this fact, each institute's expertise and approach will be used to
reach a synonymous goal. In today’s environment with an effort to ensure supply for renewable
energy technologies, science decision makers are formulating policy to mitigate supply risk. This
is sometimes being done without a complete picture of the complexity of the various factors that
contribute to the demand. We will review various reports, as well as responses by various
governments to the rare metals supply risk. After defining rare metals, we will discuss some
aspects of their supply chain and markets, US and Korean policy developments, factors specific

to rare earth elements, critical materials lists from selected countries, and the recommendations



of a policy study by the scientific societies on rare metals. The proposed work will enhance the
Ames Laboratory's thrust in rare earth metals and rare earth recycling, a core competency of the
Ames Laboratory. This will develop a close working relationship with the KITECH who has a
commitment to rare earth recycling and who has funded such work at the Ames Laboratory's

facility (i.e., Materials Preparation Center; MPC) under work for others.

2.3. Definition of RE

Rare metals are defined as metals which are rare in the earth crust and also are difficult to extract
from ores. In addition to the rarity, the mal-distribution of natural resources is a critical point in
global materials flow. Even though the difficulties in accessibility to natural resources are similar
with fossil fuels, requirements for total amounts of rare metals have increased as the global
economics grows. It has been said that we are now in rare metal age and through the steel age.
The terminology, “rare metal”, is not an academically defined one, and there is no consensus on
which elements it pertains. In Korea, the term is often used to refer to the 11 metals elements
shown in Figure 1, according to the definition set by the KIRAM with Korea Ministry of Trade,
Industry and Energy.

Criticality= Rarity + Distribution x Demand + Rate of popularity

Stone age
Bronze age
. Steel age
Rare_metalage

Figure 1: Classification of rare metals in Korea (KIRAM report)
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Figure 2: Critical levels of some elements (DOE report)

The definition of rare metals in the US is used to refer to the “Critical Materials” which are the 5
elements (neodymium, europium, terbium, dysprosium and yttrium) including near critical
elements shown in Figure 2. This is the definition of rare metals according to the proposition by
the Department of Energy’s Critical Materials Strategy. Sometimes, the 17 rare earth elements
are counted as one kind. Usually there are a total of 56 existing elements with 35 species in the
natural world. In order to select world common rare metals, it is important to understand that the
definitions of rare metals are not exactly the same in each country. The following tables show
rare metals tracked in different countries: The United States (Table 1), Japan (Table 2) and Korea
(Table 3). Typically, some metals are defined as a rare metal in one country but not in another.

However, there are common metals which are defined as rare metals in all countries listed below.

Group Elements
Alkaline earth metal Li. Ce. Be. Sr. Ba
Metalloid Ge, Bi1, Se, Te, Si
Iron group Co
Boron group B. Ga. In, TL Cd
High fusion point metal Ti, Zr. Hf, V. Nb, Ta, Cr, Mo, W, Mn. Re
Rare earth La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc. Y
Platinum group Ru, Rh, Pd, Os, Ir, Pt
Other group Ca, Rb, Th, U, Pu

Table 1: Rare metals in United States (ITU report)
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Group Elements
Alkaline earth metal Li. Ce, Be, Sr, Ba
Metalloid Ge, As, Sb, Bi1, Se, Te, Sn
Iron Group Co, Ni
Boron Group B, Ga, In, Tl
High fusion point metal Ti. Zr, Hf, V, Nb. Ta. Cr, Mo, W. Mn, Re
Rare Earth La, Ce, Pr, Nd. Pm, Sm, Eu, Gd. Tb, Dy, Ho, Er, Tm, Yb. Lu, Sc. Y
Platinum Group Ru, Rh. Pd. Os, Ir. Pt

Table 2: Rare metals in Japan (ITU report)

Group Elements

Alkaline earth metal Li, Mg, Ce, Be, Sr. Ba
Metalloid Ge, P. As, Sb. B1, Se, Te, Sn, S1
[ron group Co, Ni

Boron group B, Ga, In, T1, Cd
High fusion point metal Ti, Zr, Hf, V., Nb. Ta, Cr, Mo, W, Mn. Re
Rare earth La, Ce, Pr, Nd. Pm, Sm. Eu. Gd, Tb, Dy. Ho, Er, Tm, Yb, Lu, Sc, Y
Platinum group Ru. Rh, Pd. Os, Ir, Pt

Table 3: Rare metals in Korea (ITU report)

2.4. Analysis of demand

Aggregate demand for Rare earth elements (REES) has grown significantly over the past decade,
averaging increases of approximately 4.7% per annum from 2000 to 2010. Table 4 shows
projected short-term growth of the REE group, indicating that demand already exceeds supply
for some metals. Demand for metals from developed countries also stagnated as they began to
emerge from the resource-intensive phase of their growth, contributing to lower prices. History
suggests that a country’s consumption of metals typically grows in line with per capita income
until the country reaches a threshold of $15,000 to $20,000 income per capita (in PPP-adjusted
dollars) at which time it goes through a period of industrialization and infrastructure building. At
higher incomes, growth typically becomes more service-driven, and the per capita use of metals
starts to stagnate.

There are two important factors to this general trend. First, countries have different

development paths. For example, shown in Figure 3, China has experienced a much stronger
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urbanization shift than India, which has resulted in greater demand for steel for the construction

of buildings and other urban infrastructure (at similar levels of per capita GDP to India’s).

Rare Earth Oxide Group Demand: Tonnes REO Production: Tonnes REO
Global ROW@35% | Global ROW

Light Rare Earths 145,000 t 50,000 t 165,000 t 52,500t
(La, Ce, Pr& Nd) 60,000 t
Medium Rare Earths 4,250t 1,500t 6,000t 1,000t
[Sm, Eu & Gd) 1,350 t
Heavy Rare Earths 14,500 t 5,000 t 7,000 t 300t
(Tb, Dy, Er&Y) 750 t

Forecast Global Rare Earths Demand in 2016 (t REO + 15%) (source: IMCOA and Rare
Earth Industry Stakeholders)

Application China Japan & USA Others Total Market
NE Asia Share
Catalysts 14,500 2,500 6,500 1,500 25,000 15%
Glass 6,000 1,000 1,000 1,000 2,000 6%
Polishing 19,000 2,000 3,000 1,000 25,000 15%
Metal Alloys 20,000 2,500 2,000 1,500 26,000 16%
Magnets 28,000 4,500 2,000 1,500 36,000 22%
Phosphors 9,000 2,000 1,000 500 12,500 8%
(including Pigments)
Ceramics 4,000 2,000 2,000 1,000 2,000 6%
Other 6,500 3,500 8,000 2,000 20,000 12%
Total 107,000 20,000 25,500 10,000 162,500 100%
Market Share 66% 12% 16% 6% 100%

Table 4: Estimated global REE demand in 2016, Red is committed and Blue is possible, ROW
means rest of the world (UNEP report)

United States

Germany

United Kindom Austrailia

Sweden
South Korea
Czech Republic

Brazil

/® China
/Indonesia

Figure 3: Estimated energy usage and GDP correlation (World Factbook)
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Second, the mix of commodities that countries demand changes as they develop. Metals such as
iron ore tend to attract stronger demand at a relatively low level of per capita GDP, which tends
to be the case in the early stages of a country’s shift out of agriculture and toward a more urban
environment. Other metals such as platinum tend to be “late-cycle” commodities that attract
demand at higher levels of per capita GDP.

Today, China is the world’s largest producer and consumer of dozens of minerals and
exports. The future supply of Rare earth oxide (REO) will mainly depend on the development of
the total Chinese production and export quota. As shown in Figure 4, the supply forecasts for
China in 2014 differ substantially. The estimate by Lynas of 114,000 tons, with 4,000 tons
coming from recycling, is much less than the 160,000 to 170,000 tons. The projected demand for
2014 for the elements terbium, dysprosium, praseodymium and neodymium is higher than the
estimated supply. This may lead to shortages for permanent magnets for wind turbines and
hybrid and electric vehicles. Consequently, options for substitution of permanent magnets have
to be considered. The potential shortage of neodymium and lanthanum may limit the production
of NiMH batteries, necessitating substitution by Li-ion batteries. Shortages of europium and
terbium affect the production of energy efficient lamps and displays and lack a substitution.
Lanthanum is an indispensable element in catalysts for petroleum refining and processing for
which there are no short term substitutions.

250,000 - s China Supply = Molycorp Supply - Phase 1 s Other Supply == China Demand = Adjusted Global Cemand

2000004 e e )

150,000 <

100,000 4

$0,000

2005 2006 2007 2008 2009 2010 2011F 2012F 2013F 2014F 2015F

Figure 4: The global supply and demand of RE 2005-2015, mt, REO +20% (IMCOA 2011)
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2.4.1. Technological aspect

In the mining industry, the key inputs for the production of steel, iron ore, and coking, coal,
currently account for around 30 percent of revenue. The importance of different metals has
varied, especially REE produced as byproducts of dominant base metals, such as Cu, Al and Ni.
(Figure 5) While steel, copper, and aluminum have always been dominant, other metals such as
rare earths are today increasingly in demand (from a low base) due to their use in new consumer

electronics, renewable energy, and military applications.

= Transportation
= Jewelry

PGMs* and diamonds

3%
= Construction Aluminum and magnesium

= Transportation 10% (835
- Packapging [ ($121) Iron ore and coking coal
H (steel inputs)

" Jewelry 159% = Construction
® Financialindustry o 0o sitver | (8174) * Industrial applications
* Industrial = Transportation

applications
= Various industrial A

applications Industrial minerals® \{3LE)) Copper and other base metals?
= Fertilizers

= Construction

= Electrical and electronics
= Transportation

= Industrial applications

Nickel Lead
0.12% 0.32% Boron
Other Metals 0.37%
0.18% / Manganese
0.79%
Rare Metals

Zinc
- 0.92%

Aluminum

3.05% Chromium

Raw Steel 1.90%

91.02%

Copper
- 1.31%

The critical materials under discussion
are less than .2% of total production.

Figure 5: The spectrum of commaodities in mining industry (100=US$1,198 bill.) and breakdown
of metal production in 2009 (McKinsey and Resnick Institute reports)
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In the United States, the government administration is making historic investments in
clean energy. The American Recovery and Reinvestment Act was the largest one-time investment
in clean energy - more than $80 billion. The DOE is investing $37 billion in Recovery funds in
electric vehicles, batteries and advanced energy storage, smarter and more reliable electric grid,
and wind and solar technologies, among many other areas. Through this investment, US will
increase the renewable energy generation and manufacturing capacities. US will also deploy
hundreds of thousands of electric vehicles and charging infrastructure to power them, weatherize
at least half a million homes and expand their grid. The Chinese government is launching
programs to deploy electric cars in 13 major cities, connecting urban centers with high-speed rail,
building huge wind farms, ultra-supercritical advanced coal plants and ultra-high-voltage long-
distance transmission lines with low line loss. India has launched an ambitious National Solar
Mission, with the goal of reaching 20 gigawatts of installed solar capacity by 2020. In Europe,
strong public policies are driving sustained investments in clean energy. Denmark is the world’s
leading producer of wind turbines, earning more than $4 billion each year in that industry.
Germany and Spain are the world’s top installers of solar photovoltaic panels, accounting for
nearly three-quarters of a global market worth $37 billion last year. Other countries are also
seizing this opportunity. Indeed, the market for clean energy technologies is growing rapidly all
over the world. Around the world, investments in clean energy technologies are growing, helping
create jobs, promote economic growth and fight climate change. These technologies will be a
key part of the transition to a clean energy future. However, many of these technologies rely on
the special properties of rare-earth metals. There’s no reason to panic, but there’s every reason to
be smart and serious as we plan for growing global demand for products that contain rare earth

metals and other strategic materials.

2.4.2. Industrial aspect (Trends by major demand sector)

Incremental world energy demand or emerging-market demand could increase by up to 15
percent depending on a range of plausible published projections of China’s future growth rate

and energy intensity (i.e., energy inputs per unit of economic output). It is projected that China’s
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primary energy demand will grow by more than 2 percent per annum, accounting for more than
40 percent of incremental global energy demand by 2030, based on growth in China’s real GDP

of 6.8 percent per year.

Per capita energy consumption

Historical .
(1970-2008) B United States

200 | wweseses Projected

250

150
I stralia Historical

/»/" range for
e m France cneny; .
100 - consumption

...... 2030 United Kingdom evolution

: /. ——seesansei?
Korea / _,es**"*" projected
L

50

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000
Per capita GDP
Real 200 $ PPF

Figure 6: Resource demand compared to income rise (IHS Global Insight, McKinsey report)

In most developed countries, per capita energy consumption generally grows consistently until
household income hits a threshold of $15,000 to $20,000 in purchasing power parity (PPP) terms.
As shown in Figure 6, consumption then typically flattens as economies shift from energy-
intensive industries, such as manufacturing, toward less energy-intensive service industries.
China’s current energy intensity is around the levels seen in South Korea and Singapore in the
late 1980s. It can be assumed that, by 2030, China will reach per capita energy intensity around

the level observed in South Korea and Singapore in the late 1990s.

2.4.2.1. Automotive industry;
Gasoline/Diesel engine vehicles, next-generation vehicles (HEV/PHEV/EV)

In the automotive industry, existing gasoline and diesel power vehicles are manufactured with a
good deal of rare metals, as well as the next generation vehicles.
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Figure 7: Estimated global automobile market trends (Automotive World Car Industry Forecast
Report, Global Insight)

The demand for rare metals in this sector is focused on the additives for alloy metals. Cr, Mn and
Ni, indispensable for standard and special steels account for the major portion of demand. Also,
platinum groups used in three-way catalyst and oxygen sensor will remain important, though the
volume is limited. In the meantime, the demand of Nd, Dy and L.i for the use in next-generation
vehicles appears to be in an increasing trend. The estimates on Figure 7 show that the proportion
of demand breakdown by each kind of vehicle/ economy would be almost the same in 2015 as in
2010. China, among other parties, is estimated to continue to be the major consuming country in
2015 accounting for 60% of the world demand. The reason that China is in need of such a big
amount implies that China is incentivized to increase the REE supply for itself. This would limit

exportation to the rest of the world, and China supplies 40% of the total demand.

