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Abstract 

Fusion offers the possibility of a large-scale energy source. However, there are still some challenges to overcome in the path to 

harnessing fusion power. One of the present main challenges is the choice of materials for plasma facing components, where 

plasma-surface interactions occur. Liquid metals are a possible solution for meeting the requirements of such components as 

they present the possibility of self-regeneration and they can be replenished if need be with no down time of the reactor. Lithium, 

Tin and Gallium are the main LM candidate materials for PFC’s. Individually, each of these metals present challenges which must 

be tackled before they can be used in a fusion nuclear reactor. Sn-Li alloys have been shown to have properties which can 

overcome some of the obstacles presented by individual Li and Sn. To test the usefulness of Sn-Li alloys for use as plasma facing 

components in the DEMO Tokamak, a project to produce the alloy and testing its behaviour under fusion plasma exposure is 

underway. 

This thesis proposes the production of Sn-Li alloys through a mechanical alloying route using a planetary ball mill and cold 

pressing.  Ball milling experiments were conducted on pure Sn powders, both under air and argon atmosphere, to obtain 

references for milling in the Sn-Li system. Sn-Li mechanical alloying and cold pressing were carried out under argon starting from 

pure gas atomized Sn powders and small ribbon cut Li bits. The produced powders and pellets were analysed using 

characterization techniques to assess the morphological (SEM/EDS), compositional (IBA) and phase evolution (DRX and DSC) 

with milling conditions. 

The morphology of milled particles evolves with milling time starting as cold welded, rugose particles, evolving towards spherical 

or faceted, smooth particles and finally to thin large discs. Cold-welding is the predominant mechanism observed up to 24h of 

milling. A dispersion of Li-rich particles is observed for all compositions. 

Due to the dry conditions used, the yield of the technique is limited due to excessive adhesion of cold-welded milled materials to 

the vial wall (<20% after 24h effective milling time).  IBA analysis identified that small deviations from the designed Li bulk 

concentrations were observed: 2Sn-5Li had a concentration of 17,0 (±4,4)at% after 2h and 22,3 (±4,9)at% after 12h of milling, 

Sn-15Li had a concentration of 16,5 (±14,9)at% after 2h and 11,0 (±1,5)at% after 12h of milling and Sn-5Li has a concentration 

of 4,2 (±0,3)at% after 2h and 3,8 (±0,6)at% after 12h of milling. The large standard deviations observed in the higher Li atomic 

percentage alloys (2Sn-5Li and Sn-15Li) are due to inhomogeneity of the processed powders. 

The main phases and phase transformations identified with XRD and DSC are the L ⟶ Sn + Li2Sn5 eutectic, pure Sn, Li2Sn5 and 

LiSn intermetallic. The presence of higher Li content intermetallic compounds could not be confirmed. 

 

Keywords: Mechanical Alloying; Sn Ball Milling; Sn-Li alloys; Nuclear Fusion Blanket Materials.   
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Resumo 

A fusão nuclear mostra potencial para se tornar numa fonte de energia limpa em grande escala. Contudo existem ainda desafios 

a superar no caminho para o seu aproveitamento enquanto fonte de energia alternativa. Atualmente, um dos maiores desafios é 

a escolha de materiais para os componentes em contacto direto com o plasma, onde as interações plasma-matéria ocorrem. A 

utilização de metais líquidos é uma possível solução para os requisitos destes componentes devido à possibilidade de 

autorregeneração e de poderem ser recirculados pelo reator. Lítio, Estanho e Gálio são os principais candidatos a metais líquidos 

para estes componentes. Individualmente cada um destes metais tem propriedades desejáveis, mas também desvantagens que 

dificultam a sua utilização. As ligas Sn-Li aparentam ter propriedades que superam algumas das dificuldades encontradas nos 

elementos que a constituem separadamente. Com o objetivo de determinar a viabilidade de utilização destas ligas no reator 

DEMO, desenvolveu-se um projeto para produzir e testar estas ligas no ambiente de fusão nuclear. 

Esta tese propõe um método para produção de ligas Sn-Li por via pulverometalurgica, utilizando formação de ligas por via 

mecânica num moinho de bolas e prensagem a frio. Foram também realizadas experiências em pós de estanho puro (em ar e 

em atmosfera de árgon) para obter referências para o processamento das ligas Sn-Li. A moagem de lítio e estanho assim como 

o processo de prensagem a frio foram executados em atmosfera inerte devido à reatividade do lítio. Os produtos de partida foram 

pós atomizados de estanho e pequenos pedaços de lítio obtidos por seccionamento de uma banda. As amostras de pós 

processados e os verdes obtidos por prensagem a frio foram analisados com recurso a diferentes técnicas de forma a determinar 

a evolução morfológica (SEM/EDS), da composição (IBA) e das fases presentes (DRX e DSC) com as condições de moagem. 

A morfologia das partículas produzidas evolui com o tempo de moagem. As partículas iniciais são pequenos aglomerados 

rugosos resultantes da soldadura a frio de partículas mais pequenas. Estas partículas evoluem para partículas lisas, facetadas 

ou esféricas e finalmente para discos largos e finos. A soldadura a frio é o mecanismo predominante durante o processo até às 

24h de moagem testadas. Foi observada uma dispersão de partículas ricas em lítio em todas as composições produzidas tanto 

à superfície como no interior. 

Devido à utilização de moagem seca, a eficiência da técnica foi limitada pela adesão excessiva de material à cuba (a 

percentagem de material removida após 24h de moagem é inferior a 20%). A análise de feixe de iões indica pequenos desvios 

nas concentrações de lítio entre as ligas projetadas e as ligas produzidas: para a liga 2Sn-5Li determinou-se uma concentração 

de 17,0 (±4,4) %at após 2h de processamento e 22,3 (±4,9) %at após 12h; para a liga Sn-15Li determinou-se uma concentração 

de 16,5 (±14,9) %at depois de 2h e 11,0 (±1,5) %at após 12h de processamento; finalmente, para a liga Sn-5Li determinou-se 

uma concentração de 4,2 (±0,3) %at após 2h e 3,8 (±0,6) %at após 12h de processamento. Os elevados desvios padrão que se 

observaram nas ligas mais ricas em Li (2Sn-5Li e Sn-15Li) devem-se a inomogeneidade dos pós finais obtidos. 

As principais transformações e fases determinadas por DRX e DSC foram a transformação eutéctica L ⟶ Sn + Li2Sn5, estanho 

puro  e os compostos intermetálicos Li2Sn5 e LiSn. Não foi possível confirmar a existência de compostos intermetálicos com 

teor mais elevado de lítio. 

Palavras-Chave: Moagem Mecânica; Moagem Mecânica de Estanho; Ligas Sn-Li; Materiais para Fusão Nuclear. 
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Chapter 1. Introduction 

Plasma technology has found uses in diverse industrial fields such as mining, plasma metallurgy, gas turbines and nuclear 

fusion reactors [1]–[3]. This has led several researchers into searching for new techniques to enhance control of plasma, or even 

inventing new ways to use plasma for further technological development.  

Since the 2nd International Conference of Peaceful Uses of Atomic Energy in Geneva (1958), fusion plasmas have had special 

attention due to their potential for revolutionizing how humanity produces energy. 10 years later, at the IAEA Novosibirsk 

conference, a turning point of fusion research was reached with the reported success of tokamaks. Since then, many tokamaks 

have been built around the world [4].  

Fusion offers the possibility of a large-scale energy source with a virtually inexhaustible fuel supply, good safety standards and 

an acceptable environmental impact. With the growing concern over climate change in our century, a way to make a sustainable 

energy source is of major importance [5]. There are still many challenges to be solved in the path to harnessing fusion power. 

One of the present main  challenges is the choice of materials for plasma facing components, especially the plasma facing 

surfaces where plasma-surface interactions occur [3], [6]. 

DEMO (Demonstration Power Station) will be the first large scale prototype power station producing energy from nuclear fusion. 

It is considered as the next step after ITER (a smaller, experimental fusion nuclear reactor) towards harnessing and 

commercializing fusion energy. The final design for ITER has been agreed upon, advanced material solutions have been achieved 

for most parts, but challenges remain in the components with most severe conditions, such as the breeding blanket and the 

divertor systems [7].  

The DEMO blanket system and divertor are the reactor’s plasma facing components (PFC’s). Consequently, these parts are 

exposed to the highest heat loads and particle bombardment in the reactor. Several materials have been proposed for these 

components but there is still no unanimity in the choice of materials. Tin-Lithium (Sn-Li) alloys present suitable properties for use 

as blanket / divertor materials and present some advantages when compared to other candidate materials. Further research is 

necessary to verify if they can be used in DEMO [8]. 

ISTTOK consists of a small tokamak with a circular cross-section, sited at Alameda Campus of Instituto Superior Técnico (IST). 

The reactor is used for experiments on fusion plasma in an academic environment, development of diagnostic techniques, 

instrumentation testing and research on advanced materials for plasma nuclear reactors, including materials for liquid metals 

limiters under the same conditions as ITER and DEMO.  

This thesis aims at producing Sn-Li alloys with different compositions, which are then to be exposed in the ISTTOK and 

characterized to evaluate the performance of said alloys as plasma facing components. The task at hand is: 

• Production of Sn-Li alloys with compositions up to 25at% Li with a characteristic microstructural length scale smaller 

than the obtained by casting technology, and hindering the formation of LixSny intermetallic compounds with high 

melting point or decomposition temperature; 

• Prevention of contamination induced by Li chemical reactivity; 

• Optimize the experimental procedure, such that the size of intermetallic phases present in the final microstructure is 

as small as possible; 

• Characterization of composition and phases present in the produced Sn-Li alloys. 

This thesis consists of 7 parts. The present, Chapter 1 - Introduction, where the motivation and objectives of the present work are 

introduced. Chapter 2 – Project Context, briefly describes the interest on the study of the materials projected for this work in the 

fusion energy harnessing context. The ITER project, Tokamak functioning (plasma confinement, challenges, research) and the 
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specific components for which the materials produced in this work are to be applied to. Chapter 3 – State of the Art, provides 

insight into the current knowledge of materials requirements for application in plasma face components, PFC’s, and current 

material candidate properties and limitations for these components. This chapter also reviews the Sn-Li alloys properties, the Sn-

Li system, and previous methods used to produce alloys in this system. Chapter 4 – Experimental Techniques and Procedure, 

explains in detail the experimental procedure carried out in this work and conditions used. It also outlines the techniques used for 

alloy production and for sample characterization, namely: mechanical alloying, cold pressing and sintering, SEM/EDS, IBA, XRD 

and DSC. Chapter 5 – Experimental Results and Discussion – the experimental results are shown, divided in subsections 

according to the type of analysis performed on the processed samples: morphological, compositional and phase analysis. The 

results are then critically analysed and discussed. Chapter 6 – Conclusions, depicts the final conclusions of this project and 

endorses future work to be carried out in the subject of Sn-Li alloys production. Chapter 7 – Bibliography contains the sources 

and references used in this work.  
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Chapter 2. Project Context 

The present chapter contains the most relevant information for understanding the purpose and context of this thesis. It also 

reviews the current knowledge relevant for this project. Section 2.1 – 2.6 describe the general insertion of the thesis: the ITER 

project, a brief description of fusion energy reactions, tokamaks and their functioning, the divertor configuration, breeding blanket 

concept and respective objectives and conditions for these parts.  

2.1. International Thermonuclear Experimental Reactor 

The ITER intergovernmental project, stablished by 35 nations, aims to demonstrate the scientific and technological feasibility 

of achieving sustained fusion power generation. The project intends to build an experimental reactor, the ITER, which will be used 

to prove the viability of the current employed technology in containing and sustaining the fusion plasma. ITER aim is to provide 

information which will be used to improve the final design of DEMO’s reactor, the world’s largest commercial use tokamak. ITER 

should be able to maintain fusion for extended periods of time and produce net energy (total energy produced surpassing the 

energy necessary to power the machine system). The Agreement on the Establishment of the ITER International Fusion Energy 

Organization is open to public and describes the project participants, purposes and objectives [9].  

2.2. Fusion energy 

ITER’s main objective is to produce net energy resorting to nuclear fusion reactions. The reaction between the hydrogen 

isotopes Deuterium ( 𝐻1
2 ) and Tritium ( 𝐻1

3 ) is the one with the lowest cross-section [10] amongst all fusion reactions and thus it is 

the reaction of choice for nuclear fusion technology [3]. The reaction products are Helium ( 𝐻𝑒2
4 ), α-particles ( 𝑛0

1 ) and energy: 

𝐻1
2  +  𝐻1

3  →  𝐻𝑒2
4  +  𝑛0

1  +  17.6 𝑀𝑒𝑉 (1) 

Equation (1) represents the reaction known as Deuterium-Tritium fusion reaction (DT fusion). 80% of the energy of the DT fusion 

is carried away by the neutron (n). It is captured in a blanket of Li, forming a reaction which generates tritium, helium and energy: 

𝐿𝑖3
6 + 𝑛 → 𝐻1

3 + 𝐻𝑒2
4 + 4.78𝑀𝑒𝑉 (2) 

Hence, equations (1) and (2) yield the overall reaction equation (3) for a fusion reactor: 

𝐻1
2 + 𝐿𝑖3

6 → 2 𝐻𝑒2
4 + 22.4𝑀𝑒𝑉 (3) 

One of the DT reaction products is He. If excessive He remains in the core of the plasma, it will gradually dilute the burning DT 

mixture, and eventually quench the plasma [3]. 

Due to Coulomb repulsion of the nuclei concerned, maximum output of fusion power is attained with an operation temperature of 

10 keV or 110 000 000 K. At this temperature, all light atoms are fully stripped of their electrons, thus becoming a highly ionized 

plasma. The contact of the hot plasma with a material wall must be avoided, otherwise the wall will be ablated, and the ablated 

atoms will be ejected into the hot plasma. Detached atoms and ions originating from the wall move towards the plasma core, 

reaching higher and higher ionization states as they dwell deeper into the core. As long as the ionization is not complete, these 

impurities emit radiation which, even for low impurity concentration, enhances the plasma power loss significantly [11]. Excessive 

contamination of the plasma core leads to cooling of the plasma, which may lead to plasma extinction [3]. This radiative power 

loss is enhanced for ions with high nuclear charge (Effective Z). Hence the permitted impurity concentration of high-Z impurities 

in plasma is very low. 
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2.3. Tokamaks 

In a Tokamak type reactor, the generated hot plasma is confined by trapping the charged particles with Lorentz forces by use 

of an intense magnetic field, inside a toroidal plasma chamber. An illustration of the ITER tokamak can be seen in Figure 1 (a) 

[3].  

  

 
Inside the Tokamak, a magnetic field is generated by massive magnetic coils placed around the vessel. The magnetic field is 

strong enough so that the ions and electrons can only move along the field lines, reducing the plasma transport perpendicular to 

the magnetic field lines by 14 orders of magnitude. This lowers the thermal conduction of the hot plasma to the wall so that a 

temperature difference of 100 million K over a distance of about a meter can be sustained. The coils used are made of 

superconductors, which implies that the hottest volume on earth is placed inside the world’s largest liquid He cryostat [3]. 

For equilibrium to be reached between the plasma pressure and the magnetic forces, a rotational transform of the toroidal 

magnetic field is necessary [12]. To twist the magnetic field to obtain such equilibrium Tokamaks use a toroidal electric current to 

create a poloidal magnetic field.  

A vertically elongated cross-section (D form, as shown is Figure 1 (a)) is preferred, as it has been shown to decrease the probability 

of contamination of the plasma [13]. However, due to the non-circular cross-section, the plasma has tendency to display 

instabilities. 

IST Tokamak (ISTTOK) (Figure 1 (b)), where the Sn-Li alloys produced will be tested, is a small tokamak with a circular cross-

section with a limiter configuration. This reactor was built from an older model Tokamak, the TORTUR, and as such it does not 

possess the D-form chamber, nor the divertor at the bottom. The reactor is used for experiments on fusion plasma in an academic 

environment, development of diagnostic techniques and instrumentation testing as well as research on advanced materials for 

plasma nuclear reactors [14]. 

