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Riassunto

Nell’ottica di uno sviluppo sostenibile e di un utilizzo efficiente ed efficace delle risorse, in un
mondo dove cambiamento climatico, sovrappolazione e scarsita delle risorse sono problemi
reali, ¢ dirimente lo studio e lo sviluppo di soluzioni tecnologiche innovative. Soluzioni che
siano in grado di dare una risposta alle sopracitate criticita.

Alcune delle opzioni che piu specificamente riguardano il campo dell’ingegneria dei materiali
sono: lo studio di materiali innovativi ed eco-friendly, graduale soppiantamento delle fonti di
energia non rinnovabili in favore di quelle rinnovabili, ottimizzazione dei processi (industriali
e non) esistenti anche in termini di riutilizzo di sottoprodotti come materiali di scarto o calore
dissipato (“waste heat”). Il calore, infatti, ¢ un sottoprodotto di innumerevoli processi
industriali, domestici e anche, per esempio, nel settore dei trasporti. In alcuni casi questo “waste
heat” ¢ riutilizzato ma in molti altri casi ¢ dissipato, dando chiaramente luogo ad uno spreco di
quello che da sottoprodotto potrebbe trasformarsi in risorsa.

In quest’ ottica i materiali termoelettrici possono giocare un ruolo chiave. La termoelettricita ¢
una proprieta dei materiali per cui il calore ¢ trasformato direttamente in elettricita. La
termoelettricita € una caratteristica comune a tutti i materiali, ma ¢ rilevante nei materiali
cosiddetti termoelettrici. 1 dispositivi basati su questi principi non presentano parti in
movimento e sono caratterizzati da architetture relativamente semplici, in quanto sfruttano una
proprieta intrinseca dei materiali. Nel corso degli anni, lo studio della termoelettricita ha visto
periodi di grande interesse e ricerca alternati a momenti dove la ricerca in questo campo ¢ stata
sensibilmente meno attiva. Questo perché, pur riconoscendone il grande potenziale, alcune serie
problematiche hanno limitato la produzione su larga scala di tali dispositivi. In prima battuta la
loro efficienza non ¢ ancora pienamente soddisfacente e la scarsita, e quindi costo elevato, dei
materiali tradizionalmente utilizzati sono state le principali ragioni. Ad esempio, Tellurio,
Germanio (materiali rari e costosi) e Piombo (tossico) hanno permesso lo sviluppo di generatori
termoelettrici allo stato solido relativamente efficienti e molto affidabili che hanno avuto
diffusione solo in ambito aereospaziale (generazione di elettricita su sonde spaziali), dove
I’elevato costo non € un problema cosi dirimente.

In quest’ottica ¢ chiaramente necessario lo sviluppo di materiali innovativi che pareggino le
prestazioni e affidabilita dei materiali tradizionali e che siano allo stesso tempo economici e
diffusi. 11 siliciuro di magnesio Mg>Si, oggetto di questa tesi, € un serio candidato come
materiale termoelettrico innovativo e sostenibile. Una combinazione di proprieta fisiche,
chimiche ed elettriche favorevoli rende questo composto intermetallico particolarmente
interessante e futuribile. I costituenti (silicio € magnesio), inoltre, sono tra 1 materiali piu diffusi
sulla crosta terrestre e sono non tossici.

Questa tesi, nel contesto presentato, propone la sintesi del siliciuro partendo dalle polveri dei
costituenti, tramite processo di “ball milling/mechanical alloying” seguito da un trattamento
termico per permettere I’avvenimento della reazione chimica di formazione.

La seconda parte del lavoro sperimentale riguarda lo stampaggio in 3d delle polveri ottenute.
L’additive manufacturing ¢ un processo universalmente riconosciuto come un metodo veloce e
versatile per la produzione di pezzi per ogni tipo di applicazione, applicabile ai piu svariati
materiali. Ovviamente sono disponibili numerosi metodi di stampaggio 3d applicabile a
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seconda dei materiali oggetto della stampa. Per questa tesi ¢ stato selezionato il processo di
stampa 3d per estrusione di paste. In questo tipo di approccio polveri del materiale di interesse,
generalmente metalliche o ceramiche, sono misturate ad una soluzione polimerica composta da
un solvente ed un binder polimerico che funge da legante. La soluzione risultante ¢ quindi
inserita in un cilindro e sospinta da un pistone ad uscire da un ugello. Dopo lo stampaggio dei
pezzi € necessario un trattamento termico che permetta la perdita della componente polimerica
e la sinterizzazione dei pezzi stampati.

La Termoelettricita

La termoelettricita ¢ quella branca della fisica che studia la conversione diretta del calore in
energia elettrica e viceversa. L’effetto Seebeck, I’effetto Peltier e I’effetto Thomson sono gli
effetti su cui la termoelettricita si basa. In particolare, I’effetto Seebeck relaziona il differenziale
di potenziale elettrico generato con la differenza di temperatura applicata. Le due differenze
sono proporzionali e il coefficiente di proporzionalita ¢ il coefficiente di Seebeck a.

Fisicamente cio che succede ¢ che quando una differenza di temperatura ¢ applicata alle
estremita di un materiale, i portatori di carica (elettroni o lacune) si muovono verso I’estremita
piu fredda. Convenzionalmente quando i portatori di carica sono elettroni, quindi negativi, e
conseguentemente si parla di semiconduttori di tipo n il coefficiente di Seebeck ¢ considerato
negativo; per conduttori di tipo p, dove 1 vettori elettronici sono lacune positive, o ¢
convenzionalmente positivo.

La figura di merito adimensionata ZT ¢ la principale indicazione delle prestazioni dei materiali
termoelettrici. Essa ¢ esposta dall’Equazione (2.3).

2
IT="21=2"7 (2.3)

K pK

Dove: a ¢ il coefficiente di Seebeck, ¢ ¢ la conduttivita elettrica, k € la conducibilita termica, p

la resistivita elettrica e T € la temperatura di applicazione. a? o ¢& anche definito come “Power
Factor” (PF).

L’efficienza termoelettrica ¢ proporzionale alla figura di merito ZT e anche alla differenza di
temperatura tra le estremita. Per cui maggiori ZT e AT, piu efficiente il materiale termoelettrico.
ZT ¢ direttamente proporzionale, come si vede dall’espressione che lo riporta, alla conduttivita
elettrica e inversamente alla conducibilita termica. Materiali efficienti sono quindi quelli che
presentano caratteristiche di discreti conduttori elettrici (nella maggior parte dei casi,
semiconduttori) e allo stesso tempo isolanti o cattivi conduttori termici.

In realta, le leggi della fisica prevedono un andamento quasi proporzionale tra la conducibilita
elettrica e quella termica. La conducibilita termica consta, infatti, di una componente elettrica
(ke1) € di una componente relativa al reticolo cristallino (kia). La componente elettrica ¢
direttamente proporzionale (legge di Wiedemann—Franz) alla conducibilita elettrica. Kiat,
invece, non ne ¢ dipendente. Di conseguenza materiali con proprieta termoelettriche interessanti

sono quelli che presentano il giusto compromesso tra le proprieta sopra discusse.



Generatori termoelettrici (TEGs)

I generatori termoelettrici sono dispositivi allo stato solido, in grado di sfruttare le proprieta
termoelettriche dei materiali, sfruttando effettivamente I’effetto Seebeck per la produzione di
elettricita. Un modulo termoelettrico prevede 1’accoppiamento tra un materiale di zipo p e uno
di tipo n, come mostrato in “Figure 2.2”. Un generatore termoelettrico prevede 1’affiancamento

di numerosi moduli termoelettrici.

r r

%
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Figure 2.2: Structure of a TEG module
(Source: www.wikipedia.org)

I vantaggi principali di questi dispositivi sono dati dal fatto che, non sono presenti parti in
movimento e quindi non necessitano di fluidi lubrificanti e la manutenzione necessaria ¢
limitata. Convertono direttamente il calore in elettricitd senza necessita di step intermedi.
Hanno una “life-time” elevata, specialmente quando la differenza di temperatura a cui operano
¢ costante. Sono versatili, in quanto esistono dispositivi per la generazione di pochi microwatt
fino a dispositivi per la produzione di alcuni kilowatt.

I TEGs sono classificati in base alla fonte di calore che trasformano in energia elettrica e alle
condizioni di utilizzo. In particolare, una possibile classificazione ¢ la seguente:

Generazione di elettricita in ambienti estremi, come zone di difficile o impossibile accesso.
Come lo spazio. In queste situazioni I’affidabilita (data la manutenzione pressoché impossibile)
e ’efficienza sono le caratteristiche piu importanti. Il costo dei materiali, invece, lo € meno.

Recupero del waste-heat, in applicazioni industriali e automobilistiche. In questo caso basso
costo ed elevata reperibilita dei materiali sono caratteristiche fondamentali, quanto le
performance termoelettriche.

Produzione domestica decentralizzata, per il recupero del calore in processi domestici,
soprattutto in paesi in via di sviluppo ma anche nei paesi piu industrializzati.

Micro-generazione per sensori e dispositivi microelettronici, dove vengono prodotti solo
microwatt di potenza elettrica.

TEGs solari, che funzionano sfruttando il calore irradiato dal sole.
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Materiali termoelettrici tradizionali
I materiali piu tradizionalmente utilizzati sono:

e Telluluro di Bismuto (BizTes3)

e Telluluro di Piombo (PbTe)

e Silicio/Germanio (SiGe)

e Sistemi ternari e quaternari a base di Bismuto, Antimonio, Tellurio, Argento, Selenio e

Cesio

o Skutteridi: minerali a base di Cobalto e altri elementi.
In generale 1 principali inconvenienti relativi a questi materiali sono relativi alla scarsita degli
elementi in questione e quindi al loro elevato costo.