2.4.2.2. Energy-saving products;

Solar cell, lithium-ion battery, LED, fuel cell, wind power generation
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Key energy-saving products such as solar cells, lithium-ion batteries, LEDs, fuel cells and wind
power generation are reviewed in this research. The rare metal demand in 2009 was centered on
the lithium-ion battery; especially Co, Mn, and Ni used in the positive electrode materials
account for the major portion of demand. Currently Japanese positive electrode material
manufacturers have overwhelming shares in the global market, while the domestic demand is
increasing. In the future the demand for rare metals is expected to increase along with the full-
scale commercialization and expansion of the new products such as fuel cells, solar cells and
LED. During the next decade the demand for high performance rechargeable batteries will
increase as a result of market evolution. This evolution includes the electrical and electronic
portable equipment and electric vehicle market. In the markets for portable electronic equipment
and other cordless equipment, the sustained demand for rechargeable batteries observed over the

last ten years should continue.

NICKEL RARE EARTH

2010 Nickel uses in Batteries: > 5 % Rare Earth uses in batteries: = 20 %

. Ni-MH
Ni-Cd Ni-MH Li-Ton
+ Ni-MH 4000
E 12000 N
T $
§ oo °
: ‘
L o
“ ] .
0
° Nickel Portable Nickel HEV Nickel EV 6.0 % Rgger_;:aEsll:h Rara.EE\?rth
%2010 2020 LINiCoMnOx u2010 22020
From 100,000 to 1.0 million HEV From 100,000 to 1.0 million HEV in EU

& 1.0 million Full EV (EU data)

Figure 8: Trends the usage of battery materials in the EU (Ad-hoc Working Group report)

The growth rate in materials demand is thus expected to reach 5% per year over the next decade.
This will require an increased use of rare earths, as well as Ni, Co and Li (notably nickel and
cobalt-based specialty chemicals, and lithiated metallic oxides). Given the greater uncertainty
associated with the development of the electric vehicle being more speculative, a conservative
evolution has been assumed. The resulting demand for rare earths, nickel, cobalt and lithium is
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based on a production of 1.0 million electric or hybrid electric vehicles in 2020. Figures 8
displays the evolution of tonnes of rare earths, nickel, cobalt and lithium contained in portable
batteries used in the EU between 2010 and 2020. Their tonnage in portable batteries might be
multiplied by a factor of three to four for rare earths and nickel, up to about six for cobalt, and

more than ten for lithium.

Figure 9: Diversity of elements used in advancing energy pathways (Materials critical to the
energy industry, A. Reller)

Machines, devices and components which are designed to store and transport energy also
need the rare elements. The role of such elements is important and crucial for the economy and
ecology. All these new technologies require specific elements for their specific functionalities
and the higher the technological innovation, the higher the number of elements used for the final
technology as shown in Figure 9. To the contrary energy is necessary to obtain the required
elements, process the raw materials to the final components and retrieve the elements from the

end-product when it is no longer in use.

2.4.2.3. Home appliance electronics;

Mobile phone, digital camera, PC, TV, washing machine, refrigerator

Electronics products such as mobile phones, PCs, DSCs, TVs, washing machines, refrigerators,
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and air-conditioners are reviewed in this research. A great number of rare metals are being used
in electronics products. The rare metals are used as additives in very small quantity for
controlling the part quality and performance. The demand of rare metals for this sector in 2009
was centered on the capacitors, plating, batteries, motors and HDD used for mobile phones,
digital cameras, PCs, TVs, washing machines, refrigerators and air conditioners. In the future the
demand of Ni will increase centered on capacitors. The demand of indium, which is used for
transparent electrode material, is likely to increase more than ever as applications such as touch
panels and e-books become more popular. In 2002-2003 “indium depletion issues” were pointed
out. As the possibility of running into indium shortage is undeniable, there are world-wide
activities on the material composition change to avoid using indium, reduction of indium use

volume by reducing the thickness of indium layer, and the development of alternative materials.

I High-tech leapfrog 1
Number of years after invention for selected
technologies to reach 0% country coverage

1750-1900 0 25 50 75 100 125
Railways

Steel
(apen-hearth fumace)

Telephones

1900-50 0 25 50 7% 100 125

Steel
{electric-hearth furmace)

Radio

Aviation
1950-75 0 25 50 7% 100 126
Personal computers

Internet use

CAT scan
1975-2000 0 25 50 7% 100 125
Mabile phones - | | |

Source: Werld Bank

Figure 10: Technology adoption timeline in emerging market (The World Bank report)

The Figure 10 shows a technology adoption timeline from 1900 to 2005. The upshot is
that technology is spreading to emerging markets faster than it has ever done anywhere. The

study looked at how much time elapsed between the invention of a product and its widespread
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adoption (defined as when 80% of countries that use a technology first report it). For 19th-
century technologies the gap was long: 120 years for trains and open-hearth steel furnaces, 100
years for the telephone. For aviation and radio, invented in the early 20th century, the lag was 60
years. But, for example, the gap of the PC was around 20 years and for mobile phones just 16
years. In almost all industrialized countries, once a technology is adopted it goes on to achieve
mass-market scale, reaching 25% of the market for that particular device. In the World Bank's
database, there are 28 examples of a new technology reaching 5% of the market in a rich country;
of those, 23 went on to achieve over 50%. In other words, if something gets a foothold in a rich

country, it usually spreads widely.

Percentof U.S. Households.

COLOR TV

Il.l.p.’cjrl.q;'t}yx i

LA
BN
; Y PN

y COMPUTER
i \ % 7 \

A
[CLOTHES WASHEKR'

[CELLPHONE

X
S\ VCR

-/
TELEPHONE 1t B —
A\ / CLOTIIES DRYER / \ DISHWASHER

) [REFRIGERATOR i
v = i
"/

e s A
/ \stove .'// INTERNET)

L P = L (L[5 (L7 : 7

RADIO o/
\ s

Figure 11: The consumption spreads rate of appliances and devices (NY Times)

The rate of adoption of consumer technologies since the beginning of the previous
century has been rapidly increasing, so much so that today’s technology spreads at a rate never
seen before. The following are U.S. stats that also describe similar trends in other Western
countries and, to a large extent, a clear global trend. Electricity reached 90% penetration of U.S.
households within 50 years; the refrigerator accomplished the same in 30 years, cell phones, in
about 20 years. (Figure 11) Though these products would have been desirable in the past by most,

to own such new innovative machines or devices (e.g. cars or phones) required appropriate funds.
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These products were only affordable to businesses and the wealthiest of society, which played a
role in constraining their proliferation. This granted society time to question, study and adapt to
the tools which were about to become a part of their lives. This means the consumption or
demand of rare metals for the new industry will explosively increase due to advancing

technology.

2.4.3. Environmental aspect

The mining industry could face increasing pressure from regulators to pay for inputs such as
carbon and water that are currently have no charge. A carbon price would have the most direct
impact on coal producers (discussed in the energy section of this survey) but would also have an
indirect impact on other operators through increases in the cost of energy inputs. Pricing water
could have a dramatic impact on costs - and constrain output - given that 32 percent of copper
mines and 39 percent of iron ore mines are in areas of moderate to high water scarcity. In water -
scarce regions, some operators could face increased costs of up to 16 percent from the combined
costs of water and carbon emissions. Especially in the US, there are numerous laws and
regulations governing mining within the territory that create a complex and lengthy permitting
process for any new mine. The potential number of combined environmental permits required by
federal, state, and local laws varies between sixty to seventy permits. Table 5 provides a broad
survey of environmental concerns, and the applicable laws that most mining companies must
comply with before beginning operations. A number of federal environmental requirements have
been fully or partially delegated to states to implement, such as permitting under the Clean Air
Act and the Clean Water Act.132. In addition to federal permitting requirements, mines must
satisfy a myriad of local and state requirements before operations may begin.

In the technological aspect, advances in 3D printing have had profound eco-friendly
implications for the efficiency of mining and metals operations. Maintenance downtime is
shorter because spare parts can be made on site, and time-saving approaches are multiplied for

operations in remote regions. Cost savings are realized, and environmental benefits accrue. Use
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of 3D printing leads to lighter, smaller and more efficient designs that may last longer and work

more efficiently, reducing the environmental impact of operations.

Environmental Concern Applicable Law or Permit(s)
Potential Environmental National Environmental Policy Act of 1969® (“NEPA™) — NEPA is prerequisite to numerous federal and state
Impacts permit approvals and is applicable to any mining operation that occurs on federal lands or is considered to be

a federal action.®

Air Quality Clean Air Act? — Establishes requirements to obtain a Title V operating permit, which provides performance
and emission standards for new hazardous air pollutants, and air toxic standards to prevent significant dete-
rioration of clean air.®

Water Quality Clean Water Act! — Establishes four surface water programs and applicable permits to regulate the discharge

of pollutants to “restore and maintain the chemical, physical, and biological integrity of the Nation's waters"®

(1) the National Pollutant Discharge Elimination System permit, known as the section 402 permit, regulates
the point source discharge of pollutants, including storm water. Although this permit is generally granted
through application to the state, often for rare earth mines that also contain uranium, the site is also mon-
itored by the Nuclear Regulatory Commission;"

(2) the section 404 permit program, regulates placement of dredged or fill materials in water;

(3) the section 208 and 319 permits, regulate nonpoint sources of water pollution; and

(4) the section 311 program regulates discharges or spills of oil or hazardous substances.’

Hazardous and Solid Waste |Resource Conservation and Recovery Act (RCRA) — Governs the generation, transportation, treatment,
storage, and ultimate disposal of hazardous waste.

Comprehensive Environmental Response, Compensation, and Liability Act of 1980% (“CERCLA") — Establishes
requirements concerning closed and abandoned hazardous waste sites and liability for releasing hazardous
waste.'

Wildlife Endangered Species Act of 1973™ — Ensures threatened and endangered species are not destroyed, nor are
their habitats adversely modified.”

Toxic Substances Toxic Substance Control Act® — Regulates the production, important, use, and disposal, of certain substances
that present risk to health or the environment.?

a.  Federal Environmental Laws That Govern U.S. Mining, National Mining Ass‘n, http://www.nma.org/index.php/federal-environmental-laws-that-govern-u-s-mining (last visited March 31,
2013).

42 US.C. §§ 4321 et seq. (2006).

See U.S. Envt'l Prot. Agency, EPA/530/R-95/043, Background for NEPA Reviewers: Non-Coal Mining Operations, |- 1—1-2 [hereinafter LS. EPA, Background for NEPA Reviewers], available
at htep:/fwww.epa.gov/compliance/resources/policies/nepa/non-coal-mining-background-pg.pdf.

42 US.C. §§ 7401-7671q (2006).

Seeid §§ 7401,7661a, 7661 c.

33 US.C.§§ 1251—1368 (2006).

See LS. EPA, Background for NEPA Reviewers, supra note 135.at [-2.

See Tantom, supra note 127,at 7.

Summary of the Clean VWater Act, EPA, http://www.epa.govilawsregs/laws/cwa.html (last visited Apr. 4, 2012).

Resource Conservation and Recovery Act. 42 U.S.C. §§ 6901-6992k (2006). History of RCRA, EPA. www.epa.gov/epawaste/laws-regs/rcrahistory.com (last visited June 7,2013).

42 US.C. §§ 9601-9675 (2006).

CERCLA Overview, EPA, http:/iwww.epa.govisuperfund/policy/cercla.htm (last visited Apr. 4,2012).

16 US.C.§§ 15311544 (2006).

Digest of Federal Resource Laws of Interest to the U.S. Fish and Wildlife Service, U.S. Fish & Wildlife Serv., huep:/fwww.fws.gov/laws/lawsdigestUESACTHTML (last visited Apr. 4. 2012).
Toxic Substance Control Act, 15 US.C. §§ 2601-2695d (2008).

Summary of the Toxic Substances Control Act, EPA, http:/hwww.epa.govilawsregs/laws/tsca.html (last visited Apr.4,2012).

0T
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Table 5: Major environmental laws affecting mine permission in US (N. Clagett, J. Energy &
Environ. Law, 2013)

Broken-down or redundant equipment can be easily recycled for new parts. For terrestrial mines,
3D printing has helped to reduce costs by 50-80% compared with standard manufacturing

methods. In the metals industry, specialist companies have applied 3D printing technology to
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print liquid metal that is conductive and can be printed at room temperature. Since this
technology’s introduction in the early 21st century, mining and metals companies have fully
adopted it as initial barriers to its use have been rectified. In particular, safety and quality
standards are unparalleled; the technology has a critical presence internationally and is supported
with the appropriate skills; and the production cost of using 3D printing is lower than relying on

external supply chains.
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3. Analysis of Global Trends

3.1. United States

The growth of the clean energy industry in the US has stimulated concern about the availability
of critical materials for energy. These materials include several rare-earth elements and are key
components in many clean energy technologies such as wind turbines, electric vehicles, energy-
efficient lighting, and solar panels. In U.S., the sixteen elements were assessed for criticality in
wind turbines, EVs, PV cells and fluorescent lighting. The methodology used was adapted from
one developed by the National Academy of Sciences. The criticality assessment was framed in
two dimensions: importance to clean energy and supply risk. Five rare earth elements (REES)-
dysprosium, terbium, europium, neodymium and yttrium-were found to be critical in the short
term (present-2015). These five REEs are used in magnets for wind turbines and electric vehicles
or phosphors in energy-efficient lighting. Other elements-cerium, indium, lanthanum and
tellurium-were found to be near-critical. Between the short term and the medium term (2015-
2025), the importance to clean energy and supply risk shift for some materials

Recently, critical materials have been prominent within the U.S. government. The White
House Office of Science and Technology Policy (OSTP) convene a working group that focuses
on critical material prioritization, R&D and information. The U.S. Department of Energy (DOE)
has made significant R&D investments, particularly in substitute technologies for batteries,
photovoltaic cells, magnets, motors and generators. Further efforts have been made through the
Department of Energy (DOE), which has supported research on a range of advanced materials
and clean energy technologies. In January 2013, the DOE announced its latest Energy Innovation
Hub, the Critical Materials Institute (CMI), which has been awarded $120 million to fund
research for the next five years. There is also recognition of the importance of education and
training to support the national knowledge base across the critical materials supply chain. Data
and information continue to be important to inform understanding and support decision-making.