Figure 1 – (a) Illustration of ITER tokamak configuration, major radius - 6.2 m; minor radius - 2 m; vertical 

elongation - 1.86 m; plasma current - 15 MA; magnetic field - 5.3 T; plasma volume - 850 m3; fusion power - 500 

MW; power multiplication Q - 10(b) ISTTOK illustration, major radius - 46cm, minor radius - 8.5cm, plasma current - 7 

kA, maximum magnetic field - 2.8 T, discharge time - 45 ms. 

a) 
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2.4. Plasma-Surface Interaction 

Plasma-surface interactions are of paramount importance inside the tokamak. An ITER pulse will last at least 500s and 

continuous operation is foreseen. It is estimated that, in ITER, electron, ion and power fluxes to the wall will be a factor of 2–3 

higher than in previous machines. Very high heat loads are expected  inside the plasma chamber, thus showing the importance 

of studying such interactions [3], [15]. Despite the strong suppression of the plasma by magnetic fields, some diffusion across the 

magnetic field always occurs [16]. 

To keep the consequences of plasma-wall interactions within the required limits, the plasma-wall contact must be controlled. 

Plasma-wall interactions are mitigated by use of one of two methods: limiter configuration or divertor configuration (Figure 2). 

   

The first method, the limiter configuration, consists of using plates of material projected a short distance into the main plasma 

confinement area. These plates are placed in the outer boundary of areas where the magnetic surfaces are closed. Ions travelling 

outwards from the plasma will strike the limiter, protecting the remaining parts. However, the high energy density the limiter is 

exposed to creates a difficult challenge for the materials choice for the limiter plate. 

The second method, the divertor configuration, consists in diverting the plasma from the edge region onto a remote material 

surface (divertor plate). This reduces the general requirement for the remaining parts of the reactor.  

Plasma Facing Components (PFC’s) represent one of the main obstacles in achieving fusion energy due to the high heat and 

particle fluxes these parts are exposed to. In the following sections the two main PFC’s are introduced: the divertor and the blanket 

system. 

2.5. Divertor 

The ITER divertor cassette geometry can be seen in Figure 3. The divertor is composed of 54 cassettes situated at the bottom 

of the reactor. Each includes a structural cassette body, three plasma facing components (inner and outer vertical targets and the 

dome), inner and outer particle reflector plates, baffles for structure protection and vacuum pumps (Figure 4). Each cassette is 

connected to the ITER cooling system through copper pipes [17], [18].  

Figure 2 - Limiter configuration (left) and Divertor configuration (right) (adapted from [108]) 
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 The main function of the divertor is to control the density of the fuel and impurity species in the plasma [17], [18]. The divertor 

must exhaust most of the alpha particle power and He ash at acceptable erosion rates [19]. 

The outermost part of the closed magnetic flux surfaces is called the ‘last closed flux surface’ (LCFS) [Figure 4]. Below the LCFS 

is the so-called X-point; the magnetic field lines below this point are designed to intersect the targets in the divertor region. Plasma 

that has moved below the X-point will eventually hit one of the divertor targets surfaces. 

 

 

 

 

 

 The open magnetic field lines defining the scrape-off layer outside the plasma LCFS intercept with the divertor plates. The plasma 

particles following the magnetic field lines are guided towards the target plates where they are neutralized and cooled, allowing 

Figure 3 – Divertor cassette configuration. 

 

 

Figure 4 - Poloidal cross section of a tokamak (adapted from [3]).  

. 
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them to be pumped away by the vacuum system (Figure 4). Due to this plasma diverting mechanism, the divertor is the component 

in the ITER reactor with the highest design steady state heat loads. 

Electrons and ions originating from the plasma core are effectively cooled in the divertor by a radiation and charge exchange 

processes, from the keV range to values of the order of magnitude of 1 eV [20]. 

The core plasma is still in the keV range while plasma temperatures close to the surface have a few eV. Under this conditions, 

the plasma is in a so-called detached state [21]. The surface is thus protected by a denser plasma with a lower degree of ionization 

and lower temperature. The cooled particles can then be removed with a vacuum pump. 

It is expected that 15% of the total thermal power generated by the fusion reactions will be mastered by the divertor. The calculated 

heat load [22], [23] is estimated as 10 MW/m2. However, fluxes as high as 20 MW/m2 [24] or 50 MW/m2 [25] may impinge on the 

divertor during disruptive instabilities. 

In 2011, the ITER organization initiated a two-year project with the intention of studying the design requirements for the use of 

Tungsten as the divertor material, as well as obtaining the operational experience necessary for using this material. This 

culminated in the approval of the Divertor Final Design Review in 2013. The positive outcome of the studies determined that a 

full-tungsten divertor was to be used [17]. 

2.6. Blanket System 

The blanket system consists of a set of modules covering the interior of the fusion reactor vessel capable of supporting a high 

heat load and an intense neutron flux. Its main purpose is threefold [26]: to assure self-sufficiency of the fusion reactor regarding 

tritium breeding (by generating, from the reaction of alpha particles with lithium, at least the same amount of tritium as that which 

is consumed in the plasma); to maximize the net efficiency of the power plant by extracting heat from the DT fusion reactions; to 

act as a shield for the vacuum vessel during plasma operation. 

The development of an effective blanket system is crucial to the success of nuclear fusion. The basic concept behind the breeding 

function of the blanket system is converting lithium to tritium by means of a fusion reaction with neutrons (Equation 2). Lithium 

may be present in the breeding blanket as liquid metal, eutectic alloy or any other solid form (e.g. lithium containing ceramics). 

The breeding blanket consists of an assembly of a specified structural material, a coolant, a possible neutron multiplier, a neutron 

reflector and, if required, a tritium recovery system. Various breeding blankets concepts have been considered, both solid and 

liquid, each presenting advantages and disadvantages. The main candidates presently are liquid metal breeders [26] as solid 

breeders show problems with achieving tritium breeding ratio (TBR) above 1.  

Liquid metal breeders present the possibility of self-cooling. They can also be used as the heat transport fluid [27] and are self-

regenerating, with a possibility of additional injection of material into desired areas if necessary. 
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Chapter 3. State-of-the-Art 

Sections 3.1 – 3.2 analyse the current knowledge of materials requirements for application in fusion nuclear reactors plasma 

facing components, PFCs, particularly of the use of liquid metals (LM’s) for such parts. Sub-sections 3.2.2 and 3.2.3 specifically 

review Tin and the Lithium-Tin alloy system. Section 3.3 reviews some aspects of high energy milling and mechanical alloying, 

mainly high energy milling of soft metals, the technology used to produce the Sn-Li alloys in this study. 

3.1. Plasma Facing Components Materials  

The materials for PFC’s are of critical importance, as they might be emitted in some form into the divertor plasma, contributing 

to the plasma chemistry and to the radiation level in the plasma [3] and they must ensure protection of the underlying structural 

parts.  

3.1.1.  Requirements 

Requirements for the materials constituting the PFC’s are: 

• Good thermal and electrical conductivity (maximizes efficiency); 

• Low probability of ending up in the core plasma;  

• If ending up in the core plasma is unavoidable, low Z to avoid cooling of the plasma; 

• Low tritium retention; 

• Resistance to thermal shock and erosion processes; 

• Low activation and short-life products under neutron irradiation. 

The lifetime expectations of the divertor target plates is also of utmost importance, as replacing of these parts means downtime 

of the reactor [3], [28]. 

3.1.2. Tritium Retention Problem 

Different processes controlling the retention and the recycling of hydrogen isotopes in the plasma facing components are 

shown in Figure 5. A fraction of the ions striking the surface of a PFC are scattered back into the plasma (reflection). The remaining 

are ‘stopped’ by the material.  

Once at the surface, hydrogen must recombine before release is possible. High recombination rates lead to rapid release from 

the surface, effectively leading the surface concentration to values close to zero1.  

Hydrogen isotope retention, especially of Tritium which is radioactive with a half-life of 12.5 years [29], must be addressed for all 

materials in the ITER Tokamak, including the divertor target and blanket system materials. The amount of Tritium allowed within 

the ITER installation is severely restricted. The level is subjected to continuous revision and as such only guidelines for the actual 

values are known. Most research on the subject of tritium retention is performed assuming a maximum in-vessel inventory of 1kg 

[30], [31].  

Low recombination rate forces hydrogen to diffuse away from the surface, into the material. Low recombination rate leads to 

higher inventory of hydrogen isotopes in the material and potentially higher release rate through the rear of the material 

                                                      

1 Processes that lead hydrogen present in the plasma facing material (surface or bulk), such as recombination, back into the 

reactor/hot plasma are called recycling.  
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(permeation). Some of the hydrogen atoms may be trapped in defects present in the implantation zone. There they dissolve into 

solid solution, diffuse or form bubbles (if solubility is low). Both retention and permeation are problematic [32]. 

 

 3.2. Liquid metal PFC’s 

LM’s are very attractive material candidates for PFC’s as they are regenerative and practically damage free, even during 

plasma exposure, representing a potential solution for the heat exhaustion problem of fusion nuclear reactors [6], [33]. Options 

available for liquid metals breeding blankets concepts range from full coverage of the inner walls of the reactor to a combination 

of liquid metal and conventional solids targets [34].  

LMs have been extensively researched for the last two decades [35]–[38] [15], [39]. They possess additional power handling 

capabilities, such as evaporative cooling and vapor shielding effect [40], [41] which are inherently available for a liquid surface. 

Relevant properties of LM are low melting temperature, low viscosity, high latent heat of vaporization, high thermal conductivity 

and high heat capacity. 

Liquid metals also have some known disadvantages: their low dynamic viscosity leads to instabilities at the surface of LM during 

injection and operation, enhancing splashing; metallic surface oxide films may hinder liquid metals spreading and wettability; 

severe corrosion/reactivity of metallic surfaces by LMs induces rapid degradation of components [15], [42]–[44]. Zhang et al. [45] 

provide a good review of corrosion models induced by liquid metals. Models of liquid metal corrosion are based on mass transfer 

in liquid and solid state. Corrosion rates are correlated to the velocity of the LM flow and its chemical reactivity with the underlying 

materials. In a nuclear fusion reactor, LM is constantly being replenished, which aggravates corrosion of the injection media. To 

avoid LM corrosion, materials with low reactivity with the LM of choice should be used [44]. The risk of corrosive degradation of 

the blanket structure by flowing liquid metals is one of the major concerns when LM’s are used. 

Lithium (Li) must be present in the breeding blanket concept as a tritium breeder. Lead-lithium eutectic alloy (Pb-17Li) alloys is 

the current primary candidate for use as liquid metal breeding blanket. Tin (Sn) and Gallium (Ga) also possess suitable properties 

Figure 5 - Processes involved in the hydrogen isotope retention, permeation and recycling in 

fusion reactor plasma-facing materials (adapted from [32]). 
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for use as LM’s and have also been studied for nuclear fusion applications. Research on LMs has mainly focused on this elements 

or alloys between them [44], [46]–[49]. 

Gallium has been tested in ISTTOK, showing promising results [48]–[50]. A list of thermodynamic relevant properties of the 

candidate metals mentioned above is presented in Table 1:  

 

 
Symbol (Units) Li Sn Ga 

Atomic number Z 3 50 31 

Atomic weight Ar 6.94 118.7 69.72 

Mass density ρ (103 Kg m-3) 0.512 6.99 6.095 

Melting point Tm (ºC) 180.5 231.9 29.8 

Boiling Point Tb (ºC) 1347 2270 2403 

Dynamic viscosity η (10-3 Pa s) at Tm 0.25 1.85 0.95 

Latent heat of vaporization ΔHvap (kJ mol-1) 147 296 256.1 

Thermal conductivity W m-1 K-1 45 30 50.9 

3.2.1. Lithium (Li) 

Li is necessary for tritium breeding. As such, a breeding material must contain Li in some form [27]. Li low atomic number (Z = 3) 

minimizes radiation losses of the plasma core in case of contamination; it possesses a low melting point (180.5 ºC), high latent 

heat of vaporization (147 kJ mol-1) and a low density (0.512g/cm3). Fresh Li surfaces have been shown to absorb impurities 

present in the plasma edge, further enhancing the performance of the plasma [8], [47], [51]. It has also been shown that lithiated 

W after plasma exposure has a lower retention of deuterium/tritium than pure W [52]. Li is not activated to long-lived gamma or 

neutron emitting isotopes by neutron capture and has a low neutron absorption cross-section [53] 

However, Li has the lowest heat of vaporization and boiling point amongst the three candidates. Excessive evaporation of Li is a 

major concern with its use as liquid limiter due to significant contamination of the plasma, leading to excessive fuel dilution, and 

ultimately to plasma extinction [34], [36]. Li also has a higher diffusivity and solubility for Deuterium and Tritium than Tin or Gallium 

[32]. Lithium high permeability to hydrogen isotopes is detrimental for tritium inventory purpose and the high solubility for hydrogen 

makes complete and reliable removal of tritium difficult [32]. 

Li has a high reactivity with oxygen, water and carbon. As such, it needs to be handled under controlled atmosphere. The 

atmosphere inside the vessel must be water and oxygen free. 

Alkali metals are expected to be corrosive when operation in environments sustaining high temperatures and fluid flow rates, as 

is the case of PFC’s. As such Li possesses undesirable corrosive properties which must be addressed [53]. 

As the divertor is to be made of tungsten, interaction between Li and W are important. Little information can be found on Li-W 

interaction. No phase diagram is known for the binary system. Solubility of Li in W is extremely small (and vice-versa) and there 

are no known intermediate compounds [54]. 

Assessments of the mechanical properties of Li have shown that it is a very ductile material at room temperature. For low strain 

rates, at a temperature of 293K, Li shows elongations that can go as high as 50% of the specimen length before fracture, with a 

maximum tensile strength below 0.5MPa. Strain hardening rates of pure Li only become significant at temperatures below 80K 

[55] and Li has been shown to recrystallize rapidly at room temperature.  

Table 1 – Table of properties of main candidates for liquid metal PFC’s (Li, Sn and Ga) 
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3.2.2. Tin (Sn) 

Sn has a low melting point (231.9 ºC), high heat of vaporization (296 kJ mol-1) and has been considered a self-regulated 

efficient shielding material for a CPS structure. Sn also has a higher boiling point than Li, which anticipates an increased operation 

limit for the divertor if used.  

However, Sn’s wetting procedure is difficult [8], [56], mainly due to strong de-wetting on specific areas of the capillary porous 

system (CPS)2. 

When exposed to the hot plasma, temperature enhanced sputtering and formation of a vapor cloud are observed [34]. However, 

this cloud is thin enough not to affect the plasma physics. Research on liquid Sn for the breeding blanket has shown promising 

results [42]. 

Sn has two allotropic forms. β‑tin (also known as white tin) has a tetragonal crystal structure and is stable above 13 ºC. α‑tin, or 

gray tin, is stable below 13 ºC, has a cubic crystal structure and a lower density than β‑tin. A ~27% volume increase is associated 

with this phase transformation. Although α‑tin is stable below 13 ºC, the transformation kinetic is very sluggish at this temperature. 

The maximum rate of the transformation occurs between -30 ºC and -40 ºC. Once the transformation starts, Sn parts crumble 

progressively into powder due to the volumetric expansion. Due to this disintegration, α‑tin formation is referred to as tin pest [57]. 

Corrosion of structural parts by Sn must be taken into account when working with liquid Sn, more so when in contact with metallic 

layers. Ferrous metals, even austenitic and ferritic stainless steel, have poor resistance to attack at temperatures >400ºC. When 

exposed to liquid Sn, they react to form Fe + Sn compounds (‘tinning reaction’) leading to continuous LM corrosion. If Sn or its 

alloys are used, the CPS system choice of materials may be limited [33]. Metals which have appreciable solubility in Sn, such as 

Ni, Al, Co and Cu, must also be excluded [33]. 

The heavy Sn ions negatively affect the plasma physics, effectively reducing plasma temperature [58]–[60] and as such Sn 

sputtering must be minimized. Tin possesses a very low solubility for hydrogen and its isotopes, as well as a lower diffusivity than 

lithium [8], [32], [58]. Tin has been shown to have very low permeability to hydrogen isotopes, as well as almost 100% recycling 

of hydrogen isotopes reaching its surface [32]. 