Per sopperire a questi inconvenienti alcuni dei materiali piu futuribili e che si candidano a
giocare un ruolo da protagonisti nei prossimi anni sono: FeSiz, ZnO e Mg:X (dove X=Si, Ge,
Sn). Il siliciuro di magnesio (Mg»Si), in particolare, ¢ il materiale oggetto di questa tesi. Diversi
autori hanno gia presentato performance termoelettriche (descritte da ZT) comparabili ai piu
tradizionali materiali, affiancando a ci0 una disponibilita in crosta terrestre di alcuni ordini di
grandezza superiore.

Il Siliciuro di Magnesio

I1 siliciuro di magnesio ¢ un composto intermetallico a base di silicio e magnesio che si
sistemano in un sistema cubico dove il silicio occupa gli angoli e 1 centri delle facce del reticolo
e il magnesio si pone internamente alla cella elementare, con configurazione generale detta
‘anti-fluorite’, come mostrato in “Figure 3.1”.

r &

Antifluorite structure of Mg2Si
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Figure 3.1: Antifluorite structure of magnesium silicide
(Source: www.wikipedia.org)
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Questo materiale ¢ intrinsecamente un semiconduttore di tipo n e oltre a un discreto
comportamento termoelettrico combina proprieta fisiche, meccaniche e chimiche interessanti.
In particolare, la sua bassa densita (1.99 g/cm’) lo rende particolarmente interessante per
applicazioni in ambito automobilistico. Mg>Si € anche discretamente resistente all’ossidazione
e inizia ad ossidare, formando ossido di magnesio (MgO) a temperature superiori a 465 °C.
MgO riduce sensibilmente le proprieta elettriche del siliciuro di magnesio e conseguentemente
anche le sue proprieta termoelettriche. La formazione di ossido ¢ anche una delle principali
criticita legate alla sua sintesi. Questo ¢ dovuto alla estrema affinita del magnesio con I’ossigeno
anche a temperatura ambiente.
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La reazione di formazione tra magnesio e silicio per dare Mg>Si ¢ una reazione esotermica
(AH= —77.3 kJ/mol) e presenta inoltre energia libera di formazione negativa. Per la sintesi di
questo materiale, le criticita piu importanti sono date dal fatto che magnesio e silicio presentano
un’elevata differenza tra i loro punti di fusione e in particolare il Mg presenta addirittura un
punto di ebollizione (1110°C) inferiore al punto di fusione del Si (1414 °C). Cio, fa si che sia
conveniente la sintesi del materiale promuovendo la reazione allo stato solido dei costituenti.
Gli altri aspetti che rendono difficoltoso I’ottenimento sono: la formazione di ossido di
magnesio (praticamente inevitabile anche operando in atmosfera controllata); 1’elevata
volatilita del magnesio che evapora facilmente forzando ad operare in condizioni di difetto di
magnesio.

Le principali tecniche che consentono la fabbricazione del materiale possono essere sia di
fusione (in contenitori sigillati per ridurre 1’evaporazione del magnesio) e sia di reazione allo
stato solido (partendo dalle polveri dei costituenti). In particolare, le sintesi allo stato solido
possono essere: alligaggio meccanico, Spark Plasma Sintering, applicazione di energia tramite
microonde o di energia termica. Spesso questi processi vengono anche combinati.

Per questo lavoro di tesi ¢ stato scelto di combinare 1’azione meccanica, “milling” in un mulino
a sfere ad alta energia, in atmosfera di argon, con successivo trattamento termico atto a
promuovere la reazione di formazione. In letteratura sono gia stati presentati lavori per cui
Mg>Si sia stato ottenuto solamente tramite alligaggio meccanico. Cid avviene solamente dopo
decine di ore di milling e in molti casi anche dopo 60 ore la reazione non ¢ completa. Un
approccio piu diffuso consiste in: il milling ¢ ridotto a poche ore ed ¢ seguito da trattamento
termico in atmosfera inerte. Il vantaggio di questo accoppiamento sta nel fatto che gli impatti
ad alta energia tra le polveri con le sfere e tra di esse, durante il milling, riducono I’energia di
attivazione della reazione. Questo perché:

e La dimensione delle particelle ¢ ridotta, aumentando quindi 1’area superficiale di
contatto tra di esse;
e Ladistanza tra le particelle ¢ minimizzata per i continui impatti;
e [’energia interna ¢ aumentata per I’introduzione di difetti e stress.
Tutto ci0 porta ad un aumento dell’energia interna del sistema ed una conseguente diminuzione
dell’energia di attivazione della reazione. Ci0 ¢ schematizzato dalla “Figure 3.5”.

G

G,

Increase in mechanical energy

Activated

state

G,

Extent of the Reaction
Figure 3.5: Increase of internal energy by mechanical action, resulting in decrease of the activation
energy of the formation reaction of Mg2Si.

(Modified from [30]: L. Lu et al, Formation of nanocrystalline Mg2Si and
Mg2Si dispersion strengthened Mg-Al alloy by mechanical alloying, 1998) VIII



Praticamente, una riduzione dell’energia di attivazione significa che la reazione:
2 Mg + Si — Mg>Si, avviene a temperature piu basse quanto maggiore ¢ I’energia meccanica
applicata.

Possibilita di drogaggio

Il siliciuro di magnesio ¢, infine, estremamente interessante perché le sue proprieta di
semiconduttore n possono essere aumentate tramite drogaggio con elementi come antimonio,
bismuto e stagno. Ed ¢ possibile ottenere semiconduttori di tipo p tramite drogaggio con
elementi come calcio e argento.

Sintesi del siliciuro
Sperimentalmente si ¢ proceduto nel seguente modo:

Una mistura stechiometrica (2 Mg, 1 Si) delle polveri dei costituenti ¢ stata macinata per 5 e 10
ore (tempo effettivo) in un mulino a sfere ad alta energia (Retsch® PM100). 30 minuti di milling
sono stati alternati a 5 minuti di pausa per evitare sovrappressione ¢ surriscaldamento all’interno
del mulino. Da notare, inoltre, che il magnesio ¢ stato conservato in una glovebox sotto
atmosfera di argon. Dentro la quale sono avvenute tutte le manipolazioni ¢ il caricamento delle
polveri nel contenitore di milling, assicurando quindi che il milling sia stato condotto in
atmosfera inerte.

Gli altri parametri sono: -velocita = 400 rpm; -rapporto massa sfere : massa polvere =10 : 1; -
le sfere hanno un diametro di 20 mm e sono costituite dal minerale Agata, cosi come le pareti
del “contenitore di macinatura”; -¢ stato utilizzato esano come fluido di processo per evitare
attaccamento del materiale piu duttile (magnesio) alle pareti del contenitore e alle sfere.

Successivamente al milling, analisi DSC ¢ stata condotta sulle polveri macinate e non macinate.

I risultati sono mostrati in “Figure 5.10”. La reazione di formazione, come detto in precedenza,
¢ esotermica. L’analisi DSC condotta, infatti, mostra alcuni chiari picchi esotermici.
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Figure 5.10: DSC results comparation

Per quanto riguarda la polvere non macinata ¢ visibile un chiaro e ben definito picco esotermico
Py a circa 590 °C, indice dell’avvenimento della reazione di formazione del siliciuro a quella
temperatura. Per quanto riguarda le polveri macinate, invece, i1 picchi relativi alla reazione di
formazione sono meno definiti, piu larghi e sono spostati verso temperature via via piu basse
con I’aumento del tempo di milling (P2, P3 e P4, Ps). I picchi Ps e P7 sono probabilmente riferibili
alla formazione di nitrato di magnesio (I’analisi ¢ stata condotta in atmosfera di azoto), anche
se questa ipotesi non ¢ stata verificata sperimentalmente.

Con base su questi dati le polveri non macinate e quelle macinate per 5 ore sono state soggette
ad un trattamento termico. In particolare, il trattamento ¢ avvenuto in un forno tubulare, con
temperatura che in 15 minuti ¢ stata innalzata fino alla temperatura di set point (590 °C per la
polvere non macinata, 410 °C per quella macinata); temperatura che ¢ stata mantenuta per 75
minuti lasciando poi raffreddare fino a temperatura ambiente, prima di estrarre le polveri.

Per quanto riguarda le polveri macinate sono state sperimentate tre diverse atmosfere inerti
(vuoto, azoto e argon) mentre la polvere non macinata ¢ stata trattata solo in atmosfera di azoto.
Dall’analisi di diffrazione ai raggi x (risultati mostrati in “Figure 5.22” per quanto riguarda le
polveri macinate) si evince che la formazione nel siliciuro non avviene neanche in minima parte
in seguito al processo di milling, ma solamente successivamente al trattamento termico. In ogni
caso una percentuale (in massa) bassa ma non trascurabile di MgO (mediamente 5 %) ¢ stata
rilevata in seguito ai trattamenti termici nelle varie atmosfere testate. Percentuale che prima del
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trattamento si attestava a valori inferiori all’l %. Nelle tre atmosfere testate inoltre ¢ sempre
stata rilevata una percentuale di silicio non reagito considerevole (tra il 10 e il 13 %), indicando
che ¢ avvenuta una perdita di magnesio (probabilmente per evaporazione) che ha costretto ad
operare in difetto di tale elemento.

I picchi sono stati identificati nel seguente modo:
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Figure 5.22: XRD patterns of powder milled 5 hours, before any therml treatment and powder
(previously milled 5 hours) annealed in the three different atmosphere tested (N>, argon and vacuum)
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Tali analisi sono anche state affiancate da spettroscopia Raman e IR per supportare
ulteriormente i dati ottenuti e microscopia SEM per analizzare la morfologia e dimensione delle
particelle, risultati che non sono riportati in questo riassunto.