DOE has pursued multilateral international collaboration on R&D and information sharing.
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3.2.  European Union

Although raw materials are essential for the EU economy, their availability is increasingly under
pressure. Within the framework of the EU Raw Materials Initiative, it was decided to identify a
list of critical raw materials at EU level, in close cooperation with Member States and
stakeholders. In order to address these complex and interrelated challenges, the European
Commission has launched an integrated strategy in November 2008: the EU Raw Materials
Initiative. It encompasses measures in three areas to secure sustainable access from outside
Europe, improving framework conditions for extracting minerals within Europe, and promoting
the recycling and resource efficiency of such materials. One priority action of the Initiative is to
identify a common list of critical non-energy raw materials at EU level, in close cooperation with
Member States and stakeholders. Some countries have already carried out assessments with the
aim of determining how critical some materials are to their economy, but up until now there has

been no comprehensive study at the European level.
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EU analyses 41 minerals and metals by a relative concept of criticality, as shown in Figure 12.
As noted, this is due to their high relative economic importance and to high relative supply risk.
The ‘environmental country risk' metric does not change this list of critical materials. The
criticality of raw materials is classified by the risks of supply shortage and their impacts on the
environment. Two types of risks are considered: a) the "supply risk" taking into account the
political-economic stability of the producing countries, the level of concentration of production,
the potential for substitution and the recycling rate; and b) the "environmental country risk"
assessing the risks that measures might be taken by countries with weak environmental
performance in order to protect the environment and, in doing so, endanger the supply of raw

materials to the EU.

3.3.  Japan

The demand of rare metals in Japan for automobile applications, energy-saving and electronic
products was 198,800 tons. This tonnage was comprised of 88.4 percent for automobile
applications, 7.8 percent for energy-saving products and 2.9 percent for key electronics products.
Japan’s domestic rare metal demand is expected to grow considerably to 272,200 tons in 2015
and to 295,400 tons in 2020, about 1.5 times of the demand in 2009. About 90 percent of the
domestic demand of rare metals in 2009 was made up of 5 species of rare metals, chromium,
manganese, nickel, magnesium and cobalt. From now on, “energy-saving” products will increase
the demand of rare metals, which include next-generation automobile (lithium-ion battery, motor,
etc), LED, solar cell, fuel cell and wind-power generation. Especially fast demand-growing rare
metals are nickel, tungsten, cobalt, vanadium, magnesium, lithium, palladium, rhodium,
neodymium, dysprosium and indium, and the activities on the stable supply of these rare metals
are becoming important. In June 2010, REEs were categorized as “strategic rare metals” together
with minerals such as lithium and tungsten due to the expected rise in their demand. This was
due to Japan’s high dependency on certain countries for supply, the high geographical
concentration of REE reserves, and the high risk of supply shocks. The stated policy goal for
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Japan is to achieve 50% self-sufficiency in these metals and minerals by 2030 through securing
supplies from reserves in other countries, increased recycling and the development of substitute
materials. For the securing mineral resources, stockpiles that amount to 60 days of consumption
are accumulated by the Japan Oil, Gas and Metals National Corporation (JOGMEC) and private
companies. The Japanese government is pouring a substantial amount of money into this strategy.
For fiscal year 2011, Japan allocated $650 million to secure REEs and other rare minerals market

by developing alternate REE sources overseas, recycling and developing substitutes.

3.4. China

China has been the world’s dominant supplier for REEs since 1994. However, its apparent
unwillingness to continue to play this role by restricting the production and export of REES has
resulted in soaring and volatile REE prices, and has raised resource security issues for key
consuming nations such as Japan, Korea, the United States and the European Union. Such
developments have spurred companies and governments to seek alternative sources of supply.
Although global REE reserves are widely distributed, current production of REEs is heavily
concentrated in China. The China’s share in REE mine production has risen dramatically from a
mere 27% to current levels of 97%. In spite of their relatively modest reserves, China has been
the dominant worldwide producer since the early 1990s. China dominates the front end of the
supply chain, from mining to the production of alloys and metals. China produces 97% of the
world’s REE supply, 97% of the world’s oxide production, 90% of the world’s rare earth alloys
or powder, and for roughly 60% of REE finished products such as permanent magnets. Refined
metal is also available only exclusively from Chinese companies. As of 2008, the managing the
rare earth industry function was placed under the Ministry of Industry and Information
Technology (MIIT). Of its responsibilities, a key mandate of the Rare Earth Office within the
MIIT is developing production plans for the country’s strategic commodities, including rare
earths. The plans include determining overall production quotas, and distributing these quotas to
the individual provinces. Chinese rare earth mines are also known to cause environmental

damage. By installing new technologies and taking other measures, the government tries to
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reduce the environmental impact of the mines. Another goal of the Chinese government is to
reduce illegal mining, which causes the most serious damage to the environment, but also

attempts are made to increase the efficiency and treating the products with more care.

3.5. Korea

Korea has limited natural resources, limited mineral-supporting industry, and weak recycling.
Korean government stressed the importance of a production stage intermediate between
extraction and the production of finished products in which raw rare metals are converted into
refined materials and alloys, called materialization. One of the principal goals of Korea’s rare
metals strategy is to design policies that will make Korea self-sufficient by recycling rare metals.
The process began with the identification of 56 “rare” elements, subject to instability in supply

and price fluctuations. These aspects are illustrated in Figure 13, the rarity is normalized to steel.
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Figure 13: The correlation between rarity, supply instability, and unstable prices (KIRAM report)

The platinum group metals (PGMs), for example, are 23 million times rarer than steel. A group
of 11 of the 56 elements (counting REEs and PGMs each as one) were identified as strategic

critical elements. The core of Korean government’s policies is overcome for limiting supply risk
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for these strategic critical elements. These policies cover four major areas: (1) securing natural
resources; (2) enhancing R&D for materialization; (3) circulation and recycling; and (4)
establishing infrastructure for development of the rare metal industry.

Korean government was attempting to secure supply both domestically and overseas.
For overseas supplies, Korea was actively gathering information and dispatching investigation
teams to explore potential resources, forming strategic alliances (such as KCMIC with China),
participating and investing in mine developments, and modifying regulations that would
encourage investments in foreign developments related to rare-metal resources. On the domestic
front, Korea actively stockpiles 21 elements to cover 60 days of domestic demand. These
policies range from the immediate short term (stockpiling) to the long term (exploration and
development). The strategies have been adopted by the Korean government to establish
infrastructure in support of their rare-metal industry. Three concrete organizational actions have
been implemented. The first is the formation of a Rare Metal Industry Governing Committee that
advises the government on policy matters and has members from industry, academia, and the
Korea Ministry of Trade, Industry and Energy (MOTIE; former Korea Ministry of Knowledge &
Economy). The second is the establishment of Korea Institute for Rare Metals (KIRAM) at
KITECH that highlighted its role in coordinating government, local universities, and small and
medium enterprises to facilitate R&D support for core technologies. KIRAM carries them
through to commercialization, and establishing new industry, especially small and medium
enterprises as well as makes selection and funding decisions for technology projects for strategic
rare metals, and provides oversight of R&D programs. The ambitious goals set for Korea to
secure its supply of critical rare metals, for 2018 relative to 2009: increasing self-sufficiency in
materials from 12% to 80%, increasing their technical level from 60% to 95%, and increasing the

number of specialized companies founded from 25 to 100.
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4. International Collaboration

4.1. Development of Strategy

The strategies for securing rare metals are mostly composed by government leading multilateral
policies. First, guarantee continuously supplement of natural resources in the future by
investment and exploring of foreign resources with diplomatic relationship. Second, increase
stockpiles of the strategic and economic essential rare metals to set up flexible execution. Third,
reduce and replace the consumption of rare metals by the development of novel materials
reduction and replacing technology. Fourth, recycle and reuse the disposed end of life industrial
products which have rare metals to create alternative resources by urban mines. The main task of
the collaboration is to support the determination of strategies and perspectives on rare resources.
The strategical policy responses may include: (a) Advocating place the supervision of this
problem in the portfolio of a specific government organization, (b) Establishing programs to
encourage the development of new, secure rare resources where appropriate. This may include
legislation of law, support of new, basic research, (c) Raising awareness in the international
policy community of the importance of specific critical elements as they may affect relations
with specific nations, (d) Advocating for awareness of the importance of research into
substitutional physics and chemistry so that potentially rare or unavailable elements can be

replaced by more common materials.

4.1.1. International Rare Metals Workshop

The International Workshop on Rare Metals (IWRM) was part of an ongoing discussion to
secure current and future access to critical materials. These communications were crucial to
exchange views and perspectives on the availability and supply challenges of critical materials.
Emphasis has been on rare earth metals and other elements critical for future technology and use.
It was the latest in a series of symposia, workshops and conferences of which the following can

be considered as landmarks in promoting international cooperation on this subject:
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1. Awareness of current status on rare resources

2. ldentify the element, the emerging technology, and

a. Identify the scientific/engineering reason for the critical role of the element.

b. Estimate the intensity in key applications, and

c. The requirements for scaling to widespread use.

3. Survey and assess the issues that determine the availability of the element including:

a.

Fundamental rarity, geological occurrence, mineralogy, known and projected reserves,
geographical distribution of reserves and political concerns, likelihood of new
discoveries.

Extraction issues: environmental impact, toxicity, sustainability.

Cost/availability relationships, including additional features due to co-product
production.

Secondary sources: potential for recycling and thresholds for salvaging rare elements
as byproducts.

4. Make consensus among participate countries on the overcoming for the rarity of resources

by R&D activities. The specific technical fields in which the cooperative activities are to

take place shall primarily be those that are within the scope and expertise of members and

they include the following:

a.
b.

Research and development activities on rare metals including rare earths

Advanced Technologies related with to Materialization, Extraction, Recycling,
Replacement, Reduction and Purification of rare metals

Technology transfer to perspective industrial applications, subject to the requirements

under laws, regulations and directives of each countries

4.1.1.1. The 1* International Workshop on Rare Metals

The importance of certain critical materials; Rare Metals, for national industry and economic

prosperity has been recognized for many decades. The Korea Government endorses a proposal

for a measure of the issues raised by the possible large-scale adoption of rare materials-related
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common wills that would require a dramatic increase in the availability of rare elements. In this
reason, the 1* International Workshop on Rare Metals was held April 18-19, 2011 in Incheon at
Korea organized by the Korea Institute for Rare Metals (KIRAM). The Workshop aims at
providing a forum for researchers and practitioners working on the diverse issues of rare metals
among worldwide countries. (Figure 14) Attendees included representatives from the Korea
Resources Corporation, the Ames Laboratory, the Leibniz IFW Institute, the York University, the
Nakaoga Tech. University, Ministry of Indonesia Economy, and other delegations. The Workshop
will be undertaken in collaboration with the KITECH. Other scientific societies, notably the
Korea Resources Corporation (KORES) and the Korea Ministry of Knowledge Economy (MKE)
will provide input to the Workshop. The aim of this Workshop is to identify the range and nature
of policy issues associated with the supply of critical rare elements and recommend mechanisms
to track these evolving issues. Another main objective of Workshop is to develop international
common R&D activities to overcome all difficulties related with recycling, reuse, replacement

and reduction of rare materials.
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Figure 14: The advertising of the 1 IWRM held in Incheon, Korea
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4.1.1.2. The 2" International Workshop on Rare Metals

The first International Workshop on Rare Metals took place in Incheon, South Korea, in April of
2011, and it was undertaken as collaboration with the Korea Institute and Industrial Technology
(KITECH) and other scientific societies: notably, the Korea Resources Corporation (KORES)
and the Korea Ministry of Knowledge Economy (MKE) provided input to the Workshop. As the
extension bottom line of awareness of Criticality on REE, the 2nd International Workshop on
Rare Metals was held in November 25" of 2012 at Boston, Massachusetts. Organized by The
Ames Laboratory and the Korea Institute for Rare Metals (KIRAM), the Workshop aims to
provide a forum for researchers and practitioners working on the diverse issues of rare metals,

among countries worldwide, for the discussion of high-level issues and strategies to ensure
secure supplies of these essential materials (Figure 15).
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Figure 15: The advertising of the 2" IWRM held in Boston, US

4.1.1.3. The 3" International Workshop on Rare Metals

This third Rare Metals workshop at the Conference of Metallurgists, building on the success of

the inaugural international workshops previously held in April 2010 and November 2012,
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provides a collaborative forum to share ideas and technical advances, as well as to discuss these
critical and timely issues (Figure 16). The response to this new symposium has exceeded our
expectations. The presentations in workshop contained fifty-one papers from academia,
government and industry from 16 countries. Besides complementing talks from Canada and the
United States, there were significant contributions from China, Germany, Japan, Korea, Belgium,
the UK and elsewhere. The Symposium provides an opportunity for authors and delegates from
around the world and across all aspects of the rare earth supply chain to meet their colleagues

and discuss common interests and concerns.
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With the interest generated by the importance of the subject area, two international Rare Earth
organizations would be holding meetings concurrently with the REE Symposium in Montreal.
The eight-country member International Rare Metals Working Group, chaired by the Korea

Institute of Industrial Technology, would be convening its annual meeting, and the Rare Earth
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Technology Alliance, the US-based international member industry association under the auspices
of the American Chemical Council would be holding its quarterly meeting. The presentations in
the workshop have been laid out in six thematic categories: Rare Earth Element Industry
Overview, Mineralogy and Beneficiation of Rare Earth Resources, Hydrometallurgy of Rare
Earth Mineral Concentrates, Rare Earth Element Separation, Rare Earth Elements in Advanced
Materials, and Recycling of Rare Earth Elements, reflecting the structure of this year’s full three-
and-a-half day Symposium. It is also important to understand the economic and environmental
issues related to meeting the demand for rare earth-based materials. Success will be significantly

facilitated through national and multinational collaboration.