Sn-W does not possess a known phase diagram. The mutual solubility of Sn and W is very low (0.001at%W at 2273K) and no 

intermediate phases are known [61] which makes it compatible with a full tungsten divertor system. 

Pure Sn oxidizes in air, forming a stable layer of tin monoxide, stannous oxide (SnO) and tin dioxide, stannic oxide (SnO2), at its 

surface [62], [63]. Sn has a low solubility for Oxygen, indicating that any O present in the microstructure should be in metallic 

oxide form. Sn also has a very low solubility for Iron but it can form different intermetallic compounds, particularly FeSn and FeSn2 

[64].   

Sn displays both dynamic and static recovery, as well as recrystallization at 25ºC and below. Sn possesses little work hardening 

capability at temperatures down to -10ºC, independently of the applied strain rate. Above this temperature, a little work hardening 

is observable in the initial stages of plastic deformation which is quickly followed by a steady state plastic flow regime [65]. 

3.2.3.  Tin-lithium (Sn-Li) alloys 

Sn-Li alloys are expected to be a suitable alternative to pure Li and Sn [8], [56], [66], [67]. Li atoms segregate towards the 

surface in the liquid phase of the alloy [68]–[70]. This way, if no stirring is applied to the liquid, the surface layer is mostly pure Li 

                                                      

2 Capillary Porous System (CPS) consists of a mesh with varying pore size, permeation, working surface geometry amongst 

other parameters which serves the purpose of supplying the desired location with the required film thickness necessary for wall 

protection in PFC’s [107]. 
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[66], [67], [71], while keeping vapor pressures similar to that of liquid Sn [34]. The Li segregation towards the surface is resultant 

from two driving forces: gravitational separation and a surface energy reduction. The Li/Sn density difference plays an important 

role in the gravitational segregation effect, but its mechanism is not fully established. The resultant segregation can also be 

attributed to the surface energy of Li being lower than the Sn one, promoting diffusion of Li towards the surface of the alloy [72]. 

Due to this segregation, low Li at% in the Sn-Li alloys are to provide the desired protective effect, effectively isolating Sn from the 

plasma. 

The evaporative flux of the Sn-20Li alloy is at least three orders of magnitude lower than pure Li [67]. This leads to a wall 

temperature limit of about 700°C for this alloy compared to the 490°C for pure Li. 

The segregation is also expected to solve Li permeation problem. Li high permeation to hydrogen isotopes is expected to be 

counteracted by Sn low permeation. The reported hydrogen isotopes retention in exposed Sn-Li is much lower than in Li or Sn 

alone [58]. Further studies need to be carried out to investigate the retention of deuterium and tritium in these alloys, as well as 

the plasma stability resultant of Li segregation [33].  

 

 
The liquid metal used in the divertor needs to be heated until its melting temperature before it can be injected into the desired 

areas. As such, lower melting temperatures are desirable, as high temperatures promote reactions between the LM and the 

injection support and reduce overall efficiency of the process.  

  

Figure 6 - Sn-Li binary phase diagram (adapted from [54]). 



 

13 

 

 
Reaction Type T (K) Composition xSn ΔH (J/mol) 

Liquid ⇋ Li7Sn2 congruent 1044,9 0,222 0,222  -20155 

Liquid ⇋ Li22Sn5 congruent 1035,9 0,185 0,185  -24056 

Liquid ⇋ Li22Sn5 + 

Li7Sn2 
eutectic 1035,0 0,194 0,185 0,222 -23048 

Li7Sn2 + Liquid ⇋ 
Li13Sn5 

peritectic 985,6 0,222 0,298 0,278 -10830 

Li13Sn5 + Liquid ⇋ 
Li7Sn3 

peritectic 971,5 0,278 0,319 0,286 -2660 

Li5Sn2 + Liquid ⇋ 
Li7Sn3 

peritectic 782,6 0,286 0,435 0,300 -1213 

Liquid ⇋ LiSn congruent 761,5 0,500 0,500  -13741 

Liquid ⇋ Li7Sn3 + 
LiSn 

eutectic 746,7 0,451 0,300 0,500 -12967 

LiSn + Liquid ⇋ 
Li2Sn5 

peritectic 580,0 0,500 0,739 0,714 -10446 

Liquid ⇋ Li2Sn5 + bct eutectic 495,7 0,966 0,714 1,000 -8065 

Liquid ⇋ Li22Sn5 + 
bcc 

eutectic 453,1 0,001 0,000 0,185 -3049 

3.2.4.  Sn-Li alloy production 

Sn-Li alloys have been previously produced via liquid state route [73] by slowly adding liquid Li to an Sn molten bath, slowly 

increasing the content of Li to avoid formation of stable compounds due to Li segregation. Quick stirring was used to ensure good 

mixing of both elements. To homogenize the liquid alloy, very long stirring (up to three days) and temperatures in the interval 400-

500ºC were needed. The SEM images obtained are shown in Figure 7. The authors claim that two phases are present in the final 

microstructure, Sn and eutectic Sn + Li2Sn5 (clear regions and dark regions, respectively). 

Table 2 - Invariant reaction of Sn-Li system [75] 
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 On a more recent study [74], Sn-Li alloy with contents of 20, 25 and 30 at% Li were produced by melting  granules of Li and Sn. 

The best results were attained after homogeneously mixing the powders before melting to avoid Li segregation. Li depletion was 

observed due to Li oxidation from oxygen present in the initial powders. 

Mechanical alloying of Sn-Li powders has also been carried out [75], [76]. However, the objective of this study was to produce 

LixSny intermetallic compounds for application in batteries. In these experiments, stoichiometric amounts of Li and Sn were ball 

milled and then sintered in a vacuum furnace. LiSn, Li13Sn5, Li7Sn2 and Li22Sn5 intermetallic samples were characterized. The 

paper gives special attention to the Mossbauer spectroscopy characterization of the produced samples and little information is 

present about the experimental procedure.  

Experimental work on diffusion of Li in Sn and Li2Sn5 indicate diffusion coefficients in the order of magnitude of 10-10 m2/s at room 

temperature, which is quite high despite the low solubility of Li in Sn. Li seems to be able to form a supersaturation in Sn, which 

can then diffuse towards Sn/Li2Sn5 interfaces, further contributing to the phase transformation [77], [78]. 

In situ X-ray studies have shown that the X-ray cross section of low Li phases (Li2Sn5 and LiSn) are much smaller than the pure 

Sn or the Li rich phases, making them hard to detect in the presence of the remaining phases [79], [80]. 

  

Figure 7 – SEM micrograph of 25Sn-Li alloy produced via liquid route (adapted from [73]). White 

regions are β-Sn and dark regions is lamellar eutectic mixture, β-Sn + Li2Sn5. 

). 
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Chapter 4. Experimental Techniques and Procedure 

This section resumes information relative to materials, production technologies and characterization techniques used along 

the study. It is divided in three sections. Section 4.1 - Materials provides information about the raw materials used in the 

experimental procedure. Section 4.2 – Production describes the techniques used to produce Sn-Li alloys including: powder 

production through a mechanical alloying route; pellet production by uniaxial cold pressing and powder sintering. Section 4.3 – 

Characterization provides a summarized description and information related to the techniques and equipment used. The choice 

of SEM (Scanning Electron Microscope) and associated EDS (Energy Dispersive X-Ray Spectroscopy), IBA (Ion Beam Analysis) 

and XRD (X-Ray Diffraction), DSC (Differential Scanning Calorimetry) and TGA & DTA (Thermogravimetric Analysis & Differential 

Thermal Analysis) for characterization is explained. 

4.1. Materials 

The raw materials for the experiments in this work were Tin powders and Lithium ribbon. AISI Steel 420C milling balls (6mm 

and 10mm diameter) and vial were used in the experiments. 

4.1.1.  Sn Powder 

  

 Tin spheroidal particle powders (99.7%, <45 µm), produced from high purity refined Tin, were supplied by Makin Metal Powders 

Ltd (Figure 8). The supplier powder size distribution information is presented in Table 3. Figure 8 shows the morphology of the as 

supplied Sn powders. EDS analysis only shows O peaks besides those of Sn due to the unavoidable oxide formation at their 

surface (stannous and stannic oxide). The surface oxide layer is <40nm thick [62]. 

 

 

 

Figure 8 – As-supplied Sn powders SEM micrograph. 
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Granulometry 

B.S.S (Mesh) Microns Result (%) 

200 >75 0.1 

300 >53 0.1 

350 >45 0.1 

-350 <45 99.8 

4.1.2.  Li Ribbon 

Lithium ribbons (99.9%) were supplied by Sigma-Aldrich. Pure Li promptly reacts when exposed to atmospheric gases. When 

exposed to air, Li immediately turns black and, over time, creates a white compound at the surface. The as supplied Li foil had 

some black stains on its surface, indicating that same reaction with atmospheric gases took place during fabrication and handling. 

As can be seen in Figure 9a/b, grain boundaries of the metallic Li ribbon have reacted, forming a foam-like compound at the 

surface. The EDS analysis indicates presence of C and O.  

The fresh cut surface of Li (Figure 9d), which was only exposed to air during sample preparation, shows less contamination than 

the remaining Li surfaces which were also exposed to gases during fabrication and handling. Lighter areas indicate a higher 

concentration of O at the surface (Figure 9). 

  

Table 3 – Powder size distribution of as-supplied Sn. 
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4.2. Production 

4.2.1.  Mechanical Alloying 

Mechanical alloying (MA) is a dry solid-state powder processing technique involving repeated welding, fracturing and 

rewelding of powder particles. MA has been shown to produce equilibrium and non-equilibrium alloy phases from blended 

elemental or even pre-alloyed powders [81].  

Figure 9 – Pure Li, SEM micrographs, a), b) and c) show the surface of the as-supplied Li foil. d) is a freshly 

cut surface. On the fresh cut surface there is less oxygen and carbon contamination than in the remaining 

surfaces as can be seen comparing the EDS spectra of the as-supplied surface (e)) and the one of the fresh cut 

surface (f)). Spectra were taken from squares represented in figures. 

a) b) 

c) d) 

e) f) 
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Mechanical alloying is a very useful technique for applications which require production of small quantities of an alloy, “difficult 

ratios” or for alloys which cannot be produced via liquid state. In this case, fine and homogeneous mixture of Sn-Li with a desired 

composition is targeted. Melting tends to cause segregation and fine structures are also difficult to obtain.  

The main problem associated with MA is contamination of the produced powders. Contamination arises due to two main reasons: 

the atmosphere in the alloying vial (the most common case being oxidation of new metallic surfaces created by fracturing) and 

milling debris originated by milling vial/balls/media repeated impacts or their reaction with the powder material being milled. 

Mechanical alloying requires that the initial raw materials get trapped between the milling balls or the balls and the vial to achieve 

efficient mixing (promoting the welding-fracturing process). High ball to powder weight ratio (BPR) are used to increase the 

effectiveness of the process as higher BPR’s increase the amount of collisions per unit time  [82].  

Mechanical alloying process depends on several parameters. Mill geometry, vial rotation speed (RPM), milling time, interval time 

(the rest time between two consecutive reversed active milling periods), ball media size, ball and vial materials, ball-to-powder 

ratio (BPR) weight and volume, vial volume fraction filling, atmosphere inside the vial and cooling system are the main parameters. 

The process is complex, and the end results can be difficult to predict based on the input parameters and the materials involved 

in the procedure [81]. 

In this work, several experiments were carried out to optimize the parameters of milling/mechanical alloying for the desired 

materials (Sn and Sn-Li alloys). A Retsch ball mill, model PM100, was used for all experiments. All experiments were conducted 

in a room kept at 25ºC. 

Several experiments with ball milling of pure Sn were carried out either under air atmospheric conditions or under a dry argon 

atmosphere (<0.1ppm H2O/O2). Different grinding balls sizes (10mm and 6mm), different rotation speeds (300 rpm and 150rpm) 

and total time (0.75, 1.5, 3, 6, 12, 24, 48 and 96 hours) were tested. A BPR of 10:1 was used in all experiments conducted in this 

work. The interval time was also the same for all experiments: 5 minutes. The effective milling time is calculated as the sum of 

continuous operation time.   

The maximum temperature reached outside the vial was measured using reversible thermal stripes. The maximum temperature 

reached in all experiments was <30ºC. Despite the temperature being kept close to room temperature, for Sn, 30ºC corresponds 

to a homologous temperature of 0.6. This is considered hot working homologous temperature for most metals. For the remainder 

of this work the welding phenomenon which occurs during milling/mechanical alloying is referred to as cold welding as this is the 

usual term used for welding which occurs at room temperature in a milling process context. However, for the metals used in this 

work it can be considered as hot welding due to the high homologous temperature. 

Under atmospheric conditions, experiments were performed using a vial speed of 300rpm. When the same conditions were tested 

with a dry argon atmosphere, there was excessive welding of Sn to the vial walls. An attempt to remove the material welded to 

the vial and improve the overall efficiency of the process by performing an additional milling cycle was tried: the vial covered in 

welded materials underwent a milling cycle with two distinct kinds of milling balls (milling balls also covered with milled material 

and clean milling balls). The speed of the vial was increased to 300 rpm to promote stronger impacts. No additional detachment 

of material from either the vial or the milling media was observed in neither of the two cases. This problem was not observed at 

speed <150rpm. As such, this speed was used for the remaining experiments under dry argon atmosphere.  

The objective was to obtain references for the effects of the process parameters on the milling of Sn powders and to identify 

process windows for the desired result. The time dedicated to studying the pure Sn system was limited as the main scope of this 

work is the production of Sn-Li alloys. In each batch of during pure Sn milling experiments, a small representative sample was 

taken from the batch after the desired effective milling time. The experiments then proceeded with the remaining amount. As such, 
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the amount of sample collected in each run during the pure Sn experiments were not enough to carry out quantitative analysis to 

determine shape and size distributions of the particle formed during milling. 

To ensure the neutral atmosphere during milling the vial was loaded and sealed inside an Argon filled glovebox (Mbraun Unilab 

Plus) ensuring H2O and O2 atmosphere concentrations below 0,1 ppm. The vial was closed inside with a security hatch designed 

to seal the vial atmosphere from the outside during the milling operation. Table 4 provides information on the experimental 

parameters and conditions used in the experiments with pure Sn. 

 

Set RPM 
Sn mass 

(g) 

Ball Diameter 

(mm) 
Atm. 

Continuous 

Operation Time 

(min) 

Effective milling 

times (h) 

300_10mm_air 300 6 10 Normal 20 0.5-64 

300_6mm_air 300 3 6 Normal 20 0.5-32 

150_10mm_Ar 150 6 10 Dry Argon 10 2-24 

150_6mm_Ar 150 3 6 Dry Argon 10 0.5-16 

In the experiments producing Sn-Li alloys, 3 different atomic compositions were tested; Sn-25Li, Sn-15Li and Sn-5Li. The weight 

ratio of Li:Sn for each composition is 1:52, 1:97 and 1:325, respectively. 

All experiments regarding the alloying of Sn with Li were performed under dry argon atmosphere to avoid Li oxidation and fire 

hazard. The milling parameters were kept constant for all three compositions: 150rpm, 10 minutes continuous operation followed 

by 5 minutes rest interval, 6mm diameter milling balls and BPR 10:1. The maximum temperature reached in all experiments was 

<25ºC. 3g of Sn powders and the respective amount of Li for the desired composition were added to the vial. Li was cut from 

ribbon into small square pieces with approximately 2mm using a sharp stainless-steel blade. Li and Sn powder’s mixtures were 

homogenized by simple stirring before adding the balls. The process scheme of the ball milling/mechanical alloying step can be 

seen in Figure 10. 

  

For the Sn-25Li composition, several milling times were tested: 0.5, 1, 2, 4, 8, 12 and 24h. Milling times up to 2h were not enough 

to render a homogeneous mixture, and large particles of pure Li were clearly still present. As such, no powder’ samples were 

Figure 10 - Mechanical alloying / Ball milling process flowchart 

Table 4 – Experimental Milling Conditions for Pure Sn 

 



 

20 

 

taken before 2h of milling. After 24h of milling, the efficiency of the process is very low due to excessive adhesion of cold-welded 

alloy powders to the vial wall. Of an initial 3,058g, only 0,520g remained as free particles (<20%) during the 2Sn-5Li alloy 

preparation. The same result was observed during the Sn-15Li alloy preparation. For characterization of the 2Sn-5Li alloy, 

powders obtained after three effective milling times were selected: 2h, 12h and 24h.  For the remaining compositions, Sn-15Li 

and Sn-5Li, only 2 milling times were used: 2h and 12h. The objective was to determine the microstructural, compositional and 

phase evolution with milling time. 