Per quanto riguarda le polveri non macinate, le analisi hanno provato I’effettiva formazione di
siliciuro dopo trattamento termico a 590 °C. Insieme a Mg>Si come fase principale sono stati
rilevati ossido di magnesio (4-5 % in massa) e silicio non reagito (3-4 % in massa).

Stampaggio 3d delle polveri di silicio e siliciuro di magnesio

La seconda parte del lavoro sperimentale ¢ consistita nello stampaggio 3d per estrusione di una
pasta del siliciuro prodotto (utilizzato il siliciuro prodotto per macinatura di 5 ore con
successivo trattamento termico in atmosfera di azoto).

Come primo passo ¢ stato condotto uno studio preliminare utilizzando sola polvere di silicio (la
stessa che ¢ stata utilizzata come materia prima per la sintesi del siliciuro). L’obiettivo di questo
studio ¢ stato quello di individuare i materiali (in particolare solventi e leganti polimerici) piu
consoni e promettenti. Una pasta estrudibile consta nella mistura delle polveri del materiale in
oggetto, con un solvente ed un legante polimerico. La pasta viene inserita in una siringa (per
quanto riguarda la stampante utilizzata in questo lavoro), che viene a sua volta inserita in un
cilindro. Un pistone applica una forza costante ma regolabile forzando quindi la pasta a
fuoriuscire dall’ago della siringa (ugello). Il movimento su tre assi del piatto su cui avviene la
stampa permette 1’ottenimento dei pezzi desiderati.

Durante lo studio preliminare numerosi materiali sono stati testati € sono riassunti in “Table
6.1,

Table 6.1: Lists of the experimented materials

SOLVENTS BINDERS ADDITIVES
Ethanol Ethyl cellulose (EC) Oleic Acid
Xylene Polystyrene (PS)

Dodecanol

Acetone Cellulose acetate (CA) Oleic Acid
Dimethylacetamide (DMAc)

I principali parametri testati sono stati: la percentuale di legante polimerico disciolto nel
solvente organico e la proporzione tra soluzione polimerica e polvere. Alla fine dello studio
preliminare i materiali selezionati sono stati: -xilene come solvente; polistirene ed etilcellulosa
come leganti. Pezzi stampati con le formulazioni piu promettenti (3 di PS in xilene e 2 di EC in
xilene) state sottoposte ad analisi DSC-TGA. Questo, per studiare la temperatura di de-binding.
Come spiegato in precedenza, infatti, i pezzi stampati devono essere soggetti ad un trattamento
termico a due step: il primo per eliminare il legante polimerico e il secondo per la
sinterizzazione del pezzo. La “fuoriuscita” del polimero ¢ un processo endotermico a cui
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corrisponde contestualmente una perdita di massa. Due parametri facilmente riscontrabili
tramite analisi DSC-TGA. 1 risultati ottenuti (temperatura di de-binding del polistirene e
dell’etilcellulosa) sono riassunti in “Table 6.14”.

Table 6.14.: Resume of the deduced Tho

PS formulations Tbo ~ 460-470 °C

EC formulations Tho ~ 360 °C

Stampaggio del siliciuro

Delle 5 formulazioni selezionate, la piu promettente ¢ stata utilizzata come base per lo
stampaggio del siliciuro. Il rapporto soluzione : polvere ¢ stato modificato e adattato al nuovo
materiale. Purtroppo, data la scarsita di siliciuro a disposizione, non ¢€ stato possibile ottimizzare
la stampa, anche se comunque i risultati ottenuti (in termini di definizione e precisione dei pezzi
stampati) sono stati complessivamente soddisfacenti.

Per quanto riguarda il post-trattamento trattamento termico (avvenuto in vuoto), diversi
parametri sono stati sperimentati. Come detto in precedenza, la temperatura di de-binding
polimerico ¢ stata determinata sperimentalmente. Gli altri parametri importanti per questa fase
sono: le varie rampe di riscaldamento, il tempo di mantenimento alla temperatura di de-binding
e alla temperatura di sinterizzazione e la temperatura di sinterizzazione stessa. Sono stati fatti
diversi tentativi, ma nessuno di questi ha portato alla consolidazione sperata dei pezzi. In
particolare, 1 primi tentativi sono stati fatti raggiungendo una temperatura massima di 800 °C
(per limitazioni operative del foro utilizzato). Un successivo ed ultimo tentativo ¢ stato fatto
grazie all’utilizzo di un altro forno che ha permesso il raggiungimento di una temperatura piu
elevata (950 °C), considerata piu consona al materiale in oggetto, essendo circa 1’87 % della
temperatura di fusione dello stesso. Il profilo di temperatura utilizzato ¢ riassunto in “Figure
6.39”.
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Figure 6.39: Scheme of the temperature perfil used for the last sintering attempt.

Anche in questo caso, tuttavia, il consolidamento meccanico dei pezzi non ¢ avvenuto rendendo
quindi impossibili successive caratterizzazioni elettriche o termoelettriche.

I risultati dell’analisi di diffrazione ai raggi x, effettuata in seguito all’ultimo tentativo, hanno
parzialmente chiarito quest’aspetto. Durante il trattamento termico (effettuato in vuoto), una
grande quantita di forsterite (Mg2Si04) si € formata, la quantita di ossido di magnesio presente
¢ aumentata e contestualmente non ¢ stata piu rilevata la presenza del siliciuro che quindi si €
trasformato in altro durante il trattamento.
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1 Introduction

One of the most important today challenge is a more sustainable and efficient use of resources.
Climate change, environmental pollution and resources depletion are issues that cannot be
avoided anymore. The overall world population is constantly increasing and consequently the
resource demand is growing too. As an example, it’s expected that the world’s power demand
will rise 60 % by 2030. However, electricity still mainly comes from non-renewable sources.
Fossil fuels and nuclear processes represent approximately 90 % of the world’s electricity
production sources. [1]

Beside this, it must be considered that in many sectors low-efficient processes very often leads
to the waste of a large amount of resources and energy. For instance, a tremendous amount of
heat is daily produced in industry and in the transportation sector, but a big percentage is not
exploited; it is dissipated as waste heat into the environment.

This large amount of waste heat, though, can be exploited and directly converted into electricity
by thermoelectric (TE) solid-state generators. TE materials are, in fact, able to convert thermal
energy into electricity. The thermoelectric effect is that phenomena by a difference of
temperature (AT) across the material creates an electric potential (AV) and vice versa. The
appearance of an electrical voltage caused by a temperature gradient is named “Seebeck effect”

[2].

In this context, this thesis proposes the development of eco-friendly printable thermoelectric
materials; they may be used in a very broad field of applications and hence, effectively answer
to some of the presented issues. Typically, this kind of devices are based on material such as
Tellurium (Te) and Germanium (Ge) that are scarce or Lead (Pb) that is toxic.

The aim of this project is to develop Silicon (Si) and Magnesium (Mg) based TE materials. Si
and Mg are abundant and non-toxic elements. The intermetallic compound magnesium silicide
(Mg2Si) presents a positive combination of chemical and physical properties such as
lightweight (density: 1.99 g/cm3), high melting point (1102 °C) and oxidation resistance in the
application temperature field. In addition, the TE properties good can be significantly enlarged
by doping. Values of ZTmax=0.7 up to ZTmax=1.5, when doped, have been already reported by
Liu et al [3].

The dimensionless figure of merit ZT (better described in “Chapter 27) is used as a measure of
the thermoelectric performance. It is function of the Seebeck coefficient a, of the electrical
conductivity ¢ and of the thermal conductivity k. It is also function of the temperature. The
higher the figure of merit, the better the TE performances. Considering that the “last generation”
of Te-Pb based bulk thermoelectrics achieved ZT of 1.8 at about 850 K (577 °C), the previously
presented values of ZT are very promising values. [4, 5]

Moreover, both n-fype and p-type features are achievable doping Mg-Si based compounds.
Mg>Si is intrinsically a n-type semiconductor and its electrical properties can be enhanced by
doping with elements such as Al, Bi and Sb. However, doping with Ca or Ag leads to obtain a
p-type semiconductor. All these reported characteristics make Mg>Si a very promising material
for applications at intermediate temperatures, in the range of 500 to 800 K.

Magnesium silicide fabrication is challenging, because the melting point of Si (1414 °C) is
much higher than the boiling point of Mg (1090 °C), so it is not easy to have both Mg and Si
liquid at the same conditions; that leads to difficulties in using traditional and easy-to-use
techniques such as arc melting. Magnesium silicide could be synthetized by different
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techniques, usually starting from powders of the components. Mechanical Alloying (MA), Hot
Pressing (HP), Spark Plasma Sintering (SPS) and Microwave Heating are effective methods
that consent to obtain the Mg>Si phase.

In this work of thesis, it was decided to combine mechanical action, using a planetary ball mill,
followed by a thermal treatment, in controlled atmosphere, to complete the formation of the
alloy. An effective combination of parameters in term of: -milling parameters; -annealing
temperature, atmosphere and time was studied to develop an efficient and effective process.
Magnesium silicide was successfully obtained with the indicated methods, starting from
powder constituents.

The second part of the thesis is about the 3D printing of the obtained magnesium silicide.
Additive manufacturing (AM) or 3D printing is widely known to be a very versatile method
and it allows to obtain complex objects in a relatively short time. In the specific case, it may be
a route suitable for mass-production and low-cost fabrication of TEGs (thermoelectric
generators).

