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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, Iowa 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). 
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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 
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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. 

 

 

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. 

 

 

Table 1: Rare metals in United States (ITU report) 
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Table 2: Rare metals in Japan (ITU report)

 

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). 

 

 

Table 4: Estimated global REE demand in 2016, Red is committed and Blue is possible, ROW 

means rest of the world (UNEP report) 

 

 

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. 

 

 
 

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. 

 

 

Figure 5: The spectrum of commodities 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.  

 

 

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 Li 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.  

 

 

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. 

 

 

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. 

 

 

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. 

 

 

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. 

 

 

Figure 12: Criticality of minerals and metals in EU (Ad-hoc Working Group report) 
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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.  

 

 

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. Identify 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.  

b. Extraction issues: environmental impact, toxicity, sustainability.  

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

production.  

d. 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. Research and development activities on rare metals including rare earths 

b. Advanced Technologies related with to Materialization, Extraction, Recycling, 

Replacement, Reduction and Purification of rare metals 

c. Technology transfer to perspective industrial applications, subject to the requirements 

under laws, regulations and directives of each countries 

 

4.1.1.1. The 1
st
 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
st
 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. 

 

 

Figure 14: The advertising of the 1
st
 IWRM held in Incheon, Korea 
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4.1.1.2. The 2
nd

 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
th

 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). 

 

 

Figure 15: The advertising of the 2
nd

 IWRM held in Boston, US 

 

4.1.1.3. The 3
rd

 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. 

 

 

Figure 16: The advertising of the 3
rd

 IWRM held in Montreal, Canada 

 

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 



36 

 

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: 

 

 

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. 

 

 

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. 

 

 

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. 

 

 

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. 

 

 

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. 

 

 

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

function of process scale 

 

 

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 RE2Fe14B-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.  

 



42 

 

 

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. 

 

 

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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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. 

 

 

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 RE2Fe14B-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 

interface. 

 

 

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.  

 

 

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 

 

 
Table 15: Nominal compositions of elements in MCE alloys processed at different elemental 

compositions 

 

for 15g of INGOT

No ID

1 MC-NiMnSn 50 Ni 37 Mn 13 Sn

2 MC-NiMn0CuSn 43 Ni 46 Mn 11 Sn

3 MC-NiMn2CuSn 43 Ni 44 Mn 2 Cu 11 Sn

4 MC-NiMn4.5CuSn 43 Ni 41.5 Mn 4.5 Cu 11 Sn

5 MC-NiMn7CuSn 43 Ni 39 Mn 7 Cu 11 Sn

6 MC-NiMn2CoSn 43 Ni 44 Mn 2 Co 11 Sn

No ID Arc melting ID

1 MC-NiMnSn 45.1 Ni 31.2 Mn 23.7 Sn AHI-134 ①

2 MC-NiMn0CuSn 39.7 Ni 39.8 Mn 20.5 Sn AHI-134 ②

3 MC-NiMn2CuSn 39.6 Ni 37.9 Mn 2.0 Cu 20.5 Sn AHI-134 ③

4 MC-NiMn4.5CuSn 39.5 Ni 35.6 Mn 4.5 Cu 20.4 Sn AHI-134 ④

5 MC-NiMn7CuSn 39.3 Ni 33.4 Mn 6.9 Cu 20.3 Sn AHI-134 ⑤

6 MC-NiMn2CoSn 39.7 Ni 38.0 Mn 1.9 Co 20.5 Sn AHI-134 ⑥

(cutting and Annealing) or (annealing and cutting)

Cutting: 5mm thickness (Φ 6 disc shape)

Annealing: 1,273K (1000℃), 24 hrs.

at.%

at.%
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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 Ni43Mn46–xCuxSn11 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 Ni46–xCuyMn43Sn11. 

  

 
 

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 
o
C) 

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

 

Figure 27: Magnetic field induced entropy changes as a function of temperature for selected 

composition of the applied field up to 0.5 T 
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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 T to 5 T. 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, TM. 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 TM. 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 TM.  

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 

µm 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 Tm. 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. 

 

 

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. 

 

 

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. 

 

 

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 CO2 per tonne of Cu, compared to around 3 t of CO2 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 CO2 

savings, because initial CO2 emissions per tonne of these metals can be very high. Figure 32 

shows the average CO2 tonnage that results from the primary production of metals (NB: in 2010, 

global GHG emissions were 33.6 Gt CO2).  

 

 

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

 

Considering the 33.58 Mt/a of CO2 emitted during production of the base- and precious 

metals, 0.1 % of the world's CO2 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.  

 

 

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 



60 

 

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). 

 

 

 

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.  

 

 

 

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.  

 

 

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

with Ames Laboratory 

 

 

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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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 NaZn13-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)13 
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)13 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 µm 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 LaFe11.05Co0.90Si1.05 16.56 73.57 6.39 3.48 
Powder B LaFe10.70Co1.30Si1.00 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-
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ray diffraction (XRD) with Cu Kα 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 α-Fe with a small amount of LaFeSi phase. 

 

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: LaFe11.05Co0.90Si1.05 to B: 
LaFe10.70Co1.30Si1.00. 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. 
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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, α-Fe and α-Co powders. Initially, the La45Si55 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 α-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, α-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(Co)/% x(Si)/% Phase 
I 68.31 13.43 12.32 5.94 1:13 phase 
II 55.74 14.31 17.06 12.89 LaFeSi 
III 0.39 87.73 9.94 1.95 α-Fe 

 

3.5. Magnetocaloric Properties 

The magnetocaloric properties of the LENS sample measured, as shown in fig. 6. The Tc 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. 

 

 

 

Fig. 6. Temperature dependent magnetization, M and ∆S 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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