4.2.2. Cold Pressing 

To facilitate transport, handling and characterization of the manufactured material, cold pressing was used to produce 

green pellets with the powders alloyed by ball milling. This gives the sample mechanical cohesion, allowing further handling. The 

force applied to the piston must overcome the friction between the powder and the matrix, the friction amongst individual particles 

and inducing the stress necessary for elastic and plastic deformation of the powders [83]. For cold pressing a simple modified 

manual machine vice has used as press. An Ø9 mm punch, base and die tool were used as the cold press toll to compact the 

produced powders.  

 

 

The set-up used to measure the maximum manual force developed by the press can be seen in Figure 14. The press can develop 

a force of 400kgf corresponding to a medium stress level of 15.5MPa inside the die. Figure 12 shows the full set-up used to 

produce the powder pellets: modified machine vice, die, base, punch and ejector pin. 

  

 

Figure 11 - Cold pressing process flowchart 

Figure 12 – a) from left to right: base, die, punch and ejector pin used for pellet production. b) full set-up used 

to produce the powder pellets. The assembled matrix can be seen inside the press. 
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 The die used for powders compression was made of cold working tool steel. All cold pressed pellets were produced inside the 

referred glovebox which is kept at a temperature 30ºC. Figure 13 shows an example of two pellets produced using this system. 

The pellets were produced with dimensions Ø9x2 mm. 

4.2.1. Sintering 

A sintering operation was carried out to bond and densify the samples. Sintering is usually applied to compacted powders 

to form parts. In this work, sintering of the mechanically alloyed powders will be tested. 

Metallic powders usually sinter together when heated to temperatures around three quarter of their absolute melting temperature 

(T/Tm>0.75). However, some metals with low melting point and high boiling point tend to be exceptions, as they can be heated to 

temperature very close to the melting point with no sintering occurring [84], [85].  

As referred, tin powders exposed to an atmosphere containing oxygen will oxidize, forming a SnO and SnO2 layer at the surface. 

It is expected that due to the formation of a stable oxide layer the powders do not sinter [86]. Nevertheless, experiments have 

shown that Sn powders produced by the tin pest phenomenon resultant from the allotropic transformation at low temperature and 

under an inert atmosphere produced powders with no oxides at their surface which sintered in vacuum at 220 ºC after 48 hours. 

Figure 13 – Sn-Li alloys pellets produced by cold pressing. 

Figure 14 – Set-up used to measure the maximum manual force developed by the press. 
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The samples characterized showed evidence of particle boundary growth, thus proving that in the absence of an oxide film Sn 

will sinter [84]. 

To the best of my knowledge no information is available regarding Li sintering. The sintering procedure steps are described in 

Figure 15. 

 
The heating system used for sintering/heat treatments throughout the thesis can be seen in Figure 16. Finding industrial ovens 

which fitted in the antechamber of the glove box was not possible and as such a heating system was mounted to be used in this 

work. The heating system consist of 6 parts: A heating element (nozzle), an aluminum cylindrical capsule, a PID temperature 

controller, a power control (Solid State Relay), a thermocouple (type K) and a heat retaining system to minimize heat radiation to 

the inside of the glove chamber.  

The heating element was order from RS (Table 5). 

 Specification Value 

Peak Temperature 340 ºC 

Power Rating 125 W 

Supply Voltage 230 V ac 

A PID, provided by EuroTherm (model EPC3016), acts as controller for the heating system. The thermocouple type K, provided 

by RS, serves as temperature sensor. The controller is connected to a Solid-State Relay, also provided by Eurotherm (model 

SSM1A16BD), for power control. The heating elements operates inside a glass container, filled with zirconia powders (Zirmil-Y), 

to minimize heat emission to the surroundings. The heat nozzle was shown to have a non-uniform temperature distribution when 

heated up. As such, as aluminum capsule was used to uniformize the temperature in the final mounted system. It also possesses 

a lead to avoid convective losses. A small hole was machined on the side of the capsule for thermocouple attachment. 

Figure 15 - Sintering process flowchart 

Table 5 - Heating Element Specifications 
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4.2.2. Sample Mounting 

For the analyses of cross section microstructure some of the produced Sn-Li samples were mounted and grinded. 

Due to the high reactivity of Li with water no cold mounting resin could be used. Hot mounting was used instead. A conductive 

resin (KonductoMet from Buhler) was used for hot mounting. A Simplimet 2000 machine was used for the mounting process, with 

a cycle of 14 minutes (7 minutes heating + 7 minutes cooling) with a pressure of 160 bar. The temperature used in the mounting 

process was 160ºC. 

Mounted samples of Sn milled powders were grinded and polished out of the glove box with SiC grinding papers lubricated with 

water. Sn-Li alloy powders were grinded and polished inside the glove box without lubricant.  

Two mounting processes were used with the Sn-25Li powders to observe the cross-section of the powders. Cold mounting was 

tested first but the powders reacted with the resin due to water released from the resin during the polymerization process. The 

result was that the cold mounted samples had large blisters at the surface and the powders were also surrounded by small 

bubbles. Hot mounting produced acceptable results, and the powders seem to come out unscathed by the mounting process. 

During the steps of grinding and polishing another problem arose: as the mounted samples could not be rinsed with water, nor 

with any other liquid available, to remove the debris of the process, compressed air was used between the grinding / polishing 

steps. The compressed air was not enough to remove all debris and particles resultant from this process could be found at the 

surface during SEM analysis. The surface was also severely scratched by the process which reduces the amount of information 

which also limits the usefulness of the process. Due to the difficulty of the mounting process, the cross-section was not observed 

in the remaining alloys. 

4.3. Characterization 

After processing of the raw materials, samples were characterized and analyzed to ascertain composition, morphology, 

determine the microstructure and to identify the phases present. SEM/EDS was used for morphological assessment of the 

produced powders as well as chemical information. IBA was used for determination of the Li content of the mechanical alloyed 

samples. XRD provided crystallographic information about the phases present in the produced alloys. DSC was used to identify 

the phases of the alloys produced and their thermal behavior. 

Figure 16 – Heating system used for sintering. 



 

24 

 

4.3.1.  Optical Microscopy 

A USB portable microscope model Dino Lite 220x USB AM7515MZT was used to obtain the optical microscopy images in this 

work. 

4.3.2.  Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) 

       SEM produces images using a scanning electron beam that impinges the sample surface. Particles backscattered or 

emerging from the surface (electrons, x-rays and photons) can provide useful information on the sample. SEM can provide 

information such as surface topography, cross-section shape, crystalline structure and chemical composition.  

Scanning Electron Microscopy with an Energy Dispersive Spectroscopy, EDS, detector is a good choice of characterization 

technique due to its overall usefulness and the information it can provide. However, with current EDS detectors, Li, with atomic 

number equal to 3, is not detected. Due to its low atomic mass, Li doesn’t show in BSE analysis. As such, other techniques must 

be employed for Li quantification [87], [88]. 

Two SEM machines were used in this work: a JEOL FEG-SEM model JSM-7001F equipped with an Oxford Light Elements EDS 

Detector and EBSD detector and a HITACHI model S-2400 with a Bruker Esprit 1.9, EDS Bruker SDD light element detector. 

In the samples analyzed by SEM/EDS with the HITACHI microscope, most C detected by EDS can be attributed to C deposition 

by the electron beam. This carbon immediately reacts with the surface available Li to form Lithium carbide or oxycarbide.  This 

SEM chamber is pumped by a high vacuum diffusion pump that produces hydrocarbon contaminants that are cracked by the 

electron beam to produce free C. The C amount is negligible in the beginning of the exposure to the electron beam and increases 

steadily with exposure time. The IBA results also show no presence of C in the samples despite the EBS+RBS high sensibility for 

traces of this element, further proving there is no contamination of the samples with C. 

4.3.3. Ion Beam Analysis (IBA) 

Ion Beam Analysis is a group of chemical composition characterization techniques which can be used in any class of materials. 

IBA techniques are surface characterization techniques which can reach a depth of some dozens of microns. IBA makes use of 

a beam of ions of a known element, usually protons (+H) or helium ions (+He), which are directed towards the surface of a sample. 

By resourcing to the stopping power of the bombarding particle and the target material and using the standard scattering laws 

and nuclear reaction cross sections, the sample composition can be qualified and quantified. 

Rutherford Backscattering Spectrometry (RBS), Elastic (i.e. with non-Rutherford cross sections) Backscattering Spectrometry 

(EBS), Elastic Recoil Detection (ERD), Nuclear Reaction Analysis (NRA) are some of the most used analysis, each having their 

unique set of advantages and disadvantages [89].  

Backscattering Spectrometry allows in-depth chemical composition information in the order of magnitude of <1µm, depending on 

ion beam energy and elements present in the samples. The detection accuracy is better for heavier elements rather than for 

lighter ones (few ppm for heavy elements vs. few percent for light ones) [90]. 

NRA detects an element in the bulk of a sample by detecting the radiation emitted from a nuclear reaction resultant of a projective-

particle interaction produced in the target by the incident ion beam. 

In this work, NRA and EBS/RBS were used for determining the composition of the alloys produced. NRA provides the main 

information about Li in-depth content. The nuclear reaction was optimized for the cross-section of the reaction of protons with Li. 

For thick samples (as in the case of this work) projectiles can scatter from any depth, resulting in a continuous energy spectrum. 

The yield (Y) from a slice of material Δt wide at depth t is given by equation (4) (for θ=0º): 

𝑌 =  𝜎(𝐸(𝑡))𝛺𝑄NΔt       (4) 
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Where 𝑁 are the number of counts per channel, 𝜎(𝐸(𝑡)) is the cross-section probability of an event occurring when the particle 

has an energy 𝐸(𝑡), 𝛺 is the solid angle of detection, Q is the number of incident ions (cumulative charge) [91]. 

The NRA cross-section was optimized for the 7Li(p,p0)7Li reaction in which the 7Li nucleus reacts with a proton, generating two 

4He particles with a release of energy Q = 17,347 MeV. The generated energy is transmitted as kinetic energy to the emitted 

particles. The large amount of energy released by the nuclear reaction promotes optimal individualization of Li NRA yield, thus 

improving the accuracy of the in-depth analysis. As the cross-section of the reaction above increases with incident beam energy, 

a 2 MeV incident beam was used in the analysis performed in this thesis. The cross-section used were provided in IBANDL [92], 

[93]. 

All experiments were performed in the 2.5 MeV Van de Graaff accelerator of CTN/IST. The ion beam probe has a diameter of 

1mm. The analysis was performed on the cold pressed pellets described in the cold pressing operation section above. Three 

points were analyzed in each sample to obtain more accurate statistical information about the in-depth concentration of each alloy 

produced. 

Concentration profiles were calculated from the IBA spectra obtained using NDF (DataFurnace). The bottom x axis shows the in-

depth values in atomic density as the detected ions energy varies according to the local atomic density of the sample. These are 

real and accurate values. On the top x axis, the depth is shown in nanometers. These values were obtained using the SRIM 2008 

software, based on the atomic density and the calculated local atomic concentration. These are not real values as the program 

calculates the depth based on a weighted average between the elements present but does not consider the structure of the 

stoichiometric compounds of the layers. As such, the top x axis serves the purpose of providing the reader a more intuitive 

approximation to the concentration according to depth.  

4.3.4.  X-Ray Diffraction (XRD) 

IBA and EDS provide good compositional analysis of the elements present in the samples. SEM provides information on 

microstructural topology and phase distribution (SEM). However, most of the time, these techniques do not provide structural 

information about the phases present. XRD is generally used for this purpose. XRD techniques use Bragg’s law (Equation 5) to 

determine the distance between near atomic planes, d, from 2θ information collected in diffractograms: 

𝑛𝜆 = 2 𝑑 sin 𝜃 (5) 

Where n is an integer defining the order of the diffracted beam, λ represents the wavelength of the incident X-Ray beam and θ is 

the angle of the incident beam. 

A detector captures the diffracted X-rays producing a diffractogram. Each diffractogram is unique for each crystalline structure. 

Knowing the full set of d-spacings and relative magnitude of sample peaks allows recognition of the phases present. Usually 

crystalline phases are recognized by comparing the diffractogram with reference diffractograms stored in libraries [94]. The 

diffractograms can also be calculated using structural factors: knowing the atoms which constitute the cell and their respective 

positions, the diffractogram (peak positions and amplitude) can be calculated [95]. 

The diffractograms used as reference in this work were obtained using crystal data from Crytallography.net and using PowderCell 

software to generate the diffractograms. MAUD software was used for comparison of the obtained diffractograms with the 

reference ones.  

The diffractometer used in this work was a Phillips PW 1830 using Cu-Kα radiation (tension of 40kV and current 30mA). The 

diffractograms were obtained with a step of 0.04º and acquisition time 8 seconds. When XRD was performed on Sn-Li alloys, the 

samples were covered in a small amount of paraffin to avoid contaminations due to contact with air during analysis. 
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4.3.5.  Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermo-analytical technique. A differential scanning calorimeter measures the 

heat difference that enters/exits a sample as compared to a reference, when the sample and the reference underwent the same 

linear temperature ramp. Only a few mg of material are required to run the analysis. It is used for quantitative and qualitative 

analysis and it’s a useful technique for determining phase transformation / reaction occurring on a sample. 

When a sample undergoes a physical transformation such as a phase transition or a reaction, an amount of heat will need to flow 

in (for endothermic processes) or out (for exothermic processes) of the sample comparatively to the reference (usually an empty 

sample holder) to maintain both at the same temperature. The identification of the starting temperature and of the amount of 

generated heat of the exothermic and endothermic occurrences supply valuable information about the analyzed samples [96]. 

In this work, heating ramps of 10ºC/min under N2 atmosphere were used in all samples, regardless of temperature range. 

Aluminum sample holders were used in all tests. The aluminum sample holders were mounted inside the glove chamber to seal 

the Ar dry atmosphere inside them. Two temperature intervals were used in this work: 50-250ºC and 50-350ºC. Between 50ºC 

and 150ºC there were no noticeable variations in the heat flow and, as such, this section of the analysis is not shown in the 

experimental results. The analysis with higher temperatures (up to 350ºC) were only performed on a limited number of samples 

due enhanced reactivity of the samples with the aluminium sample holders as temperature increased (Figure 17). 

 
 

  
A sample weight of 6mg was used in all analysis conducted with DSC. The DSC was calibrated using the melting points and 

enthalpies of pure Li and Sn samples. A heating-cooling-heating-cooling cycle was applied in all samples to study its phase 

transformations. The machine used in this work was a TA instruments Q200 V24.4 DSC equipment which has a maximum 

temperature of 350ºC.  

Figure 17 – a) 25Sn-Li alloy after DSC heating run up to 350ºC, SEM micrograph. Al peak was detected in the 

EDS spectra (b)), indicating reaction of the sample with the sample holder. 

Al 

a) b) 
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Chapter 5. Results and Discussion 

This chapter is divided in two sections: the first comprises the experiments performed on pure Sn. The second section contains 

the experimental results regarding Sn-Li alloys production. 

5.1. Pure Sn 

As no information on ball milling of pure Sn could be found, experiments were conducted to ascertain the results of this 

process with the objective of creating a reference for further results. Sn milling experiments were carried out either in air 

(subsection 4.1.1) or in Argon (subsection 4.1.2). Effective milling times between 0.5 and 64h, 300 or 150 rpm rotational speeds 

and 6- or 10-mm diameter balls were tested.  

The following subsections relative to pure Sn mainly describe and discuss the evolution of particles’ morphologies with milling 

time for the conditions described in the experimental procedure. The terms used to describe the particles are as close as possible 

to the terms usually used in powder metallurgy research: spherical particles, lamellar disks (thin and round/circular), shell-like 

particles (thin and concave), flake-like particles (thin and irregular) and cold-welded agglomerates (for particles which are clusters 

of smaller particles not completely welded together). Examples of the shapes referred to in the text will be given in the images. 