Among other 3D printing techniques, an extrusion-based technology was used. An extrudable
TE paste is prepared blending the TE powder with a viscous liquid solution. The components
of the solution are a solvent and a polymeric binder. In this work, formulation of a paste was
studied to obtain optimized printing and after-printing behaviour. The critical parameters are
the proportions powder to solution and the composition of the solution. A preliminary study
was performed on silicon commercial powder and then adapted to the magnesium silicide
synthetized. Notice that the manufacture of Mg>Si-based pastes is challenging because of its
reaction with water. This limited the use of solvents and binders. Some water-free formulations
were experimented, and different solvents and binders tested. Mg>Si was successfully printed
using a formulation containing xylene as a solvent and polystyrene as a binder.

The printed pieces are then, subject to a two-steps thermal treatment, in order to achieve the de-
binding of the polymeric binder and mechanical consolidation of the pieces. However, even
though various combinations of parameters were tested the post-processing didn’t lead to the
hoped results. The sinterization of the pieces didn’t succeed; consequently, it wasn’t possible
to measure the thermoelectrical properties of the fabricated devices.

Despite this, this work presents an effective procedure for Mg»Si fabrication and its 3d printing
by paste-extrusion method. This is considered as the innovative contribution of this thesis: were
not found in literature, in fact, any studies for 3d printing of Mg>Si-based devices; that is so a
new research topic. Moreover, even though the post-processing didn’t lead to mechanical
consolidation of the pieces, the tested combinations of parameters are important piece of
information for further works on this subject.



1.1 Thesis Structure

The next chapters of this Master Thesis are structured as follows:

The aim of Chapters 2, 3 and 4 is to give the reader an overview about the theoretical principles
on which this work is based and to show briefly the analytical instrumentations used to analyse
and characterize the outputs of the experimental part.

In particular:

Chapter 2 deals about some theoretical aspects of thermoelectricity: the thermoelectric
effects (Seebeck, Peltier and Thomson), the Seebeck coefficient, the dimensionless
figure of merit ZT and the thermoelectric efficiency. N-type and p-type thermoelectric
materials are also described. Then the chapter gives an overview about the practical
applications of thermoelectric materials: the thermoelectric generators (TEGs) and some
fields of application. It concludes dealing about some of the most commonly used and
performing thermoelectrics, emphasizing their disadvantages and the reasons that
limited their diffusion.

Chapter 3 gives an overview about magnesium silicide. The materials proposed by this
work such as a novel, eco-friendly and performing TE material. Its physical, chemical
and thermodynamic properties are presented especially focusing on that ones that could
influence the synthesis of the material and the devices production. Then, the state of the
art about fabrication techniques and doping is presented, to provide a small review
regarding the researches and manuscripts found in literature.

Chapters 4 describes the analytical techniques used in this work, in specific:
- Scanning Electron Microscopy (SEM)
- X-ray Diffraction (XRD)
- Raman Spectroscopy
- Fourier-Transform Infrared Spectroscopy (FT-IR)
- Differential Scanning Calorimetry (DSC)
- Thermo-gravimetrical Analysis (TGA)

Chapters 5 and 6 are about the experimental part of the thesis. The synthesis of Mg»Si, its 3d
printing and electrical characterization are described.

In detail:

Chapter 5 regards the fabrication route of magnesium silicide, obtained by ball milling
followed by the application of a thermal budget. The description of the used
instrumentation, with a focus on the ball milling/mechanical alloying process, is also
presented. The exploration and comparation of different inert atmospheres are described
and the results of the analysis, that proved the success of the alloy formation, showed.



e Chapter 6 deals about the printing of the fabricated magnesium silicide, showing the
preliminary study performed using only silicon powder. A short description of the used
printer is also provided. Then, it follows the presentation of the post-process treatments.

Chapter 7 concludes the thesis, presenting and summarizing the overall conclusions.

The experimental work has been performed in the materials department of the “Faculdade de
Ciéncias e Tecnologia” of the “Universidade Nova de Lisboa” (FCT NOVA) at the campus of
Caparica, Portugal. The practical work was also done, in collaboration with Politecnico di
Torino (Italy), “CTN — Campus Tecnoldgico e Nuclear” of the “Instituto Tecnico de Lisboa”
(Portugal) and “Universidade of Aveeiro” (Portugal).



2 Thermoelectricity

Thermoelectricity studies the direct conversion of heat into electricity and vice versa. Two
related mechanisms, the Seebeck effect and the Peltier effect are the basis of thermoelectricity.
These phenomena happen in every material; however, they are appreciable only in the so-called
thermoelectric materials.

2.1 Thermoelectric effects [6, 7]

The Seebeck effect is the first thermoelectric phenomenon observed in 1821 by Thomas Johann
Seebeck. For many years it was considered the starting point of thermoelectric studies.
However, the history of thermoelectricity starts earlier, in 1794 with Alessandro Volta [6]. The
Italian scientist already in that year made some experiments, finding a correlation between an
applied temperature gradient on a metallic spire with the formation of electricity. Seebeck in
1821 observed the movement of a compass needle when two dissimilar materials were joined
together and were subjected to a difference of temperature. He firstly associated this behaviour
with the earth's magnetic field. Two years later Hans Christian Orsted understood that it was
due to the flowing inside the material of electrical carriers. The voltage is proportional to the
gradient of temperature and the constant of proportionality is the Seebeck coefficient a, as
shown in Equation (2.1).

AV = —aq AT 2.1)

In 1834 Jean Charles Athanase Peltier observed the formation of a difference of temperature,
not referable to the Joule effect, while two conductive materials were joined and crossed by
electricity, this phenomenon is called Peltier effect. It is the reverse counterpart of the Seebeck
effect. The heat is generated or absorbed according the direction of the current; it is also
proportional to the current by a proportionality coefficient called Peltier coefficient.

Willian Thomson in 1851 correlated Peltier and Seebeck effects and propose a third
thermoelectric effect: the so-called Thomson effect. When a homogeneous conductive material
has his extremities at two different temperature T1 and T2 and an electric current is flowing
along the material, then it will absorb or produce heat according to the current direction.

The Seebeck coefficient a of a material gives the magnitude of the thermoelectric voltage that
forms by the Seebeck effect. The SI unit is Volt per Kelvin (V/K), even though more often is
given in microvolt per Kelvin (um/K). For metals a values are typically 1-10 um/K while
semiconductors can present o values up to 10'2-10'3 pm/K. The Seebeck coefficient is not
constant along the temperature and it is influenced by many factors. It is expressed by Equation
(2.2).

@ = 358 e (1)2/3 2.2)
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e kg is the Boltzmann constant,

e m* is the density of states effective mass,

e h is the Planck constant,
e n is the carrier concentration,
e ¢ is the electron charge

2.2 P-type and n-type semiconductors [8]

When a difference of temperature is applied over a material, the electrical carriers (electrons or
holes) move from the hot extremity to the cold one. So, a voltage creates along the material.
Consequently, an electric field is created too. P-type semiconductors that presents positive
electrical carriers (holes) have positive values of a, while n-type ones have negatives values of
a. That is because from a vector point of view the electric field points from the higher voltage
to the lower one. The gradient of temperature is oriented from the lower temperature to the
higher. “Figure 2.1” shows the described behaviour.
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Figure 2.1: Representation of p-type (o > 0) and
n-type (0. < 0) thermoelectric semiconductors

P-TYPE SEMICONDUCTORS

The movement of the positive charged carriers
(holes), results in a low density of holes in the
hot side. In this case, the electric field will
point to the hot side having then, same
direction of the temperature gradient.

N-TYPE SEMICONDUCTORS

The movement of the electrons creates a low
density of negative charges in the hot side. In
this case the electric field will point to the cold
side having then, opposite direction of the
temperature gradient.

In order to exploit the voltage that creates it is necessary to couple the n-type and the p-type:
this is at the base of the functioning of thermoelectric generators as explained in paragraph 2.5.

2.3 ZT Figure of merit and TE efficiency [8, 9]

ZT is a dimensionless figure of merit, proposed in 1909 by Edmund Altenkirch. It is reported
in Equation (2.3) and determines in large part the TE performance of a material.

2
7T = T=2T

K pK

(2.3)



e «is the Seebeck coefficient

e o is the electrical conductivity

e pis the electrical resistivity

e « the total thermal conductivity

e The product a? o is also defined as Power Factor (PF).

In addition, for power generation, the thermoelectric efficiency 1 is defined by combining the
Carnot efficiency (AT/Thot) and the figure of merit ZT, as shown in Equation (2.4).

AT 1+ ZTapg— 1
m= Thot [T+ ZTagy + —cold (2.4)
@I Thot
Where:

o Thot and Teolg are the temperatures of the hot and cold ends
e AT the difference of temperature
o ZTay, the average figure of merit (ZT at the Tavg)

Increasing TE efficiency requires both high ZT values and a large temperature gradient across
the material. The challenge in creating high ZT thermoelectric materials is in achieving
simultaneously high Power Factor (PF) and/or low thermal conductivity (x), as visible from
Equation (2.3). However, obtaining these results at the same time is really challenging. An
increase of PF is usually obtained by doping the material; doping, however, leads to an increase
of 6 and, as suggested by Equation (2.2), to a decrease of a.

Moreover, usually, electrical and thermal conductivity go hand in hand. The thermal
conductivity k, in fact, presents two contributions: a contribution from lattice vibrations and an
electronic one, as reported in Equation (2.5).

K = KLAT + KEL (25)

The electronic contribution increases linearly with the electrical conductivity as shown by the
Wiedemann—Franz law (Equation (2.6).

K EL =0 LT (2.6)
Where: L is the Lorentz number, T is the temperature and o the electrical conductivity.