4.2.  Development of Technology

4.2.1. Substitution of RE resource by alternative resource (Nd, Dy recycling)

The increasing need for specific materials in advanced technologies, especially green energy
technologies, has led to an imbalance in the supply-demand of certain materials. The instabilities
in the supply and demand of specific materials leads them to be defined as critical materials.
While the definition of what is a critical material is not universally defined by the US
Department of Energy (Figure 2) shows their methodology for classifying critical materials.
(Figure 2) From the chart, it is very clear the rare earth (RE) elements, especially Nd and Dy, are
very high on the criticality list. Nd and Dy are important to advanced energy technologies due to
their ubiquitous use is high-strength permanent magnets. Specifically, more than 50,000 tons of
RE-Fe-B-type magnets are manufactured each year. The supply risk arises, however, from the
fact the mining of the RE elements and the production of the RE magnets are localized to
specific geographic locations. The localization of the supply and production of the RE elements
and magnets, respectively, combined with the overall limited supplies has created an imbalance
in the supply/demand of RE elements. To address this imbalance, alternative supplies of RE
elements are being considered. While opening up new mines is an important component of this,

an equally important approach is developing recycling technologies that can supplement the RE
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supplies.

To develop an advanced recycling technology for the recovery of RE elements from
scrap magnet material, the Korea Institute of Industrial Technology (KITECH) and The Ames
Laboratory (USA) partnered to develop an advanced liquid metal extraction technology that can
be utilized to recover high-purity RE metals from various RE-type permanent magnet alloys.
This project focused on utilizing liquid Mg to extract RE elements from magnet scrap, which is
based on technology previously developed at Ames Laboratory. Our initial work focused on
identifying the basic processing conditions necessary for the extraction of the RE elements since
the initial work at Ames focused on the fundamental diffusion behavior in liquid Mg. For this
work we started with a model alloy system containing only Nd-Fe-B (~33 wt. % Nd). All of our
melting experiments were done via induction heating in order to assure adequate mixing of the
molten liquid. The model alloy or scrap magnet material was placed in a stainless steel mesh box
that was attached to a stopper rod. The stopper rod plugs the bottom hole on the stainless steel
crucible for which the liquid Mg is melted in. After a specified melting time, the stopper rod is
lifted up and the liquid Mg alloy is poured into a Cu mold. Figure 17 shows the furnace that was

used for the liquid metal extraction experiments.

Figure 17: Induction furnace used for liquid metal extraction experiments
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Since there are many process variables, we tried examine them independently. The first variable
that we examined was the effects of the ratio of liquid Mg to scrap material (Nd-Fe-B). For these
experiments, we sieved the scrap material to 0.6-2.0 mm in size and enclosed it in a stainless
steel mesh box. The samples were all heated at 850 °C for 1 hour. The 3 Mg-to-scrap ratios that

were utilized are shown below Table 6:

sumpe
4

RTO-1-1 50 207 153.5

RTO-1-3 80 200 25 1411
RTO-1-5 200 200 1 143.8

Table 6: Initial masses of scrap material and Mg metal along with mass of Mg-Nd casting

From these 3 ratios we measured the amount of Nd in the Mg alloy after casting and found that
all three alloys closely matched the theoretical values for full extraction of Nd from the scrap
material, sample RTO-1-5 (1:1 Mg:scrap ratio) showed the highest concentration of Nd in the
Mg-Nd alloy, Table 7. Furthermore, all three alloys showed minimal Fe contamination during

processing, which confirmed the effectiveness of the process.

m RTO-1-1 RTO-1-3 RTO-1-5

92.3% 87.9% 72.6%

7.46% 11.87% 26.99%

0.12% 0.13% 0.16%

<0.001% <0.001% <0.001%

Table 7: Chemical analysis of Mg-Nd castings

From our analysis of the scrap material in the mesh box after casting to evaluate effects of
particle size on reactivity, we found that a significant amount of the Mg-Nd liquid was trapped
between the particles during casting. The degree of this entrapment of the liquid Mg-Nd is likely

dependent on the size of particles.
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Figure 18: Optical micrograph of material left in mesh box after casting. Light colored phase in
Mg-Nd liquid and dark is scrap material.

The smaller particles will pack together more densely and make it more difficult for the liquid to
pour out during casting. Increasing particle size however, increases the diffusion length, which
can require extremely long processing times for the extraction of the RE elements from the scrap
material.

To examine the effects of the particle size on the extraction process, we utilized three
different size ranges: 0.6 - 2.0, 2.0 - 4.0 and > 5 mm. Table 8 shows the amount of Nd and Fe
present in the liquid Mg after the extraction experiment for two different particle size ranges. Our
results showed that the extraction of the Nd into the Mg was approximately the same for both
particle size ranges suggesting that the longer diffusion path length did not affect the extraction
of the RE elements significantly. For particles sizes above 5 mm we found that the RE elements

did not fully diffuse out in the processing time used, and thus, was not suitable for this process.

wt. % Nd in casting 26.99% 25.06%
wt. % Fe in casting 0.16% 0.19%

Table 8: Measured Nd content in Mg-Nd alloy for different scrap particle size ranges
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Once the processing conditions for extracting the RE elements into the liquid Mg were
established, the next goal of the work was to develop a process for separating the RE elements
from the Mg (enrichment). Achieving this can be done using vacuum distillation, which takes
advantage of the relatively low melting temperature and high vapor pressure of Mg compared to
the RE elements to distill the Mg out of the Mg-RE alloy. The major limitation of using this
process on the Mg-RE alloys from the liquid metal extraction experiments is the RE elements are
the minority component. As can be seen in Table 8, the RE content in the Mg-RE alloy after
liquid metal extraction from the magnet scrap is less than 30 wt. %. This low amount of RE
present in the alloy makes vacuum distillation considerably more difficult. To address this, we
tried to increase the amount of RE in the Mg-RE alloy by utilizing a multi-step liquid metal
extraction process, which is shown schematically in Figure 19. It should be noted that for this
work we utilized actual permanent magnet alloys (N35 grade), which contained Nd, Pr and Dy.
In this process, the Mg-RE alloy that is synthesized in the first step is used as the liquid
extractant in the second step, instead of pure Mg, to increase the amount of RE in the final Mg-

RE alloy. The effects of this two-step process on the RE content can be seen in Table 9.

- 2nd Melt
_ g
»  Mg-RE
Casting 200 g
15t Melt + Magnet
Alloy
200 g 200g 200-Xg
Magnet == Mg Mg
Alloy
Xg Zg
Mg-RE Mg-RE
Casting Casting

Figure 19: Schematic of two-step process for enriching RE content in Mg-RE alloys

From the results shown in Table 9, it can be seen that the two-step process does increase the
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amount of RE in the Mg-RE alloy. The RE elements are still the minority component in the alloy,
but the enrichment makes vacuum distillation more suited for yielding a high-purity RE alloy.

Mg

75.8 % 64.6%
Nd 19.81 % 27.08 %
Pr 3.93 % 7.50 %
Dy 0.080 % 0.12 %
Fe 0.19 % 0.22 %
Ni 0.054 % 0.34 %
B < 0.001 % < 0.001%
Total RE Metals 23.82% 34.70%

Table 9: Effect of 2-step process on RE content in Mg-RE alloy

Our initial work examining the processing conditions for the recovery of the RE elements from
the magnet scrap focused on relatively small batches of magnet scrap (200g). To examine the
feasibility of scaling up the liquid metal extraction process of the RE metals to a larger scale, we
examined the efficiency of RE recovery for larger batches of magnet scrap. For each process, the
Mg/scrap ratio was 1:1, and the two-step process described above was utilized. The total amount
of RE elements in the Mg-RE alloy after the two-step enrichment process for the different batch
sizes are shown below in Table 10. From the results, we see the efficiency of the process is not
degraded by scaling up to 2000 g of scrap. In fact, the total amount of RE elements actually
increases a little. While preliminary, the results suggest that this process can be scaled up to
effectively recover the RE elements from bulk batches of magnet scrap.

As discussed above, to separate the Mg from the RE elements we utilized vacuum
distillation. The conditions for the distillation experiments were T = 700 °C for 48 and 96 hours.
Table 11 shows the chemical analysis the RE material after the distillation of the Mg. From the
results we find that the total RE purity after distillation is > 98% with very little Mg present.
Furthermore, the results suggest that increasing the distillation time from 48 to 96 hours does not

lead to a measurable increase in the RE purity in the alloy. It should be noted that the Mg
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recovered from the Mg distillation process was > 99.9 % pure.

m 200 g scrap | 1000 g scrap 2000 g scrap
Mg

64.6% 50.8% 53.6%
Nd 27.08 % 36.42% 33.09 %
Pr 7.50 % 11.74 % 10.72 %
Dy 0.12 % 0.23% 0.095 %
Fe 0.22 % 0.46 % 047 %
Total RE Metals 34.70% 48.39% 43.9%

Table 10: Total amount of RE elements in Mg-RE alloy after 2-step enrichment process as a
function of process scale

G CE

Mg 0.062% 0.029%
Nd 73.9% 73.8%
Pr 23.88% 23.46%
Dy 0.24% 0.29%
Fe 0.17% 0.19%
Ni 0.11% 0.20%
Total REM Purity 98.02% 97.55%

Table 11: Chemical analysis of distilled Mg-RE alloy for two different times at 700 °C

To further investigate the effectiveness of the recycling process, we used the high-purity
RE metal recovered from the distillation process to synthesize permanent magnet alloys. The
recycled RE metals were arc melted with other elements to form a RE;Fe14B-type alloy, which
was then melt spun and flash annealed. For comparison, an alloy of identical composition
(without the impurity elements) was synthesized from non-recycled (pure) RE elements. For the
alloys used in this analysis, the microstructures were not tailored for optimal extrinsic magnetic

properties, but rather, we are only comparing the intrinsic magnetic properties.
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Figure 20: Hysteresis curves for permanent magnet alloys synthesized from RE metals
synthesized from oxides (left) and recovered from magnet scrap (right)

Figure 20 and Table 12 show that the analysis results of permanent magnet alloy synthesized
from the recycled RE metals showing quite similar intrinsic magnetic properties to that of the
alloy synthesized from non-recycled RE metals. These results suggest the impurities present in
the RE alloy after distillation do not appreciable degrade the subsequent permanent magnet alloy.
It is important to note the magnet scrap utilized in these experiments were uncoated magnets,
however, RE containing magnets are often coated with metals such as Ni. To examine the effects
of the coating on the permanent magnet alloys synthesized from the recovered RE metals, we

utilized Ni coated magnets in the liquid metal extraction experiments.

Recovered RE Metals | High-Purity RE Metals

Saturation Magnetization 13.6 kGs 14.0 kGs
M)
AnlSOt(":l’)y Field 68.6 kOe 70.7 kQe
a.

Table 12: Intrinsic magnetic properties of permanent magnet alloys synthesized from RE metals
recovered from magnet scrap and synthesized from RE oxides
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Mg 756 % 613 %
Nd 16.35 % 26.30 %
Pr 476 % 774 %
Dy 0.081 % 0.061 %
Fe 0.18 % 028 %
Ni 0.39 % 0.65 %
B < 0.001 % < 0.001%

Table 13: Chemical analysis of Mg-RE alloy after liquid metal extraction experiments on Ni-
coated magnet scrap

From the chemical analysis shown in Table 13, we see that the Ni content in the Mg-RE alloy
does increase with the subsequent enrichment step. This incorporation of Ni into the Mg-RE lead
to increased Ni impurities in the final RE metal after distillation. The effects of the increased Ni
content in the recovered RE metals were investigated by synthesizing permanent magnet alloys
from both recycled and non-recycled RE metals. Interestingly, the incorporation of the Ni from
the scrap magnet coating does not appear to have a deleterious effect on the properties of the

permanent magnet alloy synthesized from the recycled RE metals, Figure 21.