5.1.1.  Air experiments 

   

  

 

   

 

a) b) c) 

d) e) f) 

 

g) h) i) 

0.5h 2h 2h 

4h 16h 32h 

32h 64h 64h 

Figure 18 – 300_10mm_air samples, optical microscope images, a) 0.5h (black particles are resin from hot 

mounting process), b) and c) 2h, d) 4h, cross section view, e) 16h, f) and g) 32h, h) and i) 64h. Arrows indicate 

shapes described: cold welded agglomerates (white arrows), shell-like particles (black arrows), spherical 

particles (yellow arrows), lamellar disks (red arrows) and flake-like particles (blue arrows). Orange arrows show 

surface cracking of particles. 

f) 
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In the initial stages of milling, significant particle size growth is most noticeable. After just 0.5h milling particles grow from <45µm 

to an average size of 0.5mm. Particle shape changes from spherical to irregular cold-welded agglomerates (white arrows, Figure 

18a) and small lamellar particles (red arrow, Figure 18a). Particle aggregation and growth occurs through cold welding, mainly of 

smaller particles to larger particles and large spherical shell shapes clearly develop (black arrow Figure 18b). After 2h there is a 

mixture of small particles, which can be either shell (black arrow Figure 18b), spherical (yellow arrow Figure 18c) or lamellar disks 

(red arrow Figure 18c). At this stage the largest particles can go up to 5mm in size (Figure 18b). Particle growth occurs up to 16h 

of milling and all particles are lamellar disks at this stage (Figure 18e). After 32h (Figure 18f/g) and up to 64h of milling (Figure 

18h/i) there is significant particle size reduction. Cracks can clearly be seen at the particles’ surface (orange Figure 18i). The 

cracking changes the morphology of the particles from lamellar disks to irregular flake-like particles (blue arrows Figure 18f/g/h/i). 

. 

 

 

 

 

 

 

Figure 19 – 300_10mm_air samples SEM images, a) 0.5h, cross section, b)16h, cross section, c) 64h, cross 

section. EDS spectra represented (right) correspond to the areas/point(x) indicated in left pictures. 

b) 

d) 

c) 

b) 

a) 
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SEM images (Figure 19) of the powders’ cross section after 0.5h milling (initial stages) are quite homogeneous. They remain this 

way up to 8h of milling with no significant increase in oxygen content detected with EDS. After 16h and up to 64h milling, small 

dark spots (arrows Figure 19b/c) can be observed.  

As with the 10mm balls, when 6mm balls were used significant particle growth is observed in the initial stages of milling. After just 

0.5h, particles grow from <45µm to an average size of 0.5mm. Particles are cold welded agglomerates at this stage (blue arrows 

Figure 20a). The differences in particle shape and size resultant from using different milling balls diameters become significant 

after 2h of milling (Figure 20b/c). Several shapes can be observed: shell-like particles (red arrows Figure 20b), spheroidal particles 

(green arrows Figure 20b/c) and lamellar particles (black arrows Figure 20b/c). Cold welding between particles is noticeable at 

their surfaces. Most spheroidal particles are hollow, with an open hole in the centre (black arrows Figure 20c/d/e/f/g/h). As in the 

previous case, after 32h of milling, surface cracks are visible (white arrows Figure 20i) and all particles have lamellar disks and 

flake-like shapes. 

   

   

    

EDS spectra were collected from the milled powders. Spectra of the samples milled for 12h show no evidence of oxygen in the 

lighter regions of the powder’s surface (square, Figure 21b). However, there is a clear distribution of dark spots (arrows Figure 

21b) which indicate the presence of tin oxide particles.  

Figure 20 - 300_6mm_air samples optical microscope images, a) 0.5h, b) and c) 2h, d) and e) 4h, f) and g) 

8h, h) 16h and i) 32h. Arrows illustrate particle shapes’: cold welded agglomerates (blue arrows), shell-like (red 

arrows), spheroidal particles (green arrows) and lamellar particles (black arrows). White arrows point towards 

surface cracks resultant from fractured particles. 

a) b) c) 

d) e) f) 

g) h) i) 

0.5h 2h 2h 

4h 4h 8h 

8h 16h 32h 
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Figure 21 – 300_6mm_air samples SEM images, a) and b) 8h, surface of a spherical particle, c) and d) 32h, 

surface of a lamellar particle. An area EDS spectrum taken from 8h milled sample clear region is represented in 

e). Arrows in figure b) and d) point towards oxide particles. 

a) b) 

c) d) 

SnN
SnSn
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Sn

Sn
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5.1.2.  Dry Argon atmosphere experiments 

After 2h of milling, cold welded agglomerates of particles have considerable rugosity at their surface (arrows Figure 22a) and 

layers of cold welded material can be seen (white arrows Figure 22b). After 4h of milling deformed round particles (>1mm) (orange 

arrows Figure 22c) and lamellar disks are present (arrow red Figure 22c). After 12h of milling, lamellar disks grow much larger 

than those observed under atmospheric conditions (reds arrow Figure 22e). After 24h of milling there are lamellar disks (red 

arrows Figure 22g), spherical particles (yellow arrows Figure 22g arrows)  and deformed round particles present (orange Figure 

22g/h). There seems to be a narrow size distribution of spherical particles size. Particle seem to become more spherical as the 

milling time progresses, but the size does not seem to increase significantly after 4h of milling (Figure 22g). 

After 2h of milling, cold welded 

agglomerates of particles have 

considerable rugosity at their 

surface (arrows Figure 22a) 

and layers of cold welded 

material can be seen (white 

arrows Figure 22b). After 4h of 

milling deformed round 

particles (>1mm) (orange 

arrows Figure 22c) and lamellar 

disks are present (arrow red 

Figure 22c). After 12h of 

milling, lamellar disks grow 

much larger than those 

observed under atmospheric 

conditions (reds arrow Figure 

22e). After 24h of milling there 

are lamellar disks (red arrows 

Figure 22g), spherical particles 

(yellow arrows Figure 22g 

arrows)  and deformed round 

particles present (orange 

Figure 22g/h). There seems to 

be a narrow size distribution of 

spherical particles size. Particle 

seem to become more 

spherical as the milling time 

progresses, but the size does 

not seem to increase 

 

 

 

   

  

 

 In the first experiments with dry argon using 6mm diameter milling balls, a 300rpm rotational speed was used as for the 

experiments in air. A cold-welded layer of material adhered to the vial walls under these conditions (Figure 23). As such, the 

rotational speed was reduced to 150rpm to prevent excessive welding of the milled material and subsequent adhesion to the vial. 

Figure 22 - 150_10mm_Ar samples optical microscope images, a) and b) 2h, c) and d) 4h, e) and f) 12h, g) 

and h) 24h. Arrows point towards particles mentioned in text. Arrows indicate shapes described: cold welded 

agglomerates (white arrows), lamellar disks (red arrows), deformed round particles (orange arrows) and spherical 

particles (yellow arrows). 

a) b) c) 

d) e) f) 

g) h) 

2h 2h 4h 

4h 12h 12h 

24h 24h 
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Figure 24 - 150_6mm_Ar sample optical microscope images, a) 1h, b) 2h, c) 4h, d) 8h, e) and f) 16h, g) 32h 

and h) 64h. Arrows show described shapes: spherical particles (blue arrows), cold welded agglomerates (red 

arrows), deformed round particles (yellow arrows), spheres with holes in center (green arrows) and clusters of cold 

welded spherical particles (white arrows). Black arrows point towards holes in the clusters.  

  

Figure 23 - Ball milled pure Sn, 6mm balls, dry argon atmosphere, 300rpm. A layer of excessively cold-

welded material adhered to the vial, ending the process due to lack of powder. 

a) b) 1h 2h 

d) e) 16h 8h 

c) 4h 

h) 64h g) 32h 

f) 16h 
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After 1h the particles are still very fine (Figure 24a). After 2h there is a mix of spherical particles (blue arrows Figure 24b) and 

cold-welded agglomerates (red arrow Figure 24b). Between 2 and 8h of milling most particles become spherical (blue arrows 

Figure 24c/d). Some of these spheres have an open hole in the centre (green arrows Figure 24d). A minority of the particles are 

deformed spherical particles (yellow arrows Figure 24c/d). From 16h to 64h the spherical particles agglomerate forming cold 

welded spherical particles clusters (white arrows Figure 24e/f/g). These clusters become progressively more mixed together, 

eliminating the space between the cold-welded particles. However, empty spaces remain up to 64h in the areas where the 

interfaces of the initial particles were located (black arrows Figure 24a). Some lamellar particles (Figure 24f) form after 16h of 

milling. 

  

 SEM images of a spherical particle appear to reveal drag marks at the surface (arrows Figure 25b). EDS analysis of samples 

produced under these conditions show no evidence of contamination up to 16h milling (arrows Figure 26c). 

  

Figure 25 – 150_6mm_Ar sample, milled 2h, SEM images of a spherical particles. White arrows in figure b) 

point towards drag marks. 

a) b) 
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5.1.3. Pure Sn Discussion 

Throughout the milling of metal powders two competing processes occur that control powder size: cold welding and fracture. Sn 

possesses considerable dynamic recovery and recrystallization when deformed at room temperature. Due to this recovery, the 

work hardening capability of Sn is very low, even at high strain rates [65]. Also, during milling, particularly when milling in dry 

Argon, clean metal surfaces are created due to powder deformation. So, during the milling initial stages Sn particles tend to 

increase in size due to predominance of cold welding over fracturing. Also, due to ball/particle impact, Sn continuously adheres 

and builds up at the ball surface. 

In the initial stages, the particles grow irregularly due to the random aggregation of the initial small powders. As milling progresses, 

the formation of spheroidal shells, lamellar and spherical particles is promoted. This result is consistent with previous experiments 

of ball milling of ductile metals such as Ag, Pd, Ni and Al in a Dry Argon atmosphere and Ag in air [97].  

The proposed mechanism for the formation of these spherical particles is due to adhesion of the milling material to the milling 

media, followed by subsequent peel off. During peel off, the shell-like particles tend to become deformed, forming donut-like 

structures. These particles tend to become rounder as milling progresses due to the circular movement of the planetary ball mill 

[98], thus forming spheres. During this coiling process, smaller particles may become trapped inside the larger ones in a Russian 

doll effect [99]. 

Figure 26 – 150_6mm_Ar sample, milled 16h, SEM images: a) and b) cluster cold welded agglomerate 

particle, c) and d) lamellar disk particle Figure c) spectrum shows an area EDS spectrum taken from a particle 

after 16h of milling. 

a) b) 

c) d) 
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When milling in air (300_10mm_air and 300_6mm_air samples), as milling progresses the overall oxygen content increases, 

despite the Sn low solubility for oxygen. In the presence of an atmosphere containing oxygen, the freshly Sn created surfaces 

oxidize. Due to cold welding this oxide films and islands are continuously incorporated in the bulk of the particles. They are then 

broken down and dispersed into the Sn matrix. Thus, the mechanism behind the oxygen content increase is the dispersion of 

small oxide particles as shown in Figure 19 and Figure 21. The presence of oxygen in the vial atmosphere and the continuous 

oxidation of the powders’ surface progressively obstruct the adhesion of the powders to the milling balls. This effectively avoids 

the formation of spheroidal shells and spheroidal powders thus promoting the formation of lamellar and flake-like particles. 

Due to the ductility of the powders and the reduced millings rotational speeds used no contaminants from the milling media, vial 

and balls, were detected in the powders. Thus, the dispersion of tin oxides is the key mechanism responsible for hardening, 

fracture toughness decrease and reduction of the adhesion and cold welding ability. As milling progresses fracture overcomes 

cold welding and powder´s size reduction takes place as visible in Figure 18 and Figure 20. 

When Argon is used, neither the oxygen content increases, nor the Sn oxide dispersion is observed. All freshly created metallic 

surfaces have enhanced reactivity promoting powder´s adhesion to the milling balls and cold welding of the powders. Thus, a 

significant faster increase in particle size takes place; no particle size reduction takes place up to 64h of milling (maximum milling 

time tested). 

When an Argon atmosphere was used two predominant shapes were observed: lamellar disks and spheres. Lamellar disks are 

formed due to trapping of particles between spheres and the vial. The spheres seem to reach a narrow size distribution as milling 

time progresses. It was also noticed that this size distribution increases as the milling balls size increase, suggesting the existence 

of a correlation between milling ball and spheres’ size.  

5.1.4.  Pure Sn Main Conclusions 

For both atmospheres tested, initially, the fine powders cold-weld together forming small cold-welded agglomerates. These 

particles evolve to become spherical, shell-like and lamellar particles. The main differences when using different atmospheres 

become noticeable between 4-8h of milling. When air atmosphere was used, a tin oxide film forms at the particles surface. This 

film breaks down with the ball media impacts during milling, dispersing the resulting oxide particles in the tin matrix. The dispersion 

of oxides effectively hardens the material, decreasing the fracture toughness and reducing the adhesion and cold-welding ability. 

In air, particles evolve to become lamellar particles and in later stages into flake-like particles, once cracking becomes the 

predominant mechanism, thus reducing the particle size. In Argon this effect does not occur, and particles keep increasing up to 

12-16h of milling. After these effective milling times the particles’ size seems to remain constant. The predominant particle shapes 

after 16h mark seems to be considerably different when 10mm or 6mm balls are used. 

5.2. Sn-Li Alloys 

As referred the production of three Sn-Li alloy compositions were targeted, respectively 25at%Li, 15at%Li and 5at%Li. The 

results presented in this chapter report the effect of composition and milling time on the on the attained results. Results are divided 

in three types of analysis: morphological, compositional and phase. 

5.2.1. Morphological (SEM/EDS analysis) 

5.2.1.1. Sn-25Li 

Powders milled for 2h display a clear different morphology from those of pure Sn. After 2h of milling, particles are flattened and 

considerably more irregular and rugose (Figure 27) than the equivalent pure Sn particles (Figure 25). Particle size ranges from 

50µm to 300 µm. 
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Figure 27 – 25Sn-Li powders, milled 2h, SEM micrographs with different magnifications. Figures e) and f) 

show the cross section view of the hot mounted powders. EDS spectra taken from the particles indicate a higher 

O content on black regions (spectra h)) than in the clearer regions (spectra g)). Red arrows point towards pores, 

white arrows to dark particles embedded into a clearer matrix, blue are protruded white particles and green 

arrows point to micro cracks/discontinuities. 

c) d) 

e) f) 

a) b) 

g) h) 
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At higher magnification these particles reveal a very fine dimpled-like surface morphology (microstructure length scale <250nm) 

with darker and lighter areas (Figure 27c-f). Some of these darker dots are clearly round pores (red arrows, Figure 27) while 

others seem to be darker particles incorporated into a lighter, grey matrix (white arrows, Figure 27). EDS spectra indicate that 

those late darker particles (Figure 27h) are richer in oxygen than the grey zones (Figure 27g) suggesting a higher Li concentration.  

The fine dimpled-like structure is also observable in the cross-section of the powders (Figure 27e/f) showing there is a dispersion 

of these particles in the matrix. Cracks and discontinuities are also observable at the cross section of the powders. Milled powders 

also show some clearer structures (blue arrow Figure 27c), protruding from the surface. Severe micro-cracking at the surface of 

the powders (green arrows Figure 27d) is also observed. EDS analysis only shows the presence of oxygen and Sn (Li is not 

detectable by the solid-state EDS detector) indicating that no other contaminant is present. 