Lattice thermal conductivity kiar is the only parameter that is independent of carrier
concentration. Then, strategies to enhance the thermoelectric performance, by decreasing the
thermal conductivity, include the development of materials with intrinsically low thermal
conductivity, solid-solution alloying and the realization of nanostructured materials.

According to ZT and efficiency, TE materials can be divided into three generations. In the first,
ZT is about 1.0, and the devices can operate at an efficiency of approximately 4-5 %. The
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second generation starting in the 1990s, ZT was pushed to about 1.7, by the introduction of
nanostructures; the efficiency reached 11-15 %. The third generation of bulk thermoelectrics
has been investigated recently; new concepts led to obtain ZT of 1.8 and even higher. The
predicted device conversion efficiency increases up to 15-20 %. These high-ZT devices, as
reported by Champier [10], are so far limited to laboratory applications. The currently best
commercially available devices have a ZT of ~ 1. However, many improvements have being
made in the last decade and more are expected in the next years.

2.4 Thermoelectric generators (TEGs) [10]

A thermoelectric generator (TEG), is a solid-state device able to convert heat directly into
electrical energy exploiting so, the Seebeck effect. TEGs are made of a set of thermoelectric
(TE) modules and each TE module consists in many pairs of TE couples connected together
electrically in series and thermally in parallel. A possible configuration of a TE module is a
circuit consisting of two joined different thermoelectric materials (n-fype and p-type) that form
a TE pair. The structure of TE module is shown in “Figure 2.2”.

_

Figure 2.2: Structure of a TEG module
(Source: www.wikipedia.org)

The generated electrical current is introduced in the external circuit thanks to the movement to
the cold side of -in the n-type semiconductor- electrons, and -in the p-type- holes. That makes
possible the exploitation of the voltage generated after the application of a temperature gradient.
The structure of a TEG is shown in “Figure 2.3”.
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Figure 2.3: Structure of a TEG composed by many TE modules

(Source: www.thermoelectrics.caltech.edu)

TEGs present several advantages and big potentiality:

e The energy conversion is direct, with no intermediate step. Traditional heat engines, in
fact, convert thermal energy into mechanical and then to electricity by using an
alternator.

e There aren’t involved moving parts and working fluids. It means less maintenance
needed and so, lower maintenance cost. It also means noiseless functioning.

e They have a long lifetime, particularly when working at -more or less- constant heat
sources.

e TEGs can be used for a big variety of applications: from microgeneration to kilowatts
production.

Low efficiency and high cost, however, have been a barrier to mass development. Despite their
clear advantages, TEGs are being limited to few applications such as space ones. In spatial
applications TEGs reliability justified their use despite the high cost.

To overcome the disadvantages that limited the TEGs diffusion, researchers and manufacturers
have tried find new solutions: improving ZT, increasing the operating range for working with
higher temperature gradient and looking for low-cost raw materials. Efficiency is defined as the
ratio of the electrical energy produced, to the energy entering, as heat, in the hot face. Efficiency
expression was already presented in Equation (2.4), where it has to be considered that the figure
of merit ZT should take in account the contribution of both p-type and n-type materials Seebeck
coefficient as illustrated in Equation (2.7).

Apn = Ap — Ay (2.7)



In the calculation of ZT, it also has to be considered the eventual differences in thermal (i)
conductivity and electrical resistivity (p) as shown in Equation (2.8).

2
Ofpn

T = 5
(Vip Pp+ykn pn)

T

(2.8)

“Figure 2.4” compares the Carnot efficiency with the TE efficiency in function of the most
common values of ZT.
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Figure 2.4: Comparation of Carnot efficiency with TEGs efficiency in function of ZT
(Modified from [10]: D. Champier, Thermoelectric generators: A review of applications, 2017)

2.5 TEGs applications [10]

As it has been previously stated, many are the potential application fields of TEGs. Use
conditions and nature of heat sources are two possible parameters to classify the possible
applications. Champier [10] classified them into five categories:

1.

A

1.

electricity generation in extreme environments

waste heat recovery

decentralized domestic power and combined heat and power generation systems

micro-generation for sensors and microelectronic devices

solar TEGs

Electricity generation in extreme environments, remote areas and space

Electricity production in these environments, in which weather conditions can be extreme and
access 1s limited or none, is a critical application that should satisfy strict specifications. It
requires extremely reliable source of energy over long time and maintenance must be as low as
possible.
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Space industry used TEGs since the beginning of spatial exploration. Radioisotope
thermoelectric generators (RTGs) provided electrical production to many satellites and probes
sent to space in conditions in which sunlight wasn’t enough to feed solar panels. RTGs showed
a perfect solution for spatial applications due to low mass, high reliability and long lifetime
(from few years up 30 years). In this case, clearly, the economic aspect is secondary: expensive
materials can be used with no big issues.

2. Waste heat recovery

A key challenge in industry and transportations is to recover thermal energy lost or waste heat
and convert it into electricity.

In industry in general, heat is often a by-product of many processes. Part of it is reused or
converted into electrical power by steam turbines or engines, however most of the time it is
released into the enviorment.

Automotive and more in general transportation industry, is one of the most attractive sector for
waste heat recovery from TEGs. So far, only scarce solutions have been developed for waste
heat recovering from exhaust gas of engines.

The FIAT Research Center estimated that on a small-medium gasoline engine, a TEG with a
ZT = 1.2 with an efficiency of 4-5% may lead to a 6-7 g/km COz-emission reduction, a
remarkable value for automotive manufacturers. Then, higher ZT values (2 or more) are
welcome but not strictly necessary [11].

In these fields, the economic aspect is fundamental: only low-cost, abundant, non-toxic and
performing materials can be serious candidates to mass production and gain a key role in
industry and transportations.

3. Domestic TEG

In developing countries, a large amount of people doesn’t have access to electricity grid. In
these contexts, power production by decentralized autonomous systems is the only
economically viable solution. Solar energy needs big storage capacity for periods without
sunlight. TEGs, applied on cookers or stoves, may be a solution to provide power for small
applications.

TEGs are not limited to the domestic use in developing countries but may find application in
developed countries too. Heating production systems such as stoves or boiler can be heat source
for TEGs.

4. Micro-generation for sensors and microelectronic devices

Thermoelectric generators may be used to produce low-power devices such as sensors.
Intelligent sensors require only a hundred microwatts or few milliwatts. The power source must
be compatible with the lifetime of the sensor. Sometimes batteries don’t fulfil this specification,
while TEGs can guarantee a longer lifetime.

5. Solar thermoelectric generator (STEG)

Solar thermoelectric generators use the heat from the sun as a heat source. The solar flux must
be directly concentrated on the TE modules by mean of thermal, optical or classical solar
concentrators otherwise the efficiency would be too low.
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2.6 Traditional Thermoelectric Materials [12, 13]

Some of the most used and performing materials are the binary intermetallic semiconductor
systems: BiTes, PbTe, SiGe. However, several authors [12, 13] already illustrated serious
problems and limitations related to a further development of devices based on these materials.
“Figure 2.5” lists the most used and investigated TE materials and some of their characteristics.

Bismuth Telluride (Bi2Te3)

Probably the most spread TE material is Bi>Tes, for low temperature applications, up to 523 K.
Modules based on BixTes are widely spread in industrial applications. Devices with ZT = 1.1,
showed an efficiency of respectively 6.7 % and 9.5 % in the range 320 — 470 K and 270 — 470
K. A wide range of different devices is available: from small modules, with very low output
powers for sensor applications (magnitude of mW), to TEGs with output powers of 1 kW or
more. However, in terms of availability on the earth, Tellurium is a “limiting material”.
Moreover, the price of this element has become very volatile. In this scenario, an increase in
use of Tellurium based materials is not likely.

Lead telluride (PbTe)

PbTe is a very good material for thermoelectric generators (TEGs) in terms efficiency and
durability in the temperature range up to about 823 K. Though, the considerations about
Tellurium already presented, and the toxicity of Pb are elements that reduce considerably the
potential of these materials.

Silicon-germanium (SiGe)

SiGe based modules present good performances in the temperature range between 1023 K and
1273 K. The application is, however, limited to specific applications such as spatial ones. The
scarcity of germanium is a serious limitation to the mass application.

Ternary and quaternary systems

Recent approaches to high-performance bulk TE materials focus on ternary and quaternary
chalcogenides such as Bix—xSbxTes-ySey, CsBisTes, AgnPbmMnTem+2n (M = Sb, Bi). Other
reaserches focused on materials called half-Heusler alloys. They present a general formula
MNiSn, where M = Zr, Hf, Ti.

Skutterudites

Skutterudites are some of the widely investigated thermoelectric materials. Occurring naturally
in CoAss-type structure, skutterudites are formed by transition metals (Co, Rh, Ir) and group V
elements (P, As, Sb). Rhodium (Rh) and Iridium (Ir) are two of the rarest elements in the Earth’s
crust.

12



Weighted Crustal

Abundance
Material ZzT (Metric Tons)
BisTe, 10300 K) 2.8 x 10
SiGe 0.8 (1000 K) 2.6 x 1017
PhTe 0.9 (750 K) 3.5 x 10
AgPb,sShTes, (LAST) 1.72 (800 K) 3.4 x 10"
(GeTe)rs(AgShTes)os 1.75 (700 K) 2.3 x 101
(TAGS-75)
SFU.IEE-Y_L'U.UHCU{SLIIZ 1.32 [850 K} 3.2 4 1016
( skutterudite)
BagGa,;Ge,, (clathrate) 1.35 (900 K) 3.8 x 10'7
Yby4Mn,_,AlSh,, 1(1200 K) 7.7 x 108
(Zintl phase) .
f-ZnsShs 1.3 (670 K) 4.6 x 10°
Hfy 75 Zrp 2 NiSng 9755bo o2s 0.8 (1025 K) 3 x 10®
(half~-Heusler)
NaCo,0, (oxide) 0.8 (1050 K) 7.1 x 10'®
MgsSip.40.01550065b0.015 1.1(800 K) 0.5 x 10'*
(silicide)

Figure 2.5: High ZT bulk thermoelectric materials listed with their weighted crustal abundance.