—Recycled REM  Ms =13.1 kGs, Hci= 3.7 kOe

20000 - Pure REM Ms = 12.8 kGs, Hci = 3.5 kQOe
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Figure 21: Magnetic properties of permanent magnets synthesized from rare earth metal (REM)
recovered from Ni-coated magnet scrap and pure REM
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It is well known that commercial permanent magnets utilize different RE elements to tailor the
magnetic properties. For example, Dy is added to RE,Fe;14B-type magnets to help maintain the
coercivity at elevated temperatures. The large variation in compositions in commercially
available permanent magnets highlights the importance of understanding the individual behavior
of different RE elements during the liquid metal extraction process. To investigate this, we
utilized a high-Dy containing magnet composition during liquid melting extraction experiments
at three different temperatures. The actual amount of the individual RE elements present in the
Mg-RE alloy as well as their theoretical composition based on the full extraction of them from
the magnet scrap are show in Table 14. From the measured compositions of the RE elements in
the Mg-RE alloy, it is quite clear the Nd and Pr can be effectively extracted from the magnet
scrap alloy, however, the Dy is not. The efficiency of the Dy extraction does show a small
increase with increasing temperature, but does not approach its theoretical maximum. Further
evidence of Dy not effectively diffusing into the Mg during the liquid metal extraction step can

be seen in Figure 22, which shows the solidified microstructure at the magnet/Mg-RE alloy

‘ﬂ Full Extraction

interface.

Dy 0.96% 1.55% 1.52% 347%
Nd 13.11% 14.02% 14.38% 14.03%
Pr 4.32% 4.55% 4.78% 4.68%
Mg 80.9% 77.8% 76.9%
Fe 0.18% 0.35% 0.34%
Ni 0.050% 0.042% 0.039%

Total REM 18.4% 20.1% 20.7% 22.2%

Table 14: Measured compositions of elements in Mg-RE alloy processed at different
temperatures. The theoretical composition of each RE element in the Mg-RE alloy based on full
extraction from the magnet scrap is also shown

The interface region corresponds to a region depleted in Nd and Pr since they have diffused into

the Mg-RE alloy and rich in Dy that has not diffused out. Since Dy is an extremely critical
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material, effectively recovering it is important. The fact that the light RE elements (Nd and Pr)
diffuse into the Mg liquid, while the heavy RE Dy remains in the magnet alloy provides a
process by which a Dy-enriched alloy can be recovered. More work needs to be done to

optimize this process, but it does appear to be a promising method for recycling Dy-rich alloys.

. ' Interface
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g

g Magnet
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Figure 22: SEM micrograph of magnet/Mg-RE alloy interface showing region that is depleted in
Nd and Pr an enriched in Dy

Since Dy is an extremely critical material, effectively recovering it is important. The fact that the
light RE elements (Nd and Pr) diffuse into the Mg liquid, while the heavy RE Dy remains in the
magnet alloy provides a process by which a Dy-enriched alloy can be recovered. More work
needs to be done to optimize this process, but it does appear to be a promising method for
recycling Dy-rich alloys. Moreover, this unique recycling technique (Ames process) can be
applied to the recovering Co and Ni from the WC hard cutting-tool scraps using a molten-zinc
(Zn) bath.

4.2.2. Substitution of RE by abundant metals (Magnetocaloric materials)

Around 15% of the total energy consumption worldwide is used for refrigeration purposes.

Commercial and residential refrigeration and air-conditioner are a mature, relatively low capital

cost but a high-energy demand industry. Because current Carnot cycle using systems are based

on processes involving the use of compressed gasses throughout the system. Moreover, typical
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Carnot cycle systems are not applicable to the extremely large-scale cooling capacity due to low
energy efficiency, harmful vibration, noise etc. However new magnetocaloric materials are
expected to be applied as large-scale air conditioners and heat pumps for the highly integrated
computing facility (such as Data Center of Google, Facebook and VISA etc.).

Magnetic refrigeration (MR) is rapidly becoming competitive with conventional gas
compression technology because it offers considerable operating cost savings by eliminating the
most inefficient part of the refrigerator: the compressor. In addition to its energy savings
potential, MR is an environmentally sound alternative to vapor-cycle refrigerators and air
conditioners. These compressed gasses are known to be harmful to the o-zone layer. Some of the
more commonly used blends of these gasses are Hydro-Chlorofluorocarbon (HCFC) and Hydro-
fluorocarbon (HFC). MC (Magnetocaloric) refrigerators use a solid materials based refrigerant(s)
and common heat transfer fluids (e.g. water, water-alcohol solution, air, or helium gas) with no
ozone-depleting and/or global-warming effects. In 1997, Karl A. Gschneider Jr. at Ames
Laboratory developed and first “proof of concept” in-room-temperature MCR process showing a
thirty percent improvement in energy efficiency in comparison to previous works in the field.
This feat was accomplished through the use of the rare earth metal Gadolinium (Gd) as the
refrigerant. The metal, however, was alloyed with other elements such as silicon and germanium
in order to produce the maximum amount of MCE possible. This was also mainly due to
feasibility in mass production of the Gd alloy commercial grade compound which only required
a small amount of the rare earth metal in the alloying process. This accomplishment also made
use of a “permanent” magnet, a new feature which promises the continual use of magnets within
the system for continual refrigeration system applications.

The problem with current MCR systems is the use of high purity REE (i.e., Gd, Tb, and
Dy) or toxic materials (i.e., As, P and Sb) to maximize operational MCE and the use of liquid
nitrogen to cool the solid material when it is passed through a magnetic field. The use of toxic
metal renders such system of little use for domestic application due to the danger and high cost
of these handlings. The cost of the raw materials is generally stated to be an advantage of Gd-
based MCE material, because it is thought to be too expensive. The MCE properties of MnAsSb
alloys are outstanding and these alloys are among the leading candidates as near room
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temperature magnetic refrigerant materials; however, the high vapor pressure of arsenic (As;
boiling point 876 K) makes it difficult to prepare large quantities (tons) of MnAs in an
economical way. A second problem is the fact that As is a governmentally regulated poison,
which means special handling facilities would be required for preparing the MnAsSb material,
and special environmental regulations will need to be met to place such cooling devices into

commerce.

Figure 23: Optical image of the as-cast Ni-Mn-Cu-Sn MCE alloy ingot synthesized by Arc
melting followed rapid cooling process

Figure 24: The general quenching specimen after annealing in vacuum

No ID at% Arc melting ID
1 IMC-NiMnSn 45.1INi | 31.2|Mn 23.7|Sn | AHI-134 ©
2 |MC-NiMn0CuSn 39.7|Ni | 39.8{Mn 20.5|Sn | AHI-134 @
3 |[MC-NiMn2CuSn 39.6|Ni | 37.9{Mn | 20(Cu | 20.5|Sn | AHI-134 ®
4 IMC-NiMn4.5CuSn | 39.5|Ni | 356(Mn | 4.5(Cu | 204|Sn | AHI-134 @
5 [MC-NiMn7CuSn 39.3|Ni | 334[Mn | 69|Cu | 20.3|Sn | AHI-134 ®
6 |MC-NiMn2CoSn 39.7|Ni | 38.0[Mn | 1.9(Co | 20.5|Sn | AHI-134 ®

Table 15: Nominal compositions of elements in MCE alloys processed at different elemental
compositions
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The goal is to develop new MC materials replaced high purity REEs or toxic metals to
common elements without degradation of MCE. The acquired data could be used to bring MCR
to the domestic market as well as to areas of the world with limited access to energy resources.
We focus on the change of magnetocaloric properties of series of Ni-Mn-Cu-Sn alloys by the
changing of elemental compositions. Figure 23 and Figure 24 show one of the sample ingots
prepared by Arc-melting process and quenched specimen after annealing in vacuum at Materials
Preparation Center (MPC) of the Ames Laboratory, respectively. This material belongs to the
family of NiMn-based metamagnetic Heusler shape-memory compounds. At an appropriate
composition, with excess of Mn with respect to the 2-1-1 stoichiometry, they undergo a
martensitic transition below the Curie temperature within the ferromagnetic state.

In the vicinity of this martensitic transition, these alloys display giant inverse
magnetocaloric effect (IMCE) which means that a huge increase of entropy can be induced by
isothermal application of a magnetic field, whereas cooling (decrease of temperature) occurs
when the field is adiabatically applied. The nominal compositions of candidate 5 alloys based on
NiMnSn alloy are shown in Table 15. It is well know that Cu has been shown to have an
important effect on the properties of the Ni-Mn-Sn compound. It has been reported that
replacement of Mn by a little amount of Cu (<3%) in NigzsMngs xCuxSny; results in a considerable
shift of the martensitic transition to a higher temperature while the transition slightly shifts to a

lower temperature when Cu replaces Ni in Nisg xCuyMngsSnys.

Figure 25: The MR measurement system in Ames Lab
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Figure 26: Magnetization versus temperature curves at selected alloys of the applied magnetic

field at 1k Oe

A series of polycrystalline NiMnCuSnCu(Co) alloys were synthesized from pure elements by arc

melting in an Ar atmosphere followed by a rapid cooling process in a water-cooled copper

crucible. The ingot was encapsulated under vacuum in quartz glass, annealed at 1123K (850 °C)

during 24 h and quenched into an ice-water mixture. A specimen of size 4.6 x 3.2 x 3 mm?® (mass,

m~0.35 g) for length change and calorimetric measurements was cut from the ingot by means of

a low speed diamond saw. A smaller specimen of mass 32.6 mg was cut from the same ingot for

magnetic measurements. Transition temperatures were determined by means of DSC (Perkin

Elmer Pyris-1) measurements. The compositions of samples were determined by Energy-

dispersive X-ray photoluminescence (EDX). Magnetic measurements were carried out using by

Superconducting quantum interference device (SQUID; Quantum Design) and Physical Property
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Measurement System (PPMS; Quantum Design) magnetometer. Figure 25 shows the MR
property measurement system in Ames Laboratory.

The magnetocaloric effect can be measured from the measured magnetization or heat
capacity, both as a function of temperature and magnetic field. The six compositions were
characterized magnetically by the VSM technique. A temperature profile was made for each
sample. At constant temperature M is measured as a function of the applied magnetic field, H.
From the isothermal magnetization measurements, magnetization versus temperature can be

plotted, as shown in Figure 26.
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The magnetization data confirms the ferro-magnetic nature of the samples at relatively high level
containing of Cu. The transition temperature is lowered with decreased Cu amount or replaced
by Co. However, the tunability of the transition with adjusting Cu containing level is a very
advantageous property of magnetic refrigerants. The magnetization versus temperature curves in
Figure 26 clearly demonstrates that the transition temperature varies continuously with amounts
of Cu content. The fact that the change in transition temperature is continuous makes tuning of
the transition very easy. However, we measured MCE for the three candidate samples to verify
the level of magnetic field induced entropy change. Figure 27 shows the magnetic field induced
entropy change measurement results of the selected alloys (RTO-2-65-1, RTO-2-65-4 and RTO-
2-65-5 compositions) as a function of temperature for the different applied magnetic fields from
1 Tto5T. In case of the RTO-2-65-1 sample which prepared reference sample for the new MCE
materials shows very low MCE, even it has high transition temperature, Ty;. On the contrary, the
RTO-2-65-4 sample shows very high level of MCE, even it has low transition temperature. The
RTO-2-65-5 sample which includes 6.9 at% Cu and 20.3 at% Sn shows the best properties in
both MCE and Ty. These values are not high comparing excellent MCE materials but good

enough to compare typical MCE materials.

Figure 28: The Ames Laboratory/CMI LENS MR-7 3D additive manufacturing system to
streamline the process of bulk combinatorial materials research, producing a large variety of
alloys in a short amount of time
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At this point, however, these results are preliminary results obtained from the initial step of
research progress. Therefore we need more understanding on the relationship between chemical
stoichiometric composition and MCE with the shifting of Ty.

Since most of the magnetic refrigerant materials are inorganic compounds or brittle
intermetallic compounds, these materials will be difficult to fabricate in high efficiency forms-
wires, screens or foils. Introducing the 3D additive manufacturing techniques recently appealed
as one of strong points of the Ames Laboratory, shown in Figure 28, to produce efficiency form
of MC materials combined with development of new economical MC materials are promise
technologies for the industrial application of MCE. The initial work utilized arc melting and
casting ingots of known composition for characterization of the magneto-thermal properties.
Here we propose to use a rapid assessments approach based on bulk combinatorial materials
science to significantly expand our search area of phase space, in a fraction of the time needed
compared to using conventional synthesis and characterization techniques. To accomplish this,
we will utilize a Laser Engineered Net Shaping (LENS) system which feeds powders into a melt
pool created by a laser in order to fabricate 3D shapes. Unlike conventional 3D printers, the key
advantage of the LENS systems is that it allows for the in situ tailoring of alloy compositions in
bulk samples simply by adjusting the relative ratios of the powder feeders. This feature provides
an extremely fast way to synthesize multiple compositions over a very short time frame. For
example, recent experiments on ternary systems have shown that 36 unique composition libraries
of bulk (minimum dimension ~2 mm) samples could be synthesized in less than 2 hours
compared to what would take days to complete via conventional arc melting and casting. These
capacities will allow us to produces a large array of compositions over a very short time period,
which is critical for identifying improved materials for magnetic refrigeration applications.

To synthesize samples via laser deposition, we will start with arc melted ingots of the
ternary Ni-Mn-Sn base alloy. This alloy will then be crushed and sieved into powders (+45/-125
um in size) and placed in one of the powder hoppers of the LENS system. The other powder
hoppers will be filled with pure powders of Cu, Co and other selected transition metals. By
adjusting the relative feed rates of the powder hoppers, bulk alloys of the Ni-Mn-Sn ternary and
selected transition metals can be deposited. The capability to change the material and relative
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feed rate in situ will provide for a rapid methodology to synthesize a large library of
compositions. Since the LENS system allows for the printing of 3D geometries, we propose to
synthesize the bulk alloys is rods for testing of their magneto-thermal properties. Following
deposition of the samples, the rods will be heat treated to homogenize the structure and
composition. These samples will then be run in the auto-sample VSM to measure the T, For
samples that exhibit a sufficiently high transition temperature, the magnetocaloric effect will be
measured by measuring the entropy of magnetization. By using this approach we will identify a
composition region of interest and more closely focus our combinatorial approach on this region
to identify compositions with enhanced magnetocaloric properties. Through this approach, our
goal is to identify new and improved materials for magnetic refrigeration applications in a

fraction of the time it would take using more conventional methodologies.