After 12h of milling, coarsening prevails, particle size now ranges from 200 µm to 300 µm, and particles look rather smooth (Figure 

28a-c). Faceted (red arrows Figure 28a), donut-like (blue arrows Figure 28a) and spheroidal (yellow arrows Figure 28a) particles 

form. At higher magnifications, the surface of the powders reveals a network of fine cracks (white arrows Figure 28b-d) and the 

same dimpled-like surface morphology (green arrows Figure 28d/e/f) is still present. The dimpled-like surface morphology is visible 

in the cross section of the powders indicating a dispersion of such these particles. There are less cracks/discontinuities present 

in the cross section at this stage. EDS analysis only shows the presence of oxygen and Sn indicating that no other contaminant 

is present. 
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e) 

 

 

 

  

  

 

After 24h only very coarse cold-welded agglomerated particles in the millimetre range which resemble thin large discs. The large 

disks have a packed layered structure (Figure 29a), which indicates that cold welding takes place between large particles. Smaller 

thick (red arrows Figure 29a) and thin (yellow arrow Figure 29a) particles, already heavily cracked, can be observed welded to 

the large particles. The network of surface fine cracks is present, but they look deeper and wider (white arrows Figure 29b). The 

Figure 28 - 25Sn-Li powders, milled 12h, SEM micrographs with different magnifications. Several particle 

shapes are noticeable: faceted (red arrows), donut-like (blue arrows) and spheroidal (yellow arrows) particles. 

White arrows point to cracks and discontinuities. A dimpled-like surface morphology is visible (green arrows).  

a) 

c) d) 

f) f) 

d) 

b) 
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dimpled-like surface morphology prevails (blue arrows Figure 29d) both at the particles surface and cross section. After 24h EDS 

analysis still shows that no other contaminant besides oxygen is present in the powders. 

  

  

 

 

 Figure 29 - 25Sn-Li powders, milled 24h, SEM micrographs with different magnifications. Thick (red arrow) 

and thin (yellow arrow) can be seen cold welded to a larger particle. A deep cracks/discontinuities network is 

present at this stage (white arrows). The same dimpled-like surface morphology is prevalent both at the surface 

and cross section of the particle (blue arrows). 

a) b) 

c) d) 

e) f) 
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5.2.1.2. Sn-15Li 

 

 

  

 
The Sn-15Li powders milled for 2h show considerably less surface rugosity than the Sn-25Li powders. The powders are rounder 

(white arrows Figure 30a) and the same characteristic dimpled-like structure is observed (red arrows Figure 30b/d). The black 

dots seem to have approximately the same size as those found in the 25at% Li alloy (<250nm). There are less 

cracks/discontinuities than in the previous alloy and these seem to be mostly due to cold welding (blue arrows Figure 30b/c). The 

EDS analysis shows the presence of O and Sn. There were no other contaminants present. 

5.2.1.3. Sn-5Li 

The powers milled with this alloy composition become faceted after only 2h of milling (white arrows Figure 31d). The particles 

have much less surface rugosity than the particles observed in the previous compositions with more Li content. Typical cold-

welded cracks (yellow arrows) and discontinuities (blue arrows) can be seen at the particles surface (Figure 31e/d). Some closed 

cracks can be seen at the surface (red arrows Figure 31b). The same dimple-like pattern observed in the previous composition is 

seen here (green squares Figure 31d/f). Some areas seem to have fragile cracks (yellow arrows Figure 31d) while others show 

less fractures and appear to be smooth (Figure 31b). Some whiskers seem to have formed at the particle surface (black arrows 

Figure 31c). EDS analysis of the whiskers indicate O as the major element present with residual amounts of Sn. EDS analysis of 

the remaining areas of the particles indicate existence of O and Sn. 

Figure 30 - 15Sn-Li powders, milled 2h, SEM micrographs with different magnifications. Particles are rounder 

than the 25Sn-Li alloy powders for the same milling time (white arrows). Cracking from cold welding is visible at 

the particles surface (blue arrows). The same dimple-like structure is visible for this composition (red arrows). 

a) b) 

c) d) 
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5.2.1.4. Morphology Discussion 

The Sn-25Li alloy powders were observed at 2h, 12h and 24h of milling time and the cross-section was also observed for extra 

in depth information (Figure 27-Figure 31). After 24h milling time the samples were taken in the form of thin large discs of cold-

Figure 31 - 5Sn-Li powders, milled 2h, SEM micrographs with different magnifications. Particles are more 

faceted and rounder than the 15Sn-Li and 25Sn-Li alloys. The same discontinuities resultant from cold welding can 

be observed (blue arrows) and distinct cracking in some areas (red/yellow arrows). Small lithium oxide whiskers 

grew at the particles surface (black arrows). A dimple-like structure can be observed (green squares). 

e) 

d) 

a) b) 

c) d) 

e) 
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welded material. This is a frequent problem found when Li metal is used in mechanical alloying experiments. Previous research 

in systems such as Fe-Li [100]–[102], Cu-Li [101] and Si-Li [102] show that when the content of Li increases the difficulty of 

producing powders also increases due to excessive cold welding and adhesion to the milling media and vial [100]–[102]. The 

morphology of the powders of the Sn-25Li alloy indicates an evolution with milling time, starting as lamellar, rugose particles and 

evolving to more faceted, smooth particles. At higher magnifications, both at the powder surfaces and powder cross-sections, a 

dimpled-like morphology is revealed with dark round spots distributed on a clearer grey matrix. The dark round pattern is still 

observable in the cross-section of all the samples, thus showing it’s not a surface phenomenon. Compositional analysis indicates 

that the darker zones have higher oxygen content than the grey zones. The dark colour (smaller atomic number) and the presence 

of excess oxygen leads to believe these are Li rich zones while the grey matrix should have higher contents of Sn. A chemical 

reaction occurred near the dark particles of this dimpled-like at the surface during exposure to air indicating a preferential reaction 

site with exposure to air. The circular geometry of these dark particles and its homogeneous dispersion in the matrix leads to 

believe that these particles are the result of a nucleation burst of Li-rich intermetallic promoted by the extreme high mobility of Li 

in Sn at the processing temperature. 

Severe cracking at the surface of the powders are most likely resultant from the formation of Li2Sn5. Li2Sn5 has a density of 

5,97g/cm3 which corresponds to a 20% volume increase compared to the β-Sn matrix. As the intermetallic phase forms a 

volumetric expansion occurs. This expansion coupled with the fragile behaviour of the intermetallic phase [103] generates cracks 

in the particles. As milling proceeds the cracks are closed by the milling process as Sn ductile behaviour is predominant. Due to 

the high homologous temperature of the process creep may also contribute to closing of the cracks. 

The powders milled for 12h are larger than those milled for 2h. After 24h most of the material is welded to the vial walls and the 

remaining free particles are very large (millimetre range), which indicates that up to 24h of milling the predominant mechanism is 

the cold welding of particles. The cracks at the surface indicate presence of fragile phases while the overall evolution of the milled 

particles indicates ductile behaviour. It was also observed that as the milling time increased, the amount of powders welded to 

the walls also increases. This is also consistent with ductile behaviour of the material being milled. It’s likely that fragile phases 

form mainly at the powder’s surface, but they are dispersed in a ductile matrix which dominates the overall mechanical behaviour 

of the particles being milled.  

For the two remaining alloys, Sn-15Li and Sn-5Li, only the powders milled for 2h were observed. The powders of the alloy Sn-

15Li (Figure 30) show significant differences when compared to the Sn-25Li powders. The particles milled for 2h are rounder and 

less rugose than the more Li rich composition for the same milling time. The same dimpled-like morphology, with dark round spots 

was observed. They appear to be approximately the same size as those found in the 25at% Li alloy (<250nm). However, the area 

covered by the dispersion of dark round particles is smaller, with some clearly preferential areas for the nucleation of said particles. 

There is also considerably less cracking than in the previous alloy composition, while the discontinuities present seem to be mostly 

from cold welding, leading to believe that smaller fraction of fragile phases is present. This was to be expected as the fragile 

phases formed during milling are most likely Sn-Li intermetallic compounds, which decrease in amount as the Li content 

decreases. 

The particles of Sn-5Li alloy milled for 2h possess less surface rugosity than the other two alloys and after just 2h of milling they 

are faceted (very similar to the Sn-25Li alloy powders milled for 12h). The dimpled-like pattern was recognized covering a fraction 

of the surface area. Small whiskers formed at the particle surface (Figure 31c). It’s possible that the whiskers observed also form 

in the higher Li concentration alloys but could be masked by the remaining surface rugosity. EDS analysis was carried out on the 

whiskers, indicating oxygen as the overwhelmingly major element (>95at%) indicating the whiskers are most likely Lithium oxide 

with unknown stoichiometry. The formation mechanism is currently unidentified but, considering the geometry and composition of 
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the whiskers, the following mechanism is proposed: as small columns of oxide grow outwards from the surface, the formation of 

oxide must occur at the interface between the particle and the whisker. As oxygen diffuses to the interface (gas phase transport) 

lithium diffuses from the inside of the particle (solid state diffusion rate controlling step). More Lithium oxide forms at the interface, 

continuously pushing the lithium oxide whisker already present further away from the particle surface, forming small columns as 

observed by SEM. 

5.2.1.5. Morphology Analysis Main Conclusions 

Due to the typical excessive cold welding experienced by Sn-Li systems with dry milling conditions the maximum milling time 

tested was 24h (yield <20%). Cold welding is the predominant mechanism indicating that ductile behavior prevails throughout the 

milling process. The particle size of all alloy compositions powders resultant from all different milling times never exceeded a size 

of approximately 300µm.  

Particles evolve from rugose agglomerates of smaller particles to larger round and faceted particles and finally to thin large discs. 

During milling, cracks (likely due to formation of Li-rich phases and resultant volumetric expansion) and discontinuities (resultant 

from cold welding of smaller particles) are continuously formed. As milling proceeds such cracks/discontinuities are closed by 

impacts, plastic deformation, creep and cold welding. 

A typical dimpled-like morphology (with dark particles <250nm) is observed in all particles of all alloy compositions. The dark 

particles are probable Li-rich LixSny intermetallic compounds. 

5.2.2.  Compositional Analysis (IBA results) 

As EDS is blind regarding Li, IBA analysis was carried out to ascertain the Lithium concentration and depth concentration 

profile in the powders. Ø9x2 mm green pellets of the powders were prepared and loaded in the IBA stage as previously described.  

For each sample, 3 points were randomly selected for analysis. 

5.2.2.1. Sn-25Li 

The best fit for the IBA analysis results of both Sn-25Li samples (Figure 32) show a surface layer with a lithium and oxygen higher 

concentration than the bulk. Both Li and Oxygen concentration rapidly decrease with depth. Oxygen concentration decreases 

rapidly to a concentration below 0,5at% after a few tens of nanometres while Li concentration reaches a constant value after a 

few microns (~5µm). The concentration depth profile of one point in each of the two analysed cold pressed pellets (2h milled and 

12h milled) can be seen in Figure 33. 

The values of the surface and bulk Li concentration differ significantly (Table 6): after 2h of milling the average concentration at 

the surface is 47,3at% while the bulk has an average concentration of 17,0at%. After 12h of milling the average Li concentration 

at the surface is 42,0at% while the bulk has an average concentration of 22,3 at%.  
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Figure 32 – ERS/RBS/NRA spectra of a 25Sn-Li alloy sample point: a) EBS+RBS yield of sample milled for 2h, 

b) EBS+RBS+NRA yield of sample milled for 2h, c) EBS+RBS yield of sample milled of 12h milled sample and d) 

EBS+RBS+NRA yield of sample milled for 12h. EBS+RBS yields (a) and b)) are presented in linear scale to provide 

better observation of the peaks of the elements detected. ERS+RBS+NRA yields (c) and d)) are presented in 

logarithmic scale for a better representation of the NRA yield segment. 

 

 

 

 

a) b) 

c) d) 
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Figure 33 – Concentration profile of a 25Sn-Li alloy sample point: a) 2h milled sample and b) 12h milled sample. 

Y axis shows atomic concentration plotted vs atomic density (bottom X axis). Top X axis provides an approximation of 

the depth according to the atomic density of the alloy. 
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Alloy Surface Bulk 

Sn-25Li (2h) Li at% O at% Li at% O at% 

P1 47,0 47,0 14,0 <0,5 

P2 45,0 50,0 15,0 <0,5 

P3 50,0 50,0 22,0 <0,5 

Average (± Standard deviation) 47,3 (±2,5) 49,0 (±1,7) 17,0 (±4,4) - 

Sn-25Li (12h)     

P1 40,0 25,0 20,0 <0,5 

P2 46,0 25,0 28,0 <0,5 

P3 40,0 25,0 19,0 <0,5 

Average (± Standard 
deviation) 

42,0 (±3,5) 25,0 (±0,0) 22,3 (±4,9) - 

5.2.2.2. Sn-15Li 

The best fit for the IBA analysis results of the Sn-15Li alloy samples (Figure 34) show the same surface effect as the previous 

alloy with the concentrations of Li and oxygen being higher at the surface. Oxygen concentration decreases very rapidly to a value 

below 0.5at% after a few nanometres while Li concentration only reaches a constant value after a few microns (~5µm). 

The values of the surface and bulk Li concentration for three different points can be seen in Table 7. As for the previous alloy 

composition, surface and bulk values of Li concentration differ significantly: average surface and bulk concentrations after 2h are 

45,7at% and 16,5at%, respectively, and after 12h its 46,3at% and 11,0at%, respectively. However, the standard deviation of the 

bulk concentration after 2h is quite large (±14,9at%) and becomes much smaller at 12h (±1,5at%).  

Figure 40 shows the example of a typical concentration profile of points analysed for this composition.  

  

Table 6 – IBA analysis concentration results for 25Sn-Li alloy 
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Figure 34 – ERS/RBS/NRA spectra of a 15Sn-Li alloy sample point: a) EBS+RBS yield of sample milled 

for 2h, b) EBS+RBS+NRA yield of sample milled for 2h, c) EBS+RBS yield of sample milled of 12h milled 

sample and d) EBS+RBS+NRA yield of sample milled for 12h. EBS+RBS yields (a) and b)) are presented in 

linear scale to provide better observation of the peaks of the elements detected. ERS+RBS+NRA yields (c) 

and d)) are presented in logarithmic scale for a better representation of the NRA yield segment. 
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c) d) 
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Figure 35 – Concentration profile of 15Sn-Li alloy sample point: a) 2h milled sample and b) 12h milled sample. Y 

axis shows atomic concentration plotted vs atomic density (bottom X axis). Top X axis provides an approximation of 

the depth according to the atomic density of the alloy. 
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Alloy Surface Bulk 

Sn-15Li (2h) Li at% O at% Li at% O at% 

P1 50,0 50,0 27,0 <0,5 

P2 45,0 45,0 6,0 <0,5 

P3 42,0 40,0 7,5 <0,5 

Average (± Standard deviation) 45,7 (±4,0) 45,0 (±5,0) 16,5 (±14,9) - 

Sn-15Li (12h)     

P1 45,0 45,0 11,0 <0,5 

P2 48,0 50,0 9.5,0 <0,5 

P3 46,0 44,0 12.5,0 <0,5 

Average (± Standard deviation) 46,3 (±1,5) 46,3 (±3,2) 11,0 (±1,5) - 

5.2.2.3. Sn-5Li 

The best fit for the IBA analysis results of the Sn-5Li alloy samples (Figure 36) show the same surface effect as the previous 

compositions: Li and oxygen content are much higher at the surface. Average surface and bulk concentrations of Li after 2h are 

42,3at% and 4,2at%, respectively, and after 12h its 42,7at% and 3,8at%, respectively. The values of the surface and bulk Li 

concentration for each point can be individually seen Table 8. Concentration profiles are all similar for this composition and also 

similar to the previous alloy composition. 