(Modified from [12]: R. Amatya, R. J. Ram, Trend for Thermoelectric Materials and Their Earth
Abundance, 2012)

It is clear that, in order to have competitive and viable TE devices with a real impact on today’s
issues, TE performances are not the only parameters to be considered. High ZT and TE
efficiency are of course crucial characteristics but, abundance on earth (showed in “Figure
2.6”), low and relatively fixed price, non-toxicity are fundamental points too. Without
responding to these characteristics, the mass production of TE devices could not happen and
consequently no effective impact could follow the enormous potential of thermoelectricity.
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Figure 2.6: ZT vs crustal abundance for bulk TE materials
Abundance* (atoms of element per 10° atoms of Si)

(Modified from [12]: R. Amatya, R. J. Ram, Trend for
Thermoelectric Materials and Their Earth Abundance, 2012)

Some of the materials that show a good balance between TE performance and abundance and
low cost are: FeSiz, ZnO and Mg2X (X=Si, Ge, Sn). In this work, magnesium silicide (Mg>S1)
has been investigated. It has been synthetized and 3d printed.
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3 Magnesium Silicide: A Novel Thermoelectric Material

The intermetallic compound magnesium silicide (Mg2Si) is a very promising novel
thermoelectric material for the development of eco-friendly and efficient TE devices. An
interesting combination of chemical, physical properties and TE performance make Mg2Si a
very promising material for applications in the range of 500 to 800 K. The wide disposability
and abundance in the earth of constituent elements, Mg and Si, are a major reason for Mg2Si
based compounds to gain importance as TE materials. Magnesium silicide is intrinsically a n-
type semiconductor and his properties can be enhanced by doping with element such as Al, Bi
and Sn. In addition, doping elements such as Ca or Ag make possible the obtaining of p-type
properties. Then, by using the same material and only doping with different elements, it is
possible to obtain p-type and n-type, crucial condition for the development of TEGs.

The synthesis of Mg2Si could be obtained by different techniques, such as Mechanical alloying
(MA), hot pressing (HP) and spark plasma sintering (SPS). All techniques that start from
components powder.

3.1 Magnesium Silicide: structure and physico-chemical
properties

Mg2Si is an intermetallic inorganic compound, constituted by silicon and magnesium. It
crystallizes in the antifluorite configuration as shown in “Figure 3.1”, with cubic crystal lattice
cell parameters a=b = ¢ = 6.404 A [14] (other authors report 6.351 A [15]) and a. =B =7 =90
°. The Si atoms occupy the corners and face-centered lattice sites, while Mg atoms occupy eight
tetrahedral positions inside of the unit cell. The distance between Mg and Si atoms has been
found to be 2.77 A. The coordination number of Si and Mg are eight and four respectively [14].
The cubic lattice of Mg2Si transforms to hexagonal lattice at high pressure (> 25 kbar) and
temperature (> 900 °C) [15].

a

Antifluorite structure of Mg2Si

© s
OSi

Figure 3.1: Antifluorite structure of magnesium silicide
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(Source: www.wikipedia.org)

In magnesium silicide, silicon atoms present filled s- and p-electron orbitals and each Si atom
forms four covalent sp3-bonds. Mg subshells are only half-filled and there is no bonding
between the two magnesium atoms. Bonds in this compound are mainly covalent with a 25 %
of ionic component [14]. The Mg>Si narrow energy band gap is 0.77 eV.

The melting temperature is reported to be in a range 1355/1375 K (1082/1102 °C), and the
vapour pressure is lower than 0.001 bar at 20°C. It has a molecular mass of 76.71 g/mol and it
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is light-weight, with a density of 1.99 g/cm®. Mg>Si also exhibits good mechanical properties
with high young’s modulus (120 GPa) and elevated compressional strength (1640 MPa) [15].

3.2 Chemical reactivity of Magnesium Silicide

Magnesium silicide reacts with releasing flammable gas and with acids for giving silanes. At
room temperature no reaction occurs with alkali solutions.

It shows a good oxidation resistance, starting to oxidize at ~ 450-465 °C [16, 17] with an
oxidation kinetic that rapidly increase above these temperatures. The oxidation mechanism, as
reported by Stathokostopoulos et al. [16], is described by reactions reported in Equation (3.1),
(3.2) and (3.3):

. 465 °C .
MgZSl(S) + OZ(g) — MgO(S) + Sl(s) (31)
710 °C
. 1000 °C .
2 MgO(S) + Sloz(s) E— M925l04(s) (33)

Below 465 °C, a protective MgO thick layer creates protecting the underlying Mg>Si. Above
this temperature, the oxide layer is not protective to Mg>Si permitting the penetration of oxygen.
Then gradually, Mg>Si reacts with oxygen forming MgO and Si (3.1). Above 710 °C, Si reacts
with oxygen and forms SiO2 (3.2). Finally, at high temperature (~ 1000 °C) the solid-state
reaction between MgO and SiO; leads to the formation of forsterite phase (Mg>Si04) (3.3).

Understanding the oxidation mechanism is important both for the final application of the
material and the fabrication route. The presence of other phases, apart from the magnesium
silicide one, reduces considerably the electrical properties of the material. The presence of
MgO, that easily forms, is indicated by many authors as one of the main problem in the
magnesium silicide production. The formation of magnesium oxide considerably decreases the
electrical conductivity of the material and so, the TE properties.

de Boor et al. [18] demonstrated that the carrier concentration is unaffected by MgO, but the
carrier mobility is reduced, especially at lower temperatures. This results in a clear decrease of
ZT, and so of TE properties, in function of magnesium oxide content, as shown in “Figure 3.2”.

16



0.7

I
SRR

0 2 4 6 8
MgQO Content (wt %)

ZT

Figure 3.2: Correlation between MgO wt % and ZT at 320 K [ and 500 K O

(Modified from [18]: J. de Boor et al, Microstructural effects on thermoelectric
efficiency: A case study on magnesium silicide, 2014)

This limits the upper operating temperature of Mg>Si based devices. For this reason, they are
devices that can be used in an intermediate range (500-800 K, 227-527 °C). On the other hand,
also the fabrication route should take in account the oxidation process. During the synthesis,
before obtaining the alloy, the operations must be performed in controlled atmosphere.
However, even after obtaining the alloy and when producing devices, such as TEGs, the
oxidation must be considered. Sinterization or other thermal treatments above 700 °C could not
be performed in air. In fact, even if the material is fabricated at lower temperatures, compaction
usually has to be performed at T > 850 °C, so that MgO is frequently encountered in the final
devices, even starting from MgO-free powder.

3.3 Mg:Si Fabrication Routes and State of the Art

The reaction between magnesium and silicon showed in equation (3.4), has free Gibbs energy
of formation negative in the interval 298 - 923 K (25/650°C) [19, 20]. The reaction is self-
propagating, this because the standard formation enthalpy of Mg2Si is —77.3 kJ/mol
(exothermic reaction) [20].

2Mg+Si - Mg, Si 34

“Figure 3.3” shows the magnesium-silicon phase diagram. Magnesium silicide, the only
possible binary phase of Mg-Si system, is called “line compound” because, as it visible in the
figure, it forms only with the right stoichiometric proportions between Mg and Si. A small
fluctuation of the stoichiometric composition leads to inclusion of other phases in the
compound.
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Figure 3.3: Phase diagram magnesium-silicide

(Modified from [21]: G.H. Li et al, Magnesium Silicide Intermetallic Alloys, 1993)

Major challenges of the magnesium silicide fabrication are [22]:

e the large differences between Mg melting temperature (650 °C) and Si melting
temperature (1414 °C)

e Mg boiling point (1110 °C) is lower than Si melting point

e the proximity of the boiling point of Mg to the melting point of Mg>Si

The consequences are: the impossibility of having both Mg and Si liquid at the same conditions
and a high Mg vapor pressure at the working conditions. That could lead to Mg evaporation,
resulting in non-stoichiometric compounds.

3.3.1 Fabrication Routes: Melting Techniques

Melting of the elements is s traditional approach for the fabrication of Mg>Si. In this approach,
the elements are sealed together in a vessel and heated above the melting point of Mg>Si. The
liquid is maintained above it, for enough time in order to obtain a complete reaction. After that
it is cooled, ending up in a polycrystalline ingot material. This method is rather simple but has
some disadvantages. Due to the high temperature applied, very good vacuum is required to
prevent Mg oxidation. But in these conditions, evaporation of Mg is inevitable, even though the
reaction happens in a closed vessel. To compensate excess of Mg is typically added but, finding
the correct amount of excess Mg is really challenging.
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de Boor et al. 23] fabricated Sb-doped Mg>Si with nominal composition Mg>Si0.9875Sbo.0125 by
induction melting of the elements. The obtained ingot was reduced to a powder (hand-crushed
or ball-milled). Then, pellets of 15-mm diameter were fabricated using current assisted
sintering. The influence of different sintering temperatures was investigated, and it was
obtained a ZTmax=0.75 at 820 K (547 °C).