4.3. Development of Analysis Technique
4.3.1. Standardization

Due to insufficient supply for increasing demands of rare metals, many countries prepare various
policies for stable supply of rare metals such as overseas resource development, recycling
promotion, alternative material development, saving rare metals for emergency, export control
policy, etc. Stable supply of rare metal materials is significant in the maintenance and
strengthening of mainstream industry’s international competitiveness. There is a large
opportunity to curtail future demand for rare metals through technology that increases the
efficiency with which we use rare metals, and through increased recycling. Even more impact on
demand could be achieved through the adoption of the “circular economy” concept that aims to
reduce, re-use, and recycle resources. A circular economy is an industrial system that is
restorative or regenerative by intention and design. It replaces the “end-of-life” concept with
restoration; shifts toward the use of renewable energy; eliminates the use of toxic chemicals,
which impair re-use; and aims for the elimination of waste through the superior design of

materials, products, systems, and within this, business models. Therefore, in order to prepare a
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rare metals exhaustion situation, it is urgently required for countries to standardize and conduct
policy researches for collection and recycling of rare metals included in wasted products.
Therefore, the followings should be studied:

a. Analysis of Rare Metals contents contained in each industrial product.

b. Analysis of supply chain of rare metals considering the mines and future demand.

c. Analysis of how to describe and recycle the rare metal contents on each industrial
product for recycling convenience.

o Rare Metal Data Base
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Figure 29: The example of procedure for the recycling of RE from ICT goods

Rare metals may have a key role in the development of ICT goods' further functionalities;
however the amount of available rare metals is not sufficient to satisfy the industrial demand. In
order to ensure the appropriate provision of rare metals to the ICT industry, recycling of rare
metals becomes a crucial objective. Therefore, it is important to estimate which quantity of rare
metals is used in each ICT good to the extent that this investigation is legally, technically and

economically feasible, and provided that this is meaningful to recyclers. The example of
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standardization procedures of recycling REE from ICT goods shows in Figure 29, it also
represents how to get exact information of REE contents in ICT goods through digitization of
components and parts.

As a result of these efforts, the International Telecommunication Union (ITU) which is
the United Nations specialized agency in the field of telecommunications, information and
communication technologies (ICTs) recommended “the Recommendation ITU-T L.1100” as
standard (Figure 30) to provide information on the recycling procedures of rare metals in
information and communication technology (ICT) goods. It also defines a communication format
for providing recycling information of rare metals contained in ICT goods. This ITU
standardization focuses on the rare metals listed in Table 1 of this Recommendation. When
relevant (e.g., a non-negligible amount), it is recommended that the amount of rare metals used

in ICT goods be clearly provided to ensure an efficient recycling process.

International Telecommunication Union

ITU-T L.1100

TELECOMMUNICATION (02/2012)
STANDARDIZATION SECTOR
OF MU

SERIES L: CONSTRUCTION, INSTALLATION AND
PROTECTION OF CABLES AND OTHER ELEMENTS OF
QUTSIDE PLANT

Procedure for recycling rare metals in
information and communication technology
goods

Recommendation ITU-T L.1100

T

Figure 30: The Recommendation ITU-T L.1100 as standard to provide information on the
recycling procedures of rare metals in information and communication technology (ICT) goods.
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It is important to take into account all components and modules constituting ICT goods to
facilitate the recycling process. Suppliers of components and modules are encouraged to provide
the assembling company of the final ICT goods or intermediate modules with relevant
information on the type and the amount of rare metal elements and their quantity embedded in
these components and modules. For efficient recycling, it is beneficial that all ICT goods contain
such rare metal information which is then finally provided to recycling industries. Collecting rare
metal information can be done directly or indirectly. It is possible for example to store the
information on rare metal on barcodes, vericodes, or by radio frequency identification (RFID)
tags in the ICT good for example, so that this information is available. In this case, rare metal
recycling industries can acquire rare metal information directly from the ICT goods. In an
indirect way, rare metal information may be collected and managed by a designated authority

from which recycling industries can acquire rare metal information.

Collection Modules
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Figure 31: The typical example of collecting format with recycling process

The ICT goods are easily dismantled by using acquired rare metal information and the

dismantled parts are put into recycling processes to extract each rare metal element. Example of
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typical formats for collecting rare metal information and recycling process are shown in Figure
31 and may be defined by designated authorities, national policies, international standards or
industry agreements. Recycling of purer metals often “simply” consists of remelting, generating
a small fraction of the emissions shown in Figure 32. To remelt pure copper using methane gas
and air creates ca. 0.1 t of CO, per tonne of Cu, compared to around 3 t of CO, per tonne of Cu
from ore. Recycling of platinum group metals and many of the scarce/critical/valuable metals
found in waste electrical and electronic equipment (WEEE) can lead to particularly large CO,
savings, because initial CO, emissions per tonne of these metals can be very high. Figure 32
shows the average CO, tonnage that results from the primary production of metals (NB: in 2010,
global GHG emissions were 33.6 Gt COy).

t CO/t primary metal

Metals used in EEE Primary | Demand for | CO,
produc- | EEE emis-
tion in- sions
tensity
t COy/t t/a Mt/a

Au metal
Au - Gold 16,991 327 5.56

Pt Ru

Pt - Platinum 13,954 8 0.1
10,000 Pd Ru - Ruthenium | 13,954 16| 0.22
2007 Pd - Palladium 9,380 30 0.28
In Ag Au - Silver 144 4,917 0.71
Sn In - Indium 142 717 | 010
10] Sn-Tin 16| 129708 2.09
Co Co - Cobalt 8 16,470 0.13
cu Cu - Copper 3 7,174,000 24.39

CO, total [Mt/a] | 33.58

Figure 32: Primary carbon footprint of elements in WEEE goods (UNEP report)

Considering the 33.58 Mt/a of CO, emitted during production of the base- and precious
metals, 0.1 % of the world's CO, emissions can be attributed to these important metals in WEEE
products. It is clear from the above example for pure copper that significant emissions savings
are possible. However, the more important consideration is that these metals are all part of a
future sustainability-enabling infrastructure and, through their high-tech use, will indirectly help

decreasing society’s carbon footprint.
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4.4. Development of Constitutional Network

4.4.1. Joint Research Laboratory

The Ames Laboratory has a history spanning more than 60 years of pioneering work in
rare-earth (RE) research. With its team of internationally recognized rare-earth experts, the Ames
Laboratory is uniquely positioned to provide the knowledge, expertise and training necessary to
help ensure a global leadership position for the United States in rare-earth research, development
and applications. The KITECH was founded to promote technological capability of small and
medium-sized enterprises in Korea and has a mission of supporting research on materials science
and engineering in Korea. The KIRAM is focusing on the commercialization and recycling of
particular rare metals with highlighted its role in coordinating government, local universities, and
small and medium enterprises to facilitate R&D support for core technologies, carrying them
through to commercialization, and establishing new industry. These days, the KITECH actively
reorganized its structure and diversified SME supporting channels to overcome and cope with an
upheaval technology R&D world. Importance of the International cooperation in R&D is
becoming more and more emphasized and a very essential part of its success. More complicated
technology fusion, shorten technology lifespan and enlargement tendency of technology
development scale has increased risk of working-alone type of R&D which requires more time
and budget. Therefore, it is essential to establish international cooperative network and take
advantage of advanced technology and manpower of the world.

As a result of cooperation, both KITECH and Ames Laboratory are performing the R&D
collaboration for the substitution of rare earth resources which is focused on the reclaiming the
rare earth resource from the waste materials. Substitution, in this context, means finding
alternative rare earth resources to replace original raw supply resources. Based on the successful
collaboration between KITECH and Ames Laboratory until now, we are working on an
agreement for setting up the Joint Research Laboratory (JRL) to expand the next step of
cooperation of both institutes through the organization of JRL, as shown in Figure 33. The

research team of JRL includes Ames Laboratory scientists with representatives from KITECH.
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The research group is developing and testing the technique in Ames Lab’s Materials Preparation
Center, with a suite of materials science tools supported by the DOE. Therefore, R&D
collaboration on ‘Rare Metals for Energy Technologies’ for the future between KITECH and
Ames Laboratory will be covering a wide range of research schemes from basic science to
applied research for commercialization and will be synergizing the common research
perspectives of both institutes.

Organization of JRL for Cooperative R&D

Amesvl._ab.

(oM i

Figure 33: The example of international R&D collaboration through the organization of Joint
Research Laboratory (KIRAM report)

4.4.2. Human Resource Exchange

To cope with the new technology frontier, low carbon sources, and green energy technology,
establishment and activation of international network play a key role in the success of
collaboration by exchanging outstanding personnel, as well as exchanging human and research
resources. Cooperation with the qualified partners abroad includes a memorandum of

understanding between the foreign research institute and the Korean collaboration partner, as
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well as exchanging talented research staff, research samples, and an excellent idea in science and
technology. The international collaboration partners mostly R&D institutes of both countries, but
sometimes, shown in Figure 34, it may involve the collaboration of administration institutes by
the demand of cooperation missions, such as NSF, KEIT (Korea Evaluation Institute of Industrial

Technology) and KIAT (Korea Institute for the Advancement of Technology).

AL-MOU-2012-03

MEMORANDUM OF UNDERSTANDING
BETWEEN
AMES LABORATORY, OPERATED BY IOWA STATE UNIVERSITY
AND
KOREA EVALUATION INSTITUTE OF INDUSTRIAL TECHNOLOGY
FOR COOPERATION ON
MATERIALS SCIENCE AND TECHNOLOGY

Ames Laboratory (AMES), 2 United States Department of Energy National Laboratory operated by lowa
State University under contract DE-AC02-07CHI 1358, with principal offices located at 311 TASF, lowa
State University, Ames, lowa 5001 |, and Korea Evaluation Institute of Industrial Technology (KEIT), with
offices located at 9-13” Floor, Korea Technology Center, 305 Teheran-ro, Gangnam-gu, Seoul, Korea
135-080, referred to collectively herein as the “Participants",

Sharing an interest in collaborating in the area of material science to synergistically augment the scope
and expertise of each organization and enhance technology P of both org;

State their understanding as follows:

3. COMMENCEMENT, MODIFICATION, AND DISCONTINUATION

3.1. Cooperative activities under this MOU may commence upon signature by the Participants, and
continue until September 30, 2015, unless sooner discontinued in accordance with paragraph
33

3.2. This MOU may be modified by the Participants’ mutual consent in writing.
3.3. The Participants may discontinue this MOU at any time by mutual consent in writing.

Alternatively, a Participant that wishes to discontinue its participation in this MOU should
endeavor to provide at least 30 days written notice to the other Participant.

Signed in duplicate.

FOR AMES LABORATORY: FOR KOREA EVALUATION INSTITUTE
OF INDUSTRIAL TECHNOLOGY:

By: '@& I By: . M—é—k
Name: ~Dr. Alexander H. Ki - Name: Ki-sub_Le )
Tide: Laboratory Directof | Tide: ~Chh(ioman et

Date ~Dec 3 2012 Date: Dpc 1,200
Place: “AMES, rmwh Place: — VE T ,SEQUL . KOREA

Figure 34: The memorandum of understanding between the Ames Laboratory and Korea
Evaluation Institute of Industrial Technology (KEIT) through KITECH

One of the internationally advanced research institutions, the Ames Laboratory and
KITECH, are collaborated together by exchanging scientist and delegation from both countries
to promote research on Materials Science & Engineering including Rare Metals, and in educating
and training Korean scientist by joining research activities. (Figure 35) However, sometimes the
international collaboration between foreign institutes needs cooperative work with administrative

department to resolve any incoherency of two different operating systems of each organization.
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For example, as shown in Figure 36, KITECH should have to register US federal government
Data Universal Numbering System (DUNS) for the collaboration project with Ames Laboratory.

«: Ames Laboratory
Creating Materials & Energy Solutions
U.S. DEPARTMENT OF NERGY

KITECH
Wednesday, Dec. 5, 2012

Time Location Activity

9:30 —10:00 a.m. 111 TASF Arrive & check in. Introductory tour.

10-10:30 2.m. 311TASF Meet with Mark Murphy, Ames Laboratory chief operations officer
10:30 —11a.m. 311 TASF Meet with Deb Covey, Ames Laboratory associate director for sponsored

research programming

112.m.— noon 121 MD Tour the Materials Preparation Center
Noon—1p.m. 311 TASF Lunch
conference room
1-2:30p.m. G40 TASF Meet with Environmental Health, Safety & Assurance staff

2:30-3p.m. 311TASF Meet with Cynthia Jenks, Ames Laboratory division director of chemical and

biological sciences and assistant director of scientific planning, and Tom
Lograsso, Ames Laboratory interim deputy director and division director for
materials sciences and engineering.

3-3:30 p.m. 311TASF Meet with Ames Laboratory director Alex King

Ames Laboratory
Creating Materials & Energy Solutions

Korean Visitors
Thursday, March 21, 2013

Time [ Location [ Activity
10 :00 a.m. noon 121MD Meet with Larry Jones and Tour the Materlals Preparation Center
Noon - 1:00 p.m I | tunch
1:00 p.m.-2:30p.m. | 208 MD
230pm.-330pm. | 311 TASF
Conference
330 p.m. - 400pm. | 311 TASF
Conference room
400p.m. -430pm. | 106 MD Meet with Ryan Ott

ung-Wook CHO/ KIGA!
3. Dr. Ha-Kyun JUNG/ KRICT (

Figure 35: The visiting of scientist, delegation from Korean national institutes to Ames
Laboratory for collaboration

This effort stems from the R&D collaboration through joint-projects on common interesting
areas performed by both institutes in the last several years. Moreover, the personnel of Ames
Laboratory visited KITECH and KIRAM to discuss research progress. The director of Ames
Laboratory was invited to become a member of the International Advisory Board of KITECH
(Figure 37) which recently established strong inter-personal or inter-institutional cooperation
networks in prominent research institutions, universities and agencies. This was done by
conducting an international joint R&D, personnel and information exchanges required for the
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R&D, as well as pursuing cooperation between four overseas operating locations: United States,
China, Indonesia and Vietnam.