  

Table 7 – IBA analysis concentration results for 15Sn-Li alloy 
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Figure 36 – ERS/RBS/NRA spectra of a 5Sn-Li alloy sample point: a) EBS+RBS yield of sample milled for 

2h, b) EBS+RBS+NRA yield of sample milled for 2h, c) EBS+RBS yield of sample milled of 12h milled sample 

and d) EBS+RBS+NRA yield of sample milled for 12h. EBS+RBS yields (a) and b)) are presented in linear scale 

to provide better observation of the peaks of the elements detected. ERS+RBS+NRA yields (c) and d)) are 

presented in logarithmic scale for a better representation of the NRA yield segment. 

a) b) 

c) d) 
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Figure 37 – Concentration profile 5Sn-Li alloy sample point: a) 2h milled sample and b) 12h milled sample. Y 

axis shows atomic concentration plotted vs atomic density (bottom X axis). Top X axis provides an approximation 

of the depth according to the atomic density of the alloy. 
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Alloy Surface Bulk 

Sn-15Li (2h) Li at% O at% Li at% O at% 

P1 35,0 30,0 4,5 <0,5 

P2 42,0 45,0 4,0 <0,5 

P3 50,0 50,0 4,0 <0,5 

Average (± Standard deviation) 42,3 (±7,5) 41,7 (±10,4) 4,2 (±0,3) - 

Sn-15Li (12h)     

P1 45,0 55,0 4,5 <0,5 

P2 45,0 45,0 3,5 <0,5 

P3 38,0 42,0 3,5 <0,5 

Average (± Standard deviation) 42,7 (±4,0) 47,33 (±6,8) 3,8 (±0,6) - 

5.2.2.4. Concentration Discussion 

Analysis indicates inhomogeneities in the concentration of the analysed pellets. A common effect observed was a surface 

segregation of Li and a higher surface concentration of oxygen. The high oxygen content at the surface results from the exposure 

of the pellets to air during sample loading in the IBA stage. Oxygen concentration decreases rapidly to a value below 0.5at% after 

a few nanometres in all alloy compositions. All calculated IBA spectra and concentration profiles assume an in depth oxygen 

concentration of 0.5at%. This value was considered as an upper limit for the bulk concentration of oxygen but it’s likely that the 

real value for the concentration is lower than 0.5 at% (according to best fit of IBA results). 

The surface concentration and bulk concentration of each of the three points analysed for each pellet of the 25Li-, 15Li- and Sn-

5Li alloys can be seen in Table 6, Table 7 and Table 8, respectively. A concentration profile up to a depth of 17-20µm of one point 

per pellet is also shown in Figure 33, Figure 35 and Figure 37. 

The concentration profiles of all points are very similar: the concentration of Li and oxygen steadily decreases and stabilize after 

a few microns while the Sn concentration changes accordingly. The Sn-25Li sample milled for 12h was the only sample with non-

consistent results. For this composition, an increase in concentration of Li with depth increase is observed (~40 at% at surface vs 

50 at% after 3µm). This is followed by a decrease of Li concentration until the maximum depth analysed. There is also a 

significantly lower concentration of oxygen at the surface (25at%) compared with the surface concentrations observed for the 

remaining samples (<40at%). However, the concentration of oxygen does not decrease as steeply as the other samples analysed. 

A small deviation from the designed Li bulk concentrations is observed: Sn-25Li has a concentration of 17,0 (±4,4)at% after 2h of 

milling and 22,3 (±4,9)at% after 12h of milling; Sn-15Li has a concentration of 16,5 (±14,9) at% after 2h of milling and 11,0 (±1,5) 

at% after 12h of milling and Sn-5Li has a concentration of 4,2 (±0,3) at% after 2h and 3,8 (±0,6) at% after 12h. The Sn-25Li alloy 

and Sn-15Li alloy seem to have an increase in the bulk Li concentration with an increase in milling time. After 2h of milling there 

were still large chunks of unmixed Li which could be seen with the naked eye. This shows that alloys with higher Li content take 

longer to homogenize. The Sn-5Li alloy apparently shows a different tendency: after 2h the bulk concentration of Li seems to be 

higher than after 12h. After 2h there was no longer any unmixed Li. The proceeding of the milling operation on the mixed powders 

could result in loss of Li to the walls. However, the difference in Li content could also be attributed to local inhomogeneity of the 

pellet or local loss of Li due to segregation towards the surface.  

Table 8 – IBA analysis concentration results for 5Sn-Li alloy 
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The large standard deviation of the Sn-15Li alloy milled for 2h is also a result of local inhomogeneity. It was observed that some 

points of the 25 and Sn-15Li alloys displayed Li content above the design composition (>27% in depth Li concentration) which 

indicates that in some cases full homogenization was not attained, which are evidenced by the calculated higher standard 

deviation for these alloys. 

The segregation of Li to the surface is observed in all compositions. Li concentrations between 35-50at% were calculated for the 

surface layers of all produced pellets. Two mechanisms are proposed to sustain the Li surface segregation: the first, considered 

the main mechanism, is the diffusion of Li from the bulk to the surface due to the chemical potential gradient induced by Li oxide 

formation at the surface. Random existing surface Li atoms react with atmospheric oxygen to form Li oxide. The arrival of fresh 

oxygen from the atmosphere induces oxide growth supported by fast Li diffusion from the bulk. Assuming a conservative approach 

with a room temperature diffusion coefficient of 10-10 m2/s and 10 minutes exposure to air during sample preparation the diffusion 

length, √𝐷𝑡 , is 245 m. In this work, the observed affected diffusion depth was <15µm for all points examined with IBA. 

Considering the value of √𝐷𝑡 the results for Li surface segregation are acceptable. The second supplementary mechanism may 

be attributed to the difference in the surface energy of Li and Sn. Li has a lower surface energy than Sn [72]. As such, a reduction 

of surface energy is expected when Li concentration at the surface increases, promoting diffusion of the bulk Li towards the 

surface, even in the absence at the surface of other elements such as oxygen or nitrogen [72]. The characterization of the surface 

without exposure to O was impossible in the scope of this work and as such the contribution of each mechanism described above 

could not be assessed.  The values of each element concentration at the surface of the tested samples lead to believe that the 

surface is composed of a mixture of oxides such as SnO, SnO2, Li2O and Li2O2. 

5.2.2.5. Compositional Analysis Main Conclusions 

Surface enrichment with Li has been previously observed in the liquid state. However, this work shows that such enrichment also 

occurs at room temperature in the solid state. Li concentration between 35at% and 50at% were observed for all samples. The 

surface Li in contact with air oxidizes, forming an oxygen rich surface layer. Concentration of oxygen decreases steadily with 

depth. An upper limit of 0.5at% was calculated for the oxygen bulk concentration of all samples according to best fit of EBS, RBS 

and NRA results analysed. 

The bulk Li concentration seems to be according to the projected composition for all alloy compositions. The deviations observed 

from the objective compositions can be attributed to the inhomogeneity of the samples and the relatively small number of 

samples/points tested. 

5.2.3. Phase Analysis (DSC, TGA & DTA and XRD results) 

IBA analysis provides information about the local concentration of atoms but provides reduced information about the phases 

present at the several stages of milling and the microstructural evolution. Three characterization techniques were used to assess 

the phase results: XRD was conducted on several samples followed by DSC (up to 350ºC) and TGA (up to 800ºC) to determine 

if other phases not detected with XRD were present. On the Sn-15Li and Sn-25Li samples milled for 2h the large portions of 

unmixed Li were deliberately avoided as the objective was to observe the thermal behaviour of the mixed powders. After 12h of 

milling there were no free Li powders visible in the batch. 
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5.2.3.1. Sn-25Li 

 

 

XRD was conducted on Sn-25Li alloy samples. Figure 38 shows the XRD diffractogram of a 12h milled sample. For 

disambiguation, the standard chart diffractograms for Sn, Li2Sn5, and LiSn are also shown. There are two phases which can be 

clearly identified: Sn and LiSn. The broad peak between 17-23º corresponds to the peaks of paraffin. The peaks corresponding 

to each phase are indicated in the diffractogram (Sn peaks represented by red lines, LiSn peaks represented by blue lines). XRD 

was also conducted on Sn-15Li alloy and Sn-5Li alloy samples. However, only Sn peaks were detected in these two compositions. 

The absence of the remaining phases is due to the low cross section of the LixSny intermetallic compounds. As such the remaining 

XRD results are not shown. 

The following DSC results show only the heating curves for a better analysis of the results. The cooling curves of all DSC’s are 

presented in Figure 43. 

The DSC machine used has a maximum temperature of 350ºC. In the temperature interval of 25ºC-350ºC there are 5 invariant 

reactions which can be observed (Erro! A origem da referência não foi encontrada.): Peritectic decomposition of Li2Sn5 into 

LiSn + liquid (307ºC), the eutectic decomposition of Li2Sn5 + Sn into liquid (223ºC), eutectic decomposition of Li22Sn5 + Li into 

Figure 38 – XRD diffractogram of 25Sn-Li alloy sample milled 12h. The peaks of two phases are represented 

in the diffractogram: β-Sn (red) and LiSn (blue). 
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liquid (180ºC), melting of pure Sn (232ºC) and melting of pure Li (180,5ºC). The eutectic decomposition of Li22Sn5 + Li into liquid 

(180ºC) is unlikely to occur as it corresponds to a reaction in the Li rich side of the phase diagram. 

Figure 39 shows the heat flow (in W/g) versus temperature graph of the 150ºC - 250ºC heating segment of the DSC tests 

performed in the 50-250ºC temperature range. The graphs indicate that, in the first cycle, for both samples, two endothermic 

phase transformations occur: one with onset near 220 ºC, the Sn+Sn5Li2 eutectic, and another with onset near 232 ºC, the Sn 

melting point (Table 9). In either case no Li melting point was detected (180ºC).  

 

 

 

 

 

 

 
The Sn-25Li 2h sample eutectic peak heat flow detected in the 1st heating is significantly larger than the eutectic peak heat flow 

observed in the 12h sample 1st heating (78% larger on the 2h milled sample). The tin melting peak heat flow is larger on the 12h 

milled sample than the one of the 2h milled sample (92% larger on the 12h milled sample). The 2nd heating cycle shows noticeable 

differences in both samples, indicating that a non-reversible phase change occurred after the 1st heating. Upon the 2nd heating, in 

the 2h milled sample the same transformations are observed. However, the total heat flow of the eutectic peak observed on the 

2nd run is significantly lower (29% decrease compared to 1st heating) and the tin melting peak heat flow is larger (25% increase). 

On the 12h milled sample the eutectic peak is no longer detected (100% decrease compared to 1st heating). 

 

Transformation Alloy 

Sn- Li2Sn5 Eutectic Decomposition Sn-25Li 2h Sn-25Li 12h 

Onset Temperature (ºC) 220,25 220,00 

Peak Temperature (ºC) 222,75 221,25 

Offset Temperature (ºC) 232,25 223,50 

Heat flow variation on 2nd run (%) -29 -100 

Pure Sn Melting   

Onset Temperature (ºC) 232,25 231,50 

Peak Temperature (ºC) 234,50 234,75 

Offset Temperature (ºC) 237,75 238,50 

Heat flow variation on 2nd run (%) +25 +13 

Figure 39 – DSC curves of samples 25Sn-Li in the range of 150ºC-250ºC: 2h (left) and 12h (right). 

 

 

 

 

Table 9 – Reaction Temperatures for 25Sn-Li alloy (DSC range 150-250ºC) 
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When heating up to 250ºC, the peritectic decomposition of Li2Sn5 into LiSn + liquid (307ºC) is not detected. As such, to determine 

if LiSn is present in the samples, another set of DSC cycles were carried out on samples of the same batch, but with a larger 

temperature interval, from 150ºC to 340ºC. The resulting DSC graphs can be observed in Figure 40. 

The behavior when samples are heated to higher temperatures is considerably different.  

On the 2h milled sample, the eutectic transformation and tin melting peak heat flow are very similar to the one observed on the 

previous cycle (Figure 39) (-10% difference on the eutectic peak heat flow, -15% on the tin melting heat flow). However, on the 

2nd heating run there is a 95% decrease in total heat flow of the eutectic peak and a 74% increase of heat flow of the tin melting 

peak (compared to a 29% decrease and a 25% increase on the previous cycle, respectively). 

 

 

 

 
Transformation Alloy 

Sn- Li2Sn5 Eutectic Decomposition Sn-25Li 2h Sn-25Li 12h 

Onset Temperature (ºC) 220,50 220,25 

Peak Temperature (ºC) 222,00 223,25 

Offset Temperature (ºC) 225,50 227,25 

Heat flow variation on 2nd run (%) -95 +7 

Pure Sn Melting   

Onset Temperature (ºC) 233,00 232,25 

Peak Temperature (ºC) 234,50 233,00 

Offset Temperature (ºC) 237,00 233,75 

Heat flow variation on 2nd run (%) +74 -78 

Li2Sn5+Liquid Decomposition   

Onset Temperature (ºC) - 238,00 

Peak Temperature (ºC) - 255,00 

Offset Temperature (ºC) - 258,00 

Heat flow variation on 2nd run (%) - -100 

Contrarily to the 2h milled sample, the 12h milled sample analysed on this cycle is very different from the one of the previous 

cycle (Figure 39): a very large eutectic peak heat flow was observed followed by a very small Sn melting peak heat flow. DSC 

Figure 40 – DSC curves of samples 25Sn-Li in the range of 150ºC-340ºC: 2h (left) and 12h (right). 
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Table 10 – Reaction Temperatures for 25Sn-Li alloy (DSC range 150-340ºC) 
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data temperatures for each transformation are shown in Table 10. On the 2nd heating of this sample an increase of the eutectic 

peak was observed (7% increase) and a decrease of the Sn peak heat flow (78% decrease). On the 12h milled sample there is 

also a broad endothermic peak between with onset at 238ºC on the 1st heating. This peak is likely associated with the 

decomposition of the alloy into Li2Sn5 + liquid above the eutectic temperature. The peak is no longer observed on the 2nd heating. 

This peak was not observed on the 2h milled sample. 

5.2.3.2. Sn-15Li 

 
 

 

 

Transformation Alloy 

Sn- Li2Sn5 Eutectic Decomposition Sn-15Li 2h Sn-15Li 12h 

Onset Temperature (ºC) 220,25 220,25 

Peak Temperature (ºC) 221,75 222,00 

Offset Temperature (ºC) 223,75 225,75 

Heat flow variation on 2nd run (%) -95 -90 

Li2Sn5+Liquid Decomposition   

Onset Temperature (ºC) - 223,00 

Peak Temperature (ºC) - 230,75 

Offset Temperature (ºC) - 235,5 

Heat flow variation on 2nd run (%) - -100 

Sn Melting   

Onset Temperature (ºC) 232,25 225,75 

Peak Temperature (ºC) 235,75 231,00 / 233,50 

Offset Temperature (ºC) 238,00 232,75 / 235,35 

Heat flow variation on 2nd run (%) +35 +635 

Figure 41 – DSC curves of samples 15Sn-Li in the range of 150ºC-250ºC: 2h (left) and 12h (right). 

 

 

 

 

Table 11 – Reaction Temperatures for 15Sn-Li alloys 
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Figure 41 shows the 150ºC - 250ºC heating segment of the DSC tests performed in the 50-250ºC temperature range. As observed 

in the previous composition, the analysis indicates that, in the 1st run, at least two endothermic transformations occur in both 

samples: the Sn+Li2Sn5 eutectic transformation and the pure Sn melting (Table 11). 

On the 12h milled sample, three peaks are observed overlapped in the temperatures range 220-235ºC. The first peak with onset 

at 220,25ºC is attributed to the eutectic transformation. The second peak, with onset at 223,5ºC is a transformation above the 

eutectic temperature into Li2Sn5 + liquid and the third peak with onset at 232,5ºC is attributed to the Sn melting. 

As in the previous composition, non-reversible transformations take place during the 1st heating cycle. On the 2nd run, the eutectic 

peak heat flow of the sample milled for 2h shows a 95% decrease and the Sn peak heat flow indicates a 35% increase.  

On the sample milled for 12h the eutectic decomposition peak heat flow decreases 90%, the Li2Sn5+liquid transformation 

decreases 100% and the Sn peak increases 635%. 

5.2.3.3. Sn-5Li 

Figure 42 shows the DSC 150ºC - 250ºC heating segment of the DSC tests performed in the 50-250ºC temperature range. Two 

transformations are identified as for the previous compositions: eutectic transformation and pure Sn melting (Table 12).  

The same non-reversible changes are observed in both samples after the 1st heating. On the 2h milled sample 2nd heating there 

is a 100% decrease in the eutectic transformation heat flow and a 12% increase on the Sn melting peak heat flow. The 12h milled 

sample showed a very similar behaviour: 100% decrease of the eutectic transformation peak heat flow was observed and a 10% 

increase on the Sn peak heat flow.   