3.3.2 Fabrication Routes: Solid-state synthesis

Solid-state syntheses present the benefit of requiring lower temperatures than liquid routes. The
approach mainly consists in starting by elemental powders and applying a treatment to provide
the energy necessary for the reaction (thermal treatment, spark plasma sintering, microwaves
radiation). Some different routes have been proposed:

Combustion synthesis

Godlewska et al. [24] fabricated magnesium silicide devices by self-propagating reaction and
hot pressing. Stoichiometric proportion of the powder constituent were mixed, homogenized
and cold pressed to obtain small cylinders. The cylinders were then, subjected a self-
propagating reaction by global heating to 550-579°C K. This can happen thanks to the
exothermicity of the reaction. The reaction product was Mg>Si powder that was compacted
using hot-pressing with maximum applied pressure of 25 MPa, temperature of 860 °C and time
of 2 h. The obtained material was almost single phase, with small Si and MgO impurities.
Thermoelectric properties are not reported.

Microwave radiation

Microwave radiation was used as an energy source to synthesize nanoscale Mg>Si powder.
Savary et al. [25] obtained nanocrystalline Mg>Si by a fast process carried out using microwave
radiation. The starting materials were Mg turnings and Si chunks. They have been milled in a
high-energy ball mill. The resulting mixture of powders of Mg and Si was cold pressed and
then heated by microwave irradiation, with power from 125 W up to 300 W. The total process
is quite fast; for example, with two hours milling and 2 minutes of microwave heating (175 W)
Mg>Si with particle size smaller than 100 nm was produced. No information is reported about
the thermoelectric properties of the material.

Spark plasma sintering (SPS)

Spark plasma sintering was used by Yang et al. [26] to fabricate magnesium silicide. Off-
stoichiometric mixture of the constituents’ powder (with an excess of magnesium) are the
starting materials, while the optimum sintering parameters are found to be 550 °C K - 0 MPa -
10 min.

Two-steps solid reaction and SPS consolidation

Liu et al. [27] fabricated Mg>(Si, Sn) by using a two-steps solid-state reaction from elemental
powders. The constituents were mixed, pressed into cylinders, and then annealed at 700 °C. To
complete the solid reaction and to increase the homogeneity of the products, the pellets were
ground into powders, cold-pressed and then annealed in vacuum for the second-stage

solid state reaction, at a temperature below 700 °C. Then, SPS consolidation followed.
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Ball milling

As an alternative Mg>Si can also be synthesized employing mechanical energy from high-
energy ball milling (BM) (“mechanical alloying”). Moreover, BM can also be used to include
secondary phases or dopants into the material, and to reduce grain sizes and consequently effect
material microstructure and TE performance. Si is hard and brittle, Mg is relatively soft and
ductile. It tends to agglomerate during the BM process. To overcome this inconvenient, organic
media (such as hexane) are used as milling aids. However, long milling times (more than 20
hours milling) are usually needed to obtain the alloy. In many cases, a complete alloy formation
doesn’t happen only by mechanical alloying. So, often, a thermal treatment follows the BM. In
this situation it is of no interest obtain a complete alloy formation after the BM. Then,
considerably lower milling times are needed, because the reaction between magnesium and
silicon happens/concludes in the second step. The advantage of this approach lays in the fact
that, BM reduce the energy activation of the reaction letting it to happen at lower temperatures.

A work of Lee et al. [28] showed that Mg>Si didn’t form after 60 hours of milling and only
started to form only after 180 hours of milling. Even after 260 hours the alloy formation was

not complete. The magnesium silicide was then obtained by annealing the 60 hours milled
powder at 620 °C.

Wang and Qin [29] couldn’t obtain a complete alloy formation after 20 and 60 hours milling.
However, it was proved how the activation energy of the alloy formation reaction is
substantially smaller for the milled powder than for the unmilled. That resulted in sensible
decrease of the temperature reaction. As shown in “Figure 3.4”, DSC performed on unmilled
and milled powder, presents exothermic peaks at different temperatures: lower for the milled
powder. Unmilled powder shows only one sharp peak at ~500 °C while the milled powders
show two peaks (~180-250°C and 370-450 °C). The exothermic peaks are associated with the
exothermicity of the reaction between magnesium and silicon.

7k
o 6r
L0 5L DSC curves for:
E 4 (a) unmilled powder
% sl Powder milled for:
% % N (b) 20 hours
é | tfe (c) 40 hours

ol ((‘3 (d) 70 hours

0 100 200 300 400 500 600 700

Temperature (°C)

Figure 3.4: Comparison of DSC curves on milled and unmilled powders: Shifting of the exothermic
peak.

(Modified from [29], L. Wang and X.Y. Qin, The effect of mechanical milling on
the formation of nanocrystalline Mg2Si through solid-state reaction, 2003)
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In 1998, Lu et al. [30] managed to obtain a single phase of magnesium silicide after 50 hours
of MA, even though with some MgO contaminations. It was also observed that the Mg>Si phase
formation started to form after 10 hours of mechanical alloying. For milling times lower than
50 hours it was needed a thermal treatment to complete the reaction. However, it has been
proved one more time that, the reaction occurs at lower temperatures, increasing the milling
time. On the other side, it has been observed that the longer the milling time, the higher the
probability of contaminations. It is also important to notice that in their experimental work the
authors used stearic acid as a milling fluid. It may have been source of oxygen for the formation
of magnesium oxide; the milling in fact was performed (as in all the presented cases) in inert
atmosphere. The authors so suggested, the use of an oxygen-free milling vial, such as hexane.
Anyhow, the main conclusion is that is advised to combine the mechanical action with the
thermal action: MA alloying itself could lead to a complete alloy formation only after very long
milling time so, even though it is a room-temperature process, it is preferable to combine it with
the dispense of thermal energy afterwards. As it has been stated by the authors, the milling
process mechanically activates the powder. After 10 hours of milling, the amount of formed
silicide is very small; however, the silicon particles are already embedded in the magnesium
ones and so, the interdiffusion distance is minimized. At the same time many defects and
residual stress are introduced. Consequently, the energy level of the powder particles is
increased from an initial state of Go to an activated state of Gi, resulting in the reduction in the
activation energy for diffusion (AG).

This is clear observing “Figure 3.5” (where the dashed line refers to powder not subjected to
MA and the solid one refers to powder that was milled). The MA powder particles have been
activated, and the internal energy increased. So, the energy barrier AG is decreased and the
internal energy tends to decrease by reorganisation of Mg and Si atoms.

G

S5

Increase in mechanical energy

Activated

state

Extent of the Reaction

Figure 3.5: Increase of internal energy by mechanical action, resulting in decrease of the activation
energy of the formation reaction of Mg2Si.

(Modified from [30]: L. Lu et al, Formation of nanocrystalline Mg2Si and
Mg2Si dispersion strengthened Mg-Al alloy by mechanical alloying, 1998)
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An interesting approach it has been suggested by loannou et al. [31] in the manuscript: “Solid-
state synthesis of Mg2Si via short-duration ball-milling and low-temperature annealing”. In
this work, very short dry milling sessions (30 and 60 minutes) were followed by thermal
treatments at relatively small temperatures. The milling time is considerably shorter than the
previous examples and interesting results have been reported regarding the annealing
temperature. Partially alloy formation ha been obtained at low temperatures (150 — 250 °C);
400 °C has been considered the best compromise in terms of synthesis temperature and time,
to obtain complete alloy formation. On the other side 12 hours annealing at 300 °C, on powder
that wasn’t subjected to ball milling, weren’t enough to obtain the wanted phase. A short
annealing at 550 °C, again on unmilled powder, led only to obtain partial phase formation.

Significant results were obtained by Bux et al. [32], that to overcome the Mg aggregation in the
vial, used an incremental milling technique. In which Mg was added incrementally to a
stoichiometric amount. The powder was milled for less than one hour, then more magnesium
was added and so on. According to the results reaction was completed in less than 8 hours and
resulted in the synthesis of pure Mg>Si. It was also possible to include Bismuth as a dopant in
different concentrations.

3.4 Doped Magnesium Silicide and its Solid Solutions

Magnesium silicide is an n-type intrinsic semiconductor and its electrical properties can be
enhanced by inclusion of doping elements such as Antimony (Sb), Bismuth (Bi), Tin (Sn) and
Lanthanum (La). It is also possible obtain p-type magnesium silicide by doping with Silver
(Ag) or Calcium (Ca).

Dopants can be considered impurities of different atoms that are added to change the electrical
behavior. Due to the very low concentration of mobile charge carriers, in the intrinsic
semiconductors if compared to metals, the electrical properties of semiconductors are
tremendously affected by the presence of chemical impurities or defects in the crystal lattice.
By increasing the quantity of added element, one starts talking about alloying.

3.4.1 N-type dopants
Bismuth (Bi)

Bux et al. [32] synthetized by mechanical alloying Bi-doped magnesium silicide with different
dopant concentrations: Mg>Si1xBix (0 <x < 0.021).

Hall effect measurements proved that Bi is an effective n-type dopant. Bismuth presents one
more valence electron than Silicon, forming a Bi* ion, realising consequently an e- when
substituting the Si* ion. Bi, in fact, replaces Si as a substitutional dopant. Since Bi*" is quite big
(1.17 A), unlikely goes to interstitial sites or substitute Mg?" ions (0.85 A).