D&B

Decide with Confidence

DA&B D-U-N-S Registersd™ Member Since: Sep-12-2012

D&B D-U-N-S Registered™ Profile

Corporate Information

Company Name: Korea nstitute of industnal
Technology

Business Address: Yangdaegiro-gi, ipjang-myeon,
seobuk-gu, 89, Cheonan, Chungnam, 331820,
Repubiic of Korea

Tel: +82 (41)589827239)
Fax: +82 (41)5898260
Current Website: hilp /'wy
Main Website: hip.
Email Address: ohx ! ch.re kt
Employee Size (Range): 1303

D&B Information
DUNS Number: 688465655

Registration Information

Line of Business: Scientific and Technical Services
SIC Codes:

87339904 - Scientific research agency

Business Type: Others

Date of Registration: 1969

Registration Number: Business Regstration
Number 1168201008, Corporation Number
1151220000210

Key Employees

Chief Exocutive Officer : Mr. Kyoung Hoan Na

Business Information

LUinkage Information:

parent 631128089 Ministry of Knowledge Economy
Global Uttimate 8838006487 Government of The
Republic of Korea

Figure 36: The Data Universal Numbering System (DUNS) registration of KITECH for working
with Ames Laboratory

¢ KITECH

Tacjin Hwang, Ph.D

Korea Institute of Industrial
Technology. KITECH
hatp. kestec x

September 12% 2013
Cheonan-si

Invitation to the Intl. Advisory Board of Korea Institute of Industrial Technology

Dear Dr. Alexander H. King.

Figure 37: The invitation of Ames Laboratory director to International Advisory Board of
KITECH

Finally, valuable ideas from the scientists with insight and excellence are expected to help more
effectively utilize resources needed for international cooperation, including basic and industrial

technology, human resources, research facility and cooperation networks.
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5. Conclusion

The addressed “The future will be defined by a creative divide” by Park Geun-hye, the President
of the Republic of Korea in 2014 World Economic Forum Annual Meeting at Davos, Switzerland,
emphasizes focus on promoting creativity and innovation to drive sustainable growth and
improve economic resilience of world. For the next generation economy to reach its full potential,
we must work together with creativeness to ensure stable supplies of the materials required. That
means working together to research and development of diversify solution for overcoming global
crisis, as well as investing into manufacturing, processing, substitutes and finding ways to
recycle critical materials.

To proactively secure the availability of rare metals or rare earths and other strategic
materials required for the next generation economy, we must take considering globalized supply
chains for strategic materials. Doing so will improve our flexibility as we address the materials
demands of the clean energy economy. This means investing in R&D to develop substitutional
resources and other technologies that reduce our dependence on rare earths. However keeping in
mind, there is no place to apply advanced technology without the consumer market; it means that
the perspectives of R&D have to follow the megatrends of the final objective industry. Therefore,
for the securing short term strategy, we will examine urgent issues related to supply chain of
critical materials together with industrialized country which has strengthening in manufacturing
of mainstream products by transforming advanced technology to commercialization technology,
like South Korea. The United States has talent and innovative capacity in materials science and
can be harnessed to create the next generation of rare earth sciences and competing technologies.
However, it would be recommended collaboration with common interested countries to analyze
and to be covering exactly weak points in the whole supply chain of main stream industry. The
best long-term solution for a rare earth shortage would be the discovery of a viable substitute for
rare earths or environmental friendly method to recycle rare earths. The first nation that develops
a reliable substitute for critical materials will gain a significant advantage over other countries
that have not developed an alternative to rare earths. And we must promote recycling, re-use and
more efficient use of strategic materials, to get more economic value out of each ton of ore
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extracted and refined. As in the case of magnet recycling program performed by Ames
Laboratory, re-use can help mitigate potential supply constraints. Widespread recycling and re-
use could significantly lower world demand for rare earths and other strategic materials. Also, if
recycling and re-use followed adequate procedures, i.e., international standard, this could also
reduce the lifecycle environmental footprint of these materials. The opportunity to boost
recycling is significant. Strong demand for metals over the past decade has led to high resource
prices meaning that a significant amount of scrap metal is available.

As a part of this project, we have presented some examples of the international
collaboration to develop a common response for the demand of RE including R&D works. This
work has been presented at numerous international conferences and discussed with delegations
from research institutes/universities. As a part of human resource exchange within this project,

Ames Laboratory also hosted several visiting scientists/students for 3 months stays.
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3. The 2" International rare metals workshop program

Event Schedule
= 8:15 AM - Welcome
Alex King, The Ames Laboratory
= 8:30 - 8:30 AM - GE Approaches to Assessing and Mitigating Rars Metal Risks
Steve Duclks, GE Global Research

= 9:00 - 9:20 AM - Industrial and Scientific RED Trends in Rare Metal in Korea
Taek-So0 Kim, KITECH

= 9:30 - 10:00 AM - MNew Stage of Resowrce lssues and Strategic Elements Initiative in Japan
Kohmei Halada, National Institute of Materials Science

10:00 AM - BREAK

10:30 - 10:50 AM - What's Ahead for the Rare Earths? Chaos? Calm? or Both?
Karl Gschneidner, The Ames Laboratory

11:00 - 11:20 AM - Rarz Mstal |ssues and Strategies in Canads
William Mercer, Avalon Rare Metals, Inc.

11:30 - 11:50 AM - Raare Metals: New Resources, Opportunities and Challenges in Brazil
Kirstin Elaine Myers, Spancd

= Moon - LUNCH

H 1:30 - 1:50 PM - Critical and Conflict Materisls Important to Global Security
Alan Hurd, Franklin Fellow, U.S. Department of State

B 2:00 - 2:30 PM - PHYTOCAT: Catahysing the Growth in Metal Recoveny
Andrew Hunt, The University of York

® 2:30 - 2:30 PM - Dursbility Assessment and Recycling Strategies for Rare Earth Magnets
Annett Gebert, IFW Dresden

= 3 PM - BREAK

® 3:30 - 3:30 PM - Current Research and Development Rare Earth Elements in Canads
In-Ho Jung, McGill University

B 4:00 - 4:20 PM - Msterial Efficient Design for Sustsinable Energy Applications
Jiirgen Eckert, IFW Dresden

= 4:30 - 4:50 PM - Atom-Probe Tomography and the Science of New Classes of High-Temperature AFSc-RE
Baszed Alloys
David Seidman, Morthwestam University
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RARE EARTH ELEMENT INDUSTRY OVERVIEW

‘The Critical Materials Institut 3
AH. King, R.G. Eggert

Current Korean R&D and Investment Strategies in Response to REE Demand &
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T.5. Kim, HJ. Chae, B.S. Kim, R.T. O, I-H. Jung

Realizing Canada's Rare Earth Elements Resource Potential: R&D Perspective
J. Zinck

Resources and Exploitation of Rare Earth Ore in China ....
C. Ruan, X. Zhigao, Y. Junxia, H. Zhengyan

Rare Earth Elements in i 4
S. Constantinides

Mitigation of Rare Earth Supply Risk Posed by Permanent Magnets Used in
Electric Machines 63
F. Johnson

A ment and in Rare Earth Element Production..
D.G. Feasby, D.B. (‘Immbm LM. Lowe

MINERALOGY AND BENEFICIATION OF RARE EARTH RESOURCES

Characterization of Rare Earth Minerals With Field Emission Scanning Electron

R. Gawvin, H. Demers, K. Waters, N. Brodusch

A Geometallurgical Approach to REE Deposits Using Quantitative Mineralogy ................... 89
T. Grammatikopoulos, C. Gunning

Characterization of Indonesia Rare Earth Minerals and Their Potential
Processing Technique: 99
S. Harjanto, S. Virdhian, E. Afrilinda

Application of Reactive Oily Bubble Flotation Technology to Rare Earth
Mineral Flotation 109
Z. Xu, F. Zhou, L. Wang, Q. Lin, J. Maslivah, N. Xiao, Q. Lin, R. Chi, S. Xu

Flotation Flowsheet Development for Avalon Rare Metal's Nechalacho Deposit
J. Guan, B. Yu, D. Qi

REO Mineral Separation From Silicates and Carbonate Gangue Minerals...
B. Yu, M. Aghamirian

RARE EARTH ELEMENT SEPARATION

Advance in Scl‘-eﬂl Extraction and Separation of Rare Earths ...
D. Li, Y. Bai, X. Sun, S. Liu

Application of [A336][PS07)/[P204] on High Selective Extraction and
Separation of Rare Earth (11I) From Mechanism to Techniques
J. Chen, L. Guo, Y. Deng, D. L

Simulation of the Separation of Rare Earth Elements With a
View Toward Economic Process O 383
€. Bazin, C.B. Chaplean, M. Ourriban

Soime Processing Options for the Removal of Critical Inypuities Fron,
Multi-source Concentrates Feeding a Rare Earths Refinery e
V. Yahorava, A.C. du Preez, M.H. Kotze

Separation of Rare Earth Subclasses by Using Highly Specific Solid
Phase Extraction Column 15
R Hammen, J. Hammen, C. Hammen, J. L fion

High Purity Samarium Acetate From Mixed Rare Earth Carbonates........ e 439
C.d. da 5. Queiroz, J.A. Seneda, IV. dos K. Pedreira, M.E. de Fasconcellos

RECYCLING OF RARE EARTH ELEMENTS

A Review of the Recycling of Rare Earth Metals .
CJ. Ferron, P. Henry

Recycling of Nd From Nd Permanent Magnet Using Liquid Mg Solvent ...
. Zawpini, ¥. Kimn, M-A. Van Ende, 1-H. Jung

Recycling of Rare Earth Materials at

P. Hemy, 5. Lamotte, J-M. Bier

(Belginm)

Extraction of Cerium and Lanthamum From Spent Glass Polishing Agen....
A, Poscher, 5. Lridald, H. Anrekowitsch

Recyeling of Rare Earth Elements for the Synthesis of Permanent Magnet Alloys.
RT. O, LL Jones, KW. Demnis, R.W. McCalium

HYDROMETALLURGY OF RARE EARTH MINERAL CONCENTRATES

Alternative Process for Rare Earths Recovery From Bastnasite Containing Ore.
M. Anvia, E. Ho, K. Soldenhoff

Rare Earths From Monazite - Indian Experience ..........
C.K. Asnani, RN. Parra

A Process Route for the Sarfartoq Rare Earth Project. Greenland .
J.R. Goode, B. Yu, N. Verbaan, J. Cambon, J. Tuer

Basic Research on the Weathered Crust Elution-deposited Rare Earth Ore: 189
C. Ruan, T. Jun, L. Xianping, X. Zhigao, H. Zhengyan

Hydrometallurgical Plant Design Parameters for the Avalon Rare Earth Process 201
H. Notzl, 5. Khan, N. Verbaan

Beneficiation and Extraction of REE From GeoMegA Resources’
Montviel Project 215
B. Yu, N. Verbaan, G. Pearse, S. Britt

Development of a High Recovery Process Flowsheet for Appia's Elliot
Lake Uranium - Rare Earth Ore 231
J.R. Goode, T. Drivas, A. Workman

The Effect of Composite Lmhmg Agent on the Swell of the Weathered
Crust Elution-deposited Rare Earth Ore. 25
C. Ruan, Z. Zhenyue, H. Zhrug\rm. L. Hui, ¥. Junxia, X. Zhigao

‘A Review on Iron Separation in Rare Earths H\dAomel'lllllrg) Using
Precipitation and Solvent Extractions Methe 255
C. Xia

Process Development for the Serra Verde Weathered Crust
Elution-deposited Rare Eaxth Deposit in Brazil . S
A. Rocha, D. Schissel, A. Sprecher, P. de Tarso, J.R. Goode

Crystallization of Rare Earth Solution by Ammonium Bicarbonate .
X-P. Luo, ¥~J. Qian, X-M. Chen, C-L. Liang

Low Temperature (T<100°C) Regeneration of HC1 From Chloride Leaching
of Ca-bearing Mineral 209
S. Girgin, T. Feldmann, S. Humphrey, G.P. Demopoulos

Assessment of Various Processes for Rare Earth Elements Recovery (I):

G. Nazari, B. Kiysa

Metallothermic Reduction of a Rare Earth Preconcentrate for the Production
of Rare Earth Ferrosilicon Alloy 339
Y.A. Topkaya, A. Geveci, S. Yilmaz

Preparation of Rare Earth Oxide by Spray Pyrolysis
B. Xue, W. Wenyuan

Study on the Decomposition of Monazite and Bastnaesite by Ca(OH),-NaOH .
B. Xue, X. Shoufeng, J. Zhongshuai, W. Wenvuan

RARE EARTH ELEMENTS IN ADVANCED MATERIALS

Inorganic Functional Materials for Protection 447
N Imanaka

Two Exotic and Unique Families of Rare Earth Intermetallic Compounds..... e 449
K G.vrrumd'uy Jr. A. Provino, P. Manfrinett, V.K. Pecharsky, ¥. Mudryk

Corrosion Protection Mechanisms of Rare-earth Based Inhibitors in
Aerospace Coating: 455
W.G. Fahrenholtz, M.J. O'Keefe