  

 
 

  

Figure 42 – DSC curves of samples 5Sn-Li in the range of 150ºC-250ºC: 2h (left) and 12h (right). 
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Transformation Alloy 

Sn- Li2Sn5 Eutectic Decomposition Sn-5Li 2h Sn-5Li 12h 

Onset Temperature (ºC) 219,75 220,00 

Peak Temperature (ºC) 221,50 221,25 

Offset Temperature (ºC) 224,25 223,25 

Heat flow variation on 2nd run (%) -100 -100 

Sn Melting   

Onset Temperature (ºC) 230,00 232,25 

Peak Temperature (ºC) 234,25 235,50 

Offset Temperature (ºC) 237,00 238,00 

Heat flow variation on 2nd run (%) +12 +10 

The overlap of several exothermic peaks during cooling was also observed in the DSC cooling curves (1st cycle) of all samples 

(Figure 43). 

 

 

Figure 43 – DSC cooling curves spectra. Multiple exothermic peaks are visible when Sn-Li alloys are cooled 

from liquid phase. 

Table 12 – Reaction Temperatures for 5Sn-Li alloys 
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5.2.3.4. Phase Composition Discussion 

Despite the low cross-section of Li detection in XRD analysis, the LiSn peaks can be clear distinguished in the diffractogram of a 

Sn-25Li 12h milled sample (Figure 38). The presence of LiSn could not be confirmed in the remaining analysis or on the thermal 

analysis conducted with DSC. 

Two different DSC thermal cycles were performed on the Sn-25Li alloy, with both the 2h and 12h milled samples (Figure 39 and 

Figure 40, respectively): the first analysis was conducted between 50ºC and 250ºC and the second using an extended temperature 

interval between 50ºC and 340ºC. A double heating thermal cycle was used for every DSC test to determine changes in phase 

composition after the 1st heating. 

On the 1st heating cycle (50ºC – 250ºC) of the Sn-25Li alloy samples (both 2h and 12h milled), two endothermic transformations 

are observed: the eutectic transformation and pure Sn melting (Table 9 and Table 10). The eutectic decomposition is associated 

with a enthalpy of fusion of -8065 J/mol [104] while Sn has a enthalpy of fusion of -7179 J/mol [105]. Based on the peak integral 

and the enthalpy of fusion of both reactions it is concluded that more Sn is detected than eutectic mixture for both samples. 

Considering that the bulk composition of the alloy, 25Li, has a surplus of Li relative to the eutectic composition (~5%at Li), it would 

be expected that no free −Sn would be detected, only the −Sn of the eutectic phase. This shows that there is a deviation from 

equilibrium resultant from sampling and material processing. 

On the 2nd heating cycle of this analysis there are noticeable differences in both samples’ thermal behaviour, indicating that a non-

reversible phase transformation (within the tested temperature interval, 50ºC – 250ºC) took place after the 1st heating: the general 

tendency observed was for a significant decrease in the eutectic transformation peak heat flow with an increase in the Sn melting 

peak heat flow. This indicates that the amount of free −Sn has increased after the first run in both samples. No peak is observed 

at 180ºC indicating that no free metallic Lithium is detectable in either heating run conducted on the samples. 

The second analysis of the 25Li alloy was performed up to 340ºC to determine if a richer Li intermetallic, LiSn, with higher 

transformation temperature, was present in the samples. The Sn-25Li sample milled for 12h indicated the presence of a phase 

transformation above the Sn melting temperature. However, the LiSn presence could not be confirmed on the analysed samples 

as no significant heat flow perturbation was observed at the LiSn peritectic decomposition temperature, ~326ºC. Also, contrarily 

to the 1st analysis performed for the sample milled for 12h using the lower temperature interval, for the first heating cycle the 

eutectic decomposition peak heat flow observed is much stronger than the remaining peaks’ heat flow, indicating that the eutectic 

mixture is the major constituent present in the tested sample. On the 2nd heating run, this sample also shows a different tendency 

than the remaining samples., It’s the only sample where an increase of the eutectic peak heat flow was detected. As the samples 

tested using different temperature ranges were taken from the same batch, the detected differences in the results are attributed 

to inhomogeneity of the samples coupled with limitations in the protocol used to test the samples, namely the sampling method 

and the small size of the samples (<6mg).  

The DSC analysis for both the Sn-15Li and Sn-5Li alloys was carried out in the temperature range between 50ºC and 250ºC 

(Figure 41 and Figure 42, respectively). The analysis indicates that two endothermic transformations occur in both alloys during 

the 1st heating cycle: the eutectic decomposition and the pure Sn melting (Table 11 and Table 12). On the DSC analysis of the 

Sn-15Li alloy 12h milled sample there is an overlap of three peaks in the temperature range between 220-235ºC. The 1st peak 

with onset at 220ºC is attributed to the eutectic transformation, the 2nd peak with onset around 223ºC may be attributed to the 

dissolution of Li2Sn5 above the eutectic temperature into the liquid and the 3rd peak is associated with melting of free β-Sn. 

During the 2nd heating of the 5Li- and Sn-15Li alloys, both samples show a similar behavior as the Sn-25Li alloy: a non-reversible 

phase transformation occurs after the 1st heating with a general decrease of the eutectic peak heat flow and increase of the Sn 

melting peak heat flow upon the 2nd heating.  
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The overlap of several peaks during cooling was observed in both the DSC cooling curves of all alloys’ samples (Figure 43). When 

pure Li and pure Sn samples were tested, the solidification exothermic peaks are well defined. However, when Li and Sn are 

alloyed together, several overlapping peaks (over 20 in some cases) were detected. The peaks cannot be attributed to 

solidification of phases described in the phase diagram. Figure 43 shows that when the concentration of Li increases, the 

occurrence of these peaks occurs at lower temperatures. The cause for the appearance of this peaks could not be determined in 

this work. The mechanism behind the observed peaks may be attributed to the segregation of Li towards the surface observed 

when Sn-Li alloys melt [33], [68], [69], [71]. As this segregation proceeds, the surface layers of the melt become richer in Li than 

the bulk of the liquid. As Li content increases in some areas, the local equilibrium shifts towards the Li rich side of the phase 

diagram. The peaks detected may be attributed to the formation of higher Li concentration intermetallic compounds which do not 

melt within the DSC tested temperatures. This segregation is the mechanism behind the apparent increase in the free β-Sn peak 

observed on the 2nd heating run of most samples: as the surface layers enrich with Li, the bottom layers become depleted of Li, 

increasing the amount of free β-Sn. At room temperature, solid Li vapor pressure is very low (10-22 atm). At the temperatures 

analysed with DSC, Li can reach vapor pressure of 5,99 x 10-11 atm (250ºC) and up to 1,29 x 10-8 atm (340ºC) [106]. Studies have 

also shown that Sn-Li alloys show lower evaporation rates than pure Li [44]. Considering the calculated vapor pressures are still 

low at these temperatures and the lower evaporation rate of the Sn-Li alloys, evaporation rates should also be small and losses 

of Li by evaporation negligible. 

5.2.3.5. Phase Composition Main Conclusions 

XRD taken from the Sn-25Li alloy 12h milled indicates the presence of Sn and LiSn intermetallic compound. This was the only 

sample where the presence of LiSn could be confirmed. Due to the low cross section of the LixSny intermetallic compounds the 

diffractograms of the remaining samples did not provide enough information about the phases present.  

Two endothermic peaks were detected in all samples analysed with DSC: the eutectic transformation and β-Sn melting. On the 

Sn-25Li and Sn-15Li alloys, namely those milled for 12h, a third peak was detected at higher temperature. The Sn-25Li alloy 12h 

milled sample peak was observed at 255ºC and on the Sn-15Li alloy 12h milled at 231ºC. Both peaks are likely associated with 

the same transformation which occurs above the eutectic temperature: the dissolution of Li2Sn5 in the liquid for alloys with Li 

concentration above 5at% and below 27at%. The difference of peak temperatures can be explained by different local 

concentrations of the transforming portions of material.  

Free β-Sn melting was observed in all alloy compositions. Above the eutectic composition (5at%) there should be no β-Sn 

according to the Sn-Li binary equilibrium phase diagram. This further shows that full homogenization was not attained within the 

process conditions used. 

Upon melting segregation of Li to the liquid surface occurs. This segregation separates Li from Sn, decreasing the DSC detected 

amounts of eutectic and increasing those of free β-Sn. The from which Li assumes in the sample after melting is unknown. Tests 

conducted up to higher temperatures after melting could provide information about the phases formed after the first melting. 

However, Li losses at higher temperatures due to evaporation may render the analysis doubtful (vapor pressure of Li increases 

exponentially above its melting point). 

The different thermal behaviour of samples from the same batch shows that the samples are not full homogeneous after the 

milling process. Increasing the number of analysis to crease statistics might provide useful information of the phase distribution 

of these alloys. 
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5.2.4.  Discussion Summary 

The mechanical alloying of Sn with Li conducted in this work proved successful. Sn-Li powders and pellets with compositions 

close to those projected were produced. However, it was found that as the content of Li increases, the difficulty of producing 

powders also increases. Li promotes adhesion of material to the vial, which makes extraction of the milling products, rendering 

further characterization limited due to sampling reproducibility and reducing the overall yield of the process. This is a frequent 

problem found [100]–[102] when Li is used in mechanical alloying experiments. 

The evolution of the morphology of the powders produced after 2h, 12h and 24h milling time for different tailored Li concentrations 

followed a general trend. The morphology of the powders of the Sn-25Li alloy indicates an evolution with milling time, starting as 

lamellar, rugose particles and progressively changing into more faceted, smooth particles. At 24h there were only large thin, 

smooth disks. Alloys with lower Li content (Sn-15Li and Sn-5Li alloys) seem to evolve faster towards circular and faceted, smooth 

particles, likely due to higher ductility of the powders. The excessive cold-welding of milled material coupled with the observed 

morphological evolution suggests a general ductile behaviour of the material produced. Thermal analysis indicates that free β-Sn 

is present in most samples tested. Considering that the bulk composition of the 25Li and 15Li alloys have a surplus of Li relative 

to the eutectic composition (~5%at Li), it would be expected that any free −Sn should be detected, only the −Sn of the eutectic 

mixture. The deviation from equilibrium conditions and presence of free −Sn is the probable underlying mechanism for the 

predominance of ductile behaviour observed at all compositions and milling times. Also, the high homologous temperature used 

(relative to the milled materials, particularly Sn), and the local increase of temperature due to milling high strain rates and energy 

delivery (which could not be detected with the equipment used for thermal assessment) also play an important role in the plastic 

recovery of the powders. 

A dimpled-like morphology is observed in all alloys, both at the powder’s surface and cross-section, with dark round spots 

(<250nm) distributed on a clearer grey matrix. The Sn-25Li powder surface is fully covered with this dispersion. The Sn-15Li and 

Sn-5Li alloys also display this dispersion, but more concentrated in certain areas. Compositional analysis (EDS) indicates that the 

darker zones have higher oxygen content than the grey zones. The dark colour indicates a smaller atomic number, which coupled 

with the present of excess oxygen leads to believe these are Li rich zones, while the grey matrix has a higher content of Sn. The 

circular geometry of dark particles dispersion, as well as its dispersion homogeneity, leads to believe these particles are the result 

of a nucleation burst of a Li-rich phase (intermetallic compounds and Li oxide particles) due to the high mobility of Li in -Sn at 

processing temperatures. The IBA analysis also showed an increase in Li concentration at the surface of all samples tested (an 

increase between 35-50at%). Li surface segregation is due to two mechanisms: the main mechanism is diffusion of Li from the 

bulk to the surface due to the chemical potential gradient induced by Li oxide formation at the surface and difference in the surface 

energy of Li and Sn. Oxides only form due to exposure to air or reaction of Li with the trace amounts of oxygen in the Sn-rich 

matrix. However, considering that this dispersion of particles is still observed at the cross-section of the particles, it is proposed 

that the dark particles homogeneously dispersed in the -Sn matrix are LixSny intermetallic compounds, mainly Li2Sn5 and LiSn. 

The Li rich phases have higher specific volume than the -Sn matrix, leading to volumetric expansion as they form and 

consequently promote cracking. As milling proceeds, the cracks are closed by the milling process since Sn ductile behaviour is 

predominant. The reduction of the amount of cracking observed as Li content decreases further confirms this phenomenon. 

IBA analysis indicates inhomogeneity in the concentration of the analysed pellets. Small deviations from the designed Li bulk 

concentrations were observed (Sn-25Li - 17,0 (±4,4)at% after 2h of milling and 22,3 (±4,9)at%  after 12h of milling, Sn-15Li (±14,9) 

at% after 2h of milling and 11,0 (±1,5) at% after 12h of milling and Sn-5Li - 4,2 (±0,3) at% after 2h and 3,8 (±0,6) at% after 12h).  

XRD analysis performed on the Sn-25Li alloy milled for 12h confirmed the presence of LiSn in this sample. However, the presence 

of this intermetallic compound could not be confirmed in any of the remaining alloys. 
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Three main endothermic transformations were observed during DSC thermal analysis: the eutectic transformation Sn + Li2Sn5 ⟶ 

liquid (confirming the presence of LixSny intermetallic compounds detected by SEM), pure Sn melting and transformations above 

the eutectic temperature, which were attributed to the dissolution of Li2Sn5 into the liquid. Thermal analysis conducted on samples 

of the same batch show different transformation peaks and different proportion of the observed peaks’ integrals, further confirming 

the inhomogeneity observed with IBA. 
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Chapter 6. Conclusion and Future Work 

Several experiments were conducted to determine the feasibility of producing Sn-Li alloys with Li compositions in the 25 - 5 Li 

at% interval by a mechanical alloying process. The production of Sn-Li alloys was successful, with three compositions being 

manufactured: 25, 15 and 5 at% Li. Small deviations from the designed compositions were observed. These deviations are 

attributed to the inhomogeneity of the samples demonstrated both with IBA and DSC. 

The milling process overall yield seems to be limited by the energy input: increase in energy results in more losses of material to 

the walls due to adhesion of massive cold-welded material. Extracting the milled alloys in powder final form proved to be 

challenging. The maximum milling time tested in this work was 24h due to limitation induced by the adhesion of cold-welded milled 

material to the vial walls. 

Changing the experimental conditions could improve the overall yield of the process. Cryogenic milling is a possible solution for 

better yield in future work with these alloys. Lower vial speeds coupled with higher interval times and milling times might also 

provide higher yield. 

The powders start as irregular, rugose powders, that evolve to become more faceted as the milling time increases. Increasing the 

Li content increases the rugosity of the powders for the same milling times and decreasing the Li content decreases the time 

needed to achieve faceted or spherical, smooth powders.  

IBA proved to be a good method for determination of the bulk concentration of Li. However, due to the size of the probe and 

analysis time, the only way to determine the average composition is by calculating several points. Increasing the number of points 

analysed per pellet is necessary to obtain a better statistic on the real composition of the produced alloys. Other techniques (such 

as SIMS or Li mapping with PIGE) may provide further insight into the overall composition of the produced alloys. The 

compositional analysis also showed that Li segregation towards the surface of the alloy is observed even in solid state. Also, once 

the alloy melts, quick Li segregation occurs due to gravity effects, separating the metals which constitute the alloy.  

The phases formed during MA were studied by thermal analysis (DSC) which, despite the small size of the samples tested and 

the referred sampling limitations, detected two or three endothermic peaks in all samples analysed, showing that even in a small 

portion of material there is a heterogeneous distribution of local compositions. LiSn intermetallic was observed in XRD in only one 

of the samples. 

The overall results allow concluding that the process produced metastable microstructures with metallic Sn being present even in 

hypereutectic compositions. Due to limitation of the equipment, it was not possible to determine if higher melting point intermetallic 

compounds formed during reactive milling of Li with Sn. Further testing is necessary to determine the distribution of phases which 

can be done either by improving the milling process to allow the production of more representative samples or using devices that 

allow constant manipulation of the samples under protective argon atmosphere. 

It was not possible to determine the sintering conditions for the alloyed powders under inert atmosphere conditions. Further 

experiments must be conducted to determine the feasibility of sintering of Sn-Li alloys. 

Finally, the produced alloys are to be exposed in the ISTTOK and characterized to evaluate the performance of said alloys as 

plasma facing components. 
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