Hydrophobicity of Rare-¢arth Oxide Ceramics and Their Technological Tmpagt.................. 459
G. Azimi, R. Dhiman, HM. Kwon, A.T. Paxson, K.K. Varanasi

Understanding the Structural Stability of Rare-carth Containing Pyrochlore-
type Oxides for Nuclear Waste Sequestration Applications by X-ray

ER. Alwi, AP. Grosvenor

Dysprosium-Free Melt-Spun Permanent Magnets ... s AGT
D. Brown, I¥. Ziensleng, H. Feng, D. Miller, J. Herchenroeder

The Uses of Rare Earth Element Activated Micrometer and Nanometer
Sized Phosphor Particles in Modem Technology ...........o....... SRT—— - |
J.Silver, G R. Fern, T.G. Ireland, P. Marsh, M. Ghazif, X. Yan

Luminescent Lanthanides: Past, Present and Future 497
A, Metjerink
Liquid-free Mechanochemical Preparation of Rare Earth Metal Organic
503

NK Singh, S. Gupta, M. Hardi, V.K. Pecharsky, V.P. Balema

Effect of Deposition Temperature and Oxygen Pressure on Hydrophobisity of
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6. Scientific papers

APPLIED PHYSICS LETTERS 101, 124103 (2012)

Effect of tungsten metal particle sizes on the solubility of molten alloy melt:
Experimental observation of Gibbs-Thomson effect in nanocomposites
M. H. Lee,"® J. Das, D. J. Sordelet, J. Eckert,* and A. J. Hurd®

'Korea Instinute for Rare Metals, Korea Institute of Industrial Technology, Incheon 406-840, South Korea
*Indian Institute of Technology, Department of Metallurgical and Materials Engineering, Kharagpur,

West Bengal 721 302, India

*Caterpillar Advanced Materials Technology Group, Mossville, Itlinois 61552, USA
*IFW Dresden, Institute for Complex Materials, P.O. Box 27 01 16, D-01171 Dresden, Germany
3Los Alamos National Laboratory and Santa Fe Institute, MS B258, Los Alamos, New Mexico 87545, USA

(Received 15 May 2012; accepted 7 September 2012; published online 20 September 2012)

We investigated the effect of tungsten particle sizes on the thermal stability and reactivity of
uniformly dispersed W particles in molten Hf-based alloy melt at elevated temperature (1673 K).
The solubility of particles less than 100 nm in radius is significantly enhanced. In case of fine W
particles with 20 nm diameter, their solubility increases remarkably around 700% compared to that
of coarse micrometer-scale particles. The mechanisms and kinetics of this dynamic growth of
particle are discussed as well as techniques developed to obtain frozen microstructure of particle-
reinforced composites by rapid solidification. © 2012 American Institute of Physics.

[http:/fdx.doi.org/10.1063/1.4754546]

Tungsten and tungsten alloys are the common refractory
materials showing superior properties such as high density,
hardness, very high melting temperature, relatively high radi-
ation opacity, and good thermal conductivity combined with
very low thermal expansion.' One of the important applica-
tions of tungsten metals is machining tools, in carbide phase,
due to high rigiditv.” Moreover. ultrafine-grained (UFG)

particles in molten metallic melts at clevated temperature
(1673K).

Hfyy sCupyNij3sNbsAlyg (at. %) metallic alloy ingots,
prepared by arc melting under Ar atmosphere, and W pow-
ders (>99.9% purity, Perkin Elmer/Metco, SPI12430,
Osram) of 10 vol. % were used as starting materials. For this
studv. the diameters of W particles were selected to be under

ENERGY & WATER - CRITICAL ELEMENTS

Energy-critical elements for sustainable
development

Alan J. Hurd, Ronald L. Kelley, Roderick G. Eggert,
and Min-Ha Lee

Energy-critical elements (ECEs) are chemical and isotopic species that are required for
emerging sustainable energy sources and that might encounter supply disruptions. An
oft-cited example is the rare-earth element neodymium used in high-strength magnets,
but elements other than rare earths, for example, helium, are also considered ECEs. The
relationships among abundance, markets, and geopolitics that constrain supply are at least
as complex as the electronic and nuclear attributes that make ECEs valuable. In an effort to
ensure supply for renewable-energy technologies, science decision makers are formulating
policies to mitigate supply risk, sometimes without full view of the complexity of important
factors, such as unanticipated market responses to policy, society’s needs for these
elements in the course of basic research, and a lack of substitutes for utterly unique physical
properties. This article places ECEs in historical context, highlights relevant market factors,
and reviews policy recommendations made by various studies and governments. Actions
taken by the United States and other countries are also described. Although availability and
scarcity are related, many ECEs are relatively common yet their supply is at risk. Sustainable
development requires informed action and cooperation between governments, industries,
and researchers.
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Agreement Number: AL-C-2012-04 Report 1

Partner Name(s): KITECH and Ames Laboratory (USDOE)

SOW 1 Title: International Cooperation to Development of Strategy and R &D Collaboration for
Substitution of Rare Earth Resources

SOW 2 Title: Development of Magnetocaloric Alloys without Critical Elements

1. Background

The La-Fe-Co-Si compounds with an NazZn13-type structure (hereafter referred to as 1:13) are one of the
most promising candidates for magnetic refrigeration applications, due to their giant magnetocaloric
effect (MCE) combined and minimal amount of critical materials. The MCE properties of the La-Fe-Co-
Si system are directly dependent on the volume fraction of the 1:13; however, this phase is difficult to
obtain, due to the incompleteness of the peritectic reaction between La and Fe during cooling. In order to
obtain the 1:13 single phase, the cast ingots must be annealed under vacuum at high temperature for 10-50
days. This complicated processing scheme, raises the need to develop an efficient preparation method for
these alloys. Laser engineering net shaping (LENS) is a novel method to synthesize various materials
directly from powders. It is an alternative and efficient route for preparing desired phases with a
significantly reduced fabrication time. With this motivation a series of the magnetocaloric La(Fe,Co,Si);3
compounds have been prepared through the LENS process. The effects of different experimental
conditions on formation behavior of the 1:13 phases in La-Fe-Co-Si alloys are investigated. The phase,
microstructure and magnetic properties of these samples have been characterized.

2. Experimental

The La (Fe,Co,Si);3 master alloys were prepared by arc melting in an argon (Ar) atmosphere. The
composition of these alloys is determined with a lower Si and a higher Co amount for the applications
nearby room temperature, as shown in table 1. The as-cast samples were crushed and sieved to a size
fraction of 45-150 um for the LENS printing.

Table. 1. Compositions and element weight percentages of starting powders.

Sample No. Composition x(La)/wt.% x(Fe)/wt.% x(Co)wt.% | x(Si)/wt.%
Powder A LaFe;105C0g.90Si1 05 16.56 73.57 6.39 3.48
Powder B LaFelO_70C01,308i1_00 16.49 71.01 9.17 3.33

The powders were fed into a melt pool created by a Yb laser (1 kW) to build rod shape geometries. The
printing was done in a low oxygen (< 5 ppm) Ar environment inside a glove box. Printed rods were

annealed at 1,050°C for 15 days under inert conditions, followed by water quenching. The microstructure
was observed in backscattered electron (BSE) mode by SEM. The crystal structure was studied using X-

1
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ray diffraction (XRD) with Cu Ka irradiation. Finally, magnetic measurements were performed with
maximum magnetic field ranged from 1-5 T.

3. Results and Discussion
3.1. Preparation of La-Fe-Co-Si compounds by LENS method

The initial work was focused on determining if LENS could be used to synthesize La-Fe-Co-Si alloys,
and, if the composition and properties of these alloys could be tailored. Fig. 1 shows the XRD patterns of
the initial powders crushed from the master alloys (Table. 1.). For both powders, the phases can be
indexed as a-Fe with a small amount of LaFeSi phase.

Powder A Powder B
. °
e a-Fe e a-Fe
m LaFeSi m LaFeSi
5 =
s A
& 2
@ [
£ £ °
- " . .
A a a® L am | LR
s B ﬁ,_JI !_!!A,_JL_E{ . VUV .. L. A‘
20 " 3r0 " 4‘0 " 5’0 " 6’0 ) ?Il] I BID 20 3‘0 I 4‘0 I 5‘0 I BIU I ?Il] I 8‘0
2Theta(degree) 2Theta(degree)

Fig. 1. XRD patterns of initial powders

Samples were prepared by LENS by in situ mixing powder A and B in different ratios. All the samples
were fabricated in a rod shapes. The composition of the rods varied from A: LaFe;45C00.g0Si1gs t0 B:
LaFe1p70C0130Si100. By analyzing the X-ray diffraction patterns of the different rods, it can be found that
the small amount of the 1:13 phase was formed after LENS process. In general, the 1:13 phase appears to
be extremely difficult to obtain with low Si amount and without annealing. However, this result indicates
that the LENS process does promote the direct formation of the 1:13 phase during solidification.



AMES LABORATORY

Creating Materials & Energy Solutions

U.5. DEPARTMENT OF ENERGY

Sample No. Powder A Powder B . L:];(Fc.(.'o.!:ii},_;
® a-re
#1 4‘0 0 B LaFeSi
#2 3.5 0.5 #10
#3 4.2 0.8 a_ums ’I_~ N oen me® R B
#4 3.6 1.4 3
#5 3.0 2.0 g
46 2.0 3.0 £ . #s
| ®__afe on__mem |
#7 1.2 3.8
#8 1.0 4.0 o
#9 0.8 4.2 JL
#1
#10 0 5.0 o m mms 3:{_ +m melm % |
20 30 40 50 60 T0 B0

2Theta (degree)

Fig. 2. Experimental conditions and XRD patterns of the LENS samples

3.2. Annealing Effects

As discussed above, extended annealing times is the generally used to obtain a high volume fraction of
the 1:13 phase in the La-Fe-Co-Si cast alloys. We utilized annealing for the as printed LENS samples as
well as the initial master alloy from which the powders were made from. The annealing of the LENS
samples (shown in section 3.1) was performed at 1050°C for 10 days, however, there was no obvious
phase changes observed compared to the as printed samples. For further investigation, the annealing of
the master alloy at 1050°C for 15 days was also performed. Fig. 3 shows the XRD patterns of the as-cast
sample, powder annealed at 1050°C for 15 day and LENS sample fabricated from annealed powder. For
the annealed powder, a significant amount of the 1:13 phase is formed, but it almost all disappears after
the LENS printing process. These results indicate that the annealing is less effective method for the
formation of the 1:13 phase of La-Fe-Co-Si prepared by LENS process. The reasons for this need to be

investigated further.
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Fig. 3. XRD patterns of La-Fe-Co-Si samples prepared by LENS process.

3.3. Direct Synthesis from La-Si, Fe and Co powders

The results discussed above have focused on the LENS samples that were prepared from La-Fe-Co-Si
master alloy powders. However, our results have shown that these conditions were not effective for
forming a significant amount of the 1:13 phase. Therefore, we utilized a direct synthesis of the La-Fe-Co-
Si compounds using La-Si, a-Fe and a-Co powders. Initially, the La,sSiss alloy powder was prepared to
prevent segregation and to make it easy to form the 1:13 phase. Then the La-Fe-Co-Si compound was
directly synthesized from these powders by LENS printing. Interestingly, we found that a large amount of
1:13 phase was identified with significantly reduced a-Fe and LaFeSi phase, as shown in Fig. 4. Up until
now; there have been no literature reports on the 1:13 phase that can be directly obtained from powders
without preparation of a master alloy and any annealing process as well.
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Fig. 4. XRD patterns of the LENS samples directly synthesized method.

In order to better understand the microstructure, the backscattering electron (BSE) mode is taken for
analysis. It can be seen from Fig. 5. that there exists three phases for the LENS compound. According to
the result of the EDS analysis of the LENS sample, shown in table 2, the composition of the three phases
are very close to 1:13, a-Fe and LaFeSi, respectively. It can be seen that a large amount of the 1:13 phase

is homogeneously distributed in the sample.

Fig. 5. BSE image of the LENS sample

Table. 2. EDS analysis of different positions in Fig. x.
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Position x(La)/% x(Fe)/% X(C0)/% X(Si)/% Phase
I 68.31 13.43 12.32 5.94 1:13 phase
I 55.74 14.31 17.06 12.89 LaFeSi
11 0.39 87.73 9.94 1.95 a-Fe

3.5. Magnetocaloric Properties

The magnetocaloric properties of the LENS sample measured, as shown in fig. 6. The T, of the LENS
sample was around 325 K, which is above room temperature. The maximum magnetic entropy change of
the LENS sample was around 2.5J/kgK. at 0-5T. This value is lower than other reported results; however,
as seen from the XRD and SEM, the phase fraction of the 1:13 phase is not optimized in the as printed
rods. It important to note, that the LENS method does present the possibility of synthesizing
magnetocaloric materials by a simple process in a relatively short time. Post printing heat treatment can
perhaps be utilized to further improve the magnetocaloric performance of the alloys.
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Fig. 6. Temperature dependent magnetization, M and AS for the LENS samples printed from the
individual powders of La-Si, Fe and Co.

4. Summary

Laser Engineered Net Shaping (LENS) has been used to print magnetocaloric alloys based on the
LaCoFeSi system into rod geometries. Samples were printed using both pre-alloyed powders of the final
LaCoFeSi composition along with individual powders of La-Si, Fe and Co. The samples printed from the
pre-alloyed powders showed no significant formation of the 1:13 phase, which only appeared after post-
printing annealing. For the samples printed from the individual powders, the 1:13 phase could be formed
in the as-printed structure. Measurements of the magnetocaloric properties are lower than those of fully
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annealed samples, however, the formation of the 1:13 during printing does open up the possibility of
printing complicated geometries for which the performance can be improved with further heat treatments.
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