The solubility limit of Bi in Mg:Si seems to be 0.7 at%, this is in good accord with “Figure
3.6”, where the carriers concentration linearly increases with the atomic percentage of Bismuth,
up to 0.7 at% where the carrier concentration stabilizes. At higher concentrations, the authors
reported that thanks to SEM analysis, excess of Bi collects at the grain boundaries.
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Figure 3.6: Carrier concentration [10°°/cm’] vs Bismuth Atomic %
(Modified from [32]: S. K. Bux et al, Mechanochemical synthesis and thermoelectric properties of
high quality magnesium silicide, 2011)

However, more parameters are influenced by the doping concentration, such as mobility of the
carriers, resistivity, Seebeck coefficient and thermal conductivity. All this consequently
influences the TE performances. “Figure 3.7 shows ZT in function of the different doping
concentrations, showing an optimum at 0.15 at%.
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Figure 3.7: ZT function of Temperature and Bismuth atomic concentration

(Modified from [32]: S. K. Bux et al, Mechanochemical synthesis and
thermoelectric properties of high quality magnesium silicide, 2011)
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Antimony (Sb)

As for Bismuth, Antimony (V group) substitutes Silicon (IV group) atoms, and acts as a donor.
Tani and Kido [33] studied the effects on magnesium silicide TE properties by doping with Sb.
The fabrication route was SPS. In their manuscript the authors studied the influence of the
dopant concentration on various properties. The various concentrations experimented by the
authors fall in the proportion: Mg>Si : Sb=1:x (0.000 <x <0.02)

By increasing the dopant concentration:

e the electrical resistivity decreases
e the Seebeck coefficient increases

e the thermal conductivity has a bivalent trend, because:

o the lattice contribution decreases

o the electronic contribution increases

Overall, the combination of these parameters led to a ZTmax= 0.56 at 862 K (589 °C) with
x=0.02. Anyhow, the addition of Sb considerably increased the ZT compared to undoped
Mg>Si, as shown in “Figure 3.8”.
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Figure 3.8: Dimensionless figure of merit (ZT) of Sb-doped Mg2Si
in function of dopant concentration and temperature.

(Modified From [33]: J. Tani and H. Kido, Thermoelectric properties of Sb-doped Mg2Si
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Several works [3, 27, 34-36] proved how solid solutions Mg>Si;-xSnx are promising materials,
giving higher ZT values than Mg»>Si alone. The following list presents briefly some of the best
results encountered in literature:

e By doping with Sb (solution of composition Mg>Si04Snos) Liu et al. [27] obtained a
ZTmax ~ 1.11 at 860 K (587°C)

e A solid solution Mgx(Si, Sn) was produced by Zhang et al [34], and doped with
Lanthanum (La), achieving a ZTmax ~ 0.81 at 8§10 K (537 °C)

e Very high ZT have been obtained also by Gao et al. [35] that fabricated Bi-doped
Mg>Si0.4Sno.6 with a ZTmax~ 1.55 at 723 K (450 °C)

o Luo et al. [36] produced Bi-doped Mg>Sip8Sno2 with a ZTmax~ 1.17 at 850 K (577 °C)

3.4.2 P-type dopants

Calcium (Ca)

Miyazaki et al. (2017) [37] synthesized bulk Ca-Mg-Si intermetallic compounds, with various
compositions: Caz33+xMg33.3-xS1333 (-12 < x < 3). Ball milling and subsequent Pulse Current
Sintering (PCS) were used. The authors proved the p-type behaviour (o > 0) of these
compounds. In a previous work Zhang et al. (2007) [38] observed a decrease of the TE
properties in Ca-Mg-Si based compounds compared with Mg>Si. In the manuscript the authors
measured negative values of Seebeck coefficient (o < 0) with lower values (in module)
compared to magnesium silicide. The authors then, didn’t recognize these compounds as p-
type. However, this behaviour could be explained with the coexistence of Mg>Si (a < 0) and
Ca-Mg-Si based compounds (a > 0), overall resulting in a worsening of TE properties. Then,
Ca-Mg-Si compounds, as observed by Miyazaki have a great potential, as a p-type
thermoelectric, however the fabrication and final composition should be controlled carefully,
in order to avoid an overlap of p and n-type behaviour.

Silver (Ag)

P-type Mg>Si doped with silver was fabricated by Berthebaud and Gascoin [39], having the
nominal composition Mgi.99S1Ago.01. The obtained ZT isn’t very high (0.35 at 770 K). However,
emerged one more possibility for fabricating magnesium silicide with p-#ype behaviour.
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4 Characterization Techniques

This chapter briefly describes the techniques used to analyse and characterize the materials in
the various steps of this work.

4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) [40-43] is a technique by which the surface of a sample
is hit by an electron beam that is accelerated along the microscope column and focalized by
electromagnetic lenses. The electrons interact with atoms of the specimen, creating signals with
information about the topography and composition of the examined material. The reflected
beam is collected and displayed on a cathode ray tube. A fundamental condition for this
technique is that the surface of the samples must be electrically conductive. So, in the case of
non-conductive materials, a thin metallic surface coating is applied. Magnification goes from
10x up to 10°x. “Figure 4.1” schematize a scanning electron microscope. For this thesis, two
different SEM were used: FEG-SEM Jeol JSM 7001F and a Vega 3 TESCAN.

_____+—Flectron gun

Gun chamber

Through-the-lens
SE detector

Everhart-Thornley 1 |

BSE
detect% @g detector
3

Sample
chamber

X-rays detector

Figure 4.1: Scheme of a SEM

(Modified from: [40] A. M. Chiodoni and E. Tresso, Morphological and Structural Properties, 2013,
Silicon Based Thin Film Solar Cells, Chapter 6)

After the interaction between the electrons beam (primary electrons) and the materials, different
radiations are detectable (phenomena showed by “Figure 4.2”):

- Back scattered electrons (BSE), coming from the incident beam, are emitted with energy
similar to the initial energy after elastic collision. Can give information of the
compositional contrast, thanks to the capacity of the atoms to divert the beam.

- Secondary electrons (SE) are ejected from the surface of the sample and have lower
energy than the initial beam. They give information about the surface morphology.

- X-rays are also produced giving information about the composition.
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Figure 4.2: Generation of secondary electrons (SE), back-scattered electrons (BSE) and x-rays after
interaction of the sample with the primary electrons beam (PE).

(Source: www.wikipedia.org)

4.2 X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive and powerful technique used for examining the crystalline
structure of materials [40, 43, 44]. It is based on the elastic scattering of x-rays by the electrons
of the atoms constituting the crystalline structure of the material. X-rays have short
wavelengths, in the magnitude of the atomic spacing of solids (~ nm), and consequently high
energies. When a solid material is invested by an x-ray beam, a portion of it is scattered in all
directions by the electron clouds of the material atoms, that stand within the beam’s path. In
particular way, when the atoms are periodically spaced the scattered radiation undergoes
destructive or constructive interference (diffraction). A diffracted beam is made by a big amount
of scattered waves that mutually reinforce each other.

As shown by “Figure 4.3” when an x-rays beam (parallel, monochromatic, and coherent) of
wavelength ‘A’ impinges (hitting angle ‘0’) two parallel planes of atoms (with interplanar
spacing ‘d’), two rays (A and B) of this beam interfere constructively and are diffracted, when
the Bragg’s law is satisfied (“Equation 4.1”), where ‘n’ is an integer number.

2dsinf = ni 4.1)

incident diffracted ~, B’
A beam A’

~-0-—--@-@—-0—-0-0—@--

Figure 4.3: Interaction between the incident x-rays beam and the materials atoms.

(Modified from [43] W. D. Callister and D. G. Rethwisch, Materials Science and Engineering. An
introduction, 2014)

28



An x-ray source (x-ray tube), an x-ray detector and a goniometer are the main components of a
diffractometer. The x-rays are produced by the instrument because electrons from a hot filament
are accelerated in a tube and hit the anode material (usually Cu). The rays that form are focused
on the sample and the diffracted beam is collected by the detector. A typical diffractometer,
with the widely employed Bragg-Bentano configuration, is schematized by “Figure 4.4”. In this
configuration, the x-rays are directed to the sample with an angle 0 and the diffracted beam is
detected at the same angle 6.

The instrument used for XRD analysis showed in this thesis was X ’Pert Pro Multipurpose
Diffractometer® (MPD) by PANalytical using a Bragg-Bentano configuration. The x-ray
source is a ceramic x-ray tube with Cu anode (A=1.540593 A).

Detector

Sample (powder or bulk)

t Goniometer
X-ray Cu source

Figure 4.4: Scheme of the Bragg-Bentano congiguration

(Modified from [40]: A. M. Chiodoni and E. Tresso, Morphological and Structural Properties, 2013,
Silicon Based Thin Film Solar Cells, Chapter 6)

4.3 Raman Spectroscopy

Raman spectroscopy is a technique based on inelastic light scattering [45, 46]. In these kind of
analysis, polarized and monochromatic light, with known frequency, is scattered by a specimen.
The scattered light is then examined and used to construct a Raman spectrum. Great part of the
scattered radiation has equal frequency to the incoming one (Rayleigh Scattering). A small
portion of the scattered radiation will show different frequency (“frequency-shifted”) of the
monochromatic incident radiation. The "Raman shift" is an intrinsic property of the sample (not
dependant from the incident frequency) that is related to the exchanged vibrational energy. A
Raman spectrum is presented as an intensity-vs-wavelength shift. An experimental apparatus is
showed by “Figure 4.5”. For the Raman spectra determination, it was used a Confocal Raman
Spectrophotometer (Witec Alpha 300 RAS) using a laser with wavelength of 532 nm.
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Figure 4.5: Scheme of Raman spectrometer.
(Source: www.sciencefacts.net)

4.4 Infrared Spectroscopy (FTIR)

Infrared (IR) spectroscopy is based on the interaction of infra-red radiation with materials [45].
Infrared spectroscopy has common features with Raman spectroscopy. However, they are
present important differences: they are based on different processes (absorption/transmittance
for IR and scattering for Raman). Moreover, while in Raman spectroscopy a beam with a single
frequency impinges the sample, in IR spectroscopy a polychromatic infrared radiation impinges
the specimen.

Practically, a sample is impinged by a beam of infrared light. If the IR frequency is equal to the
vibrational frequency of a molecular oscillator (in some cases collective vibrations, that is
phonons), absorption occurs. Then the transmitted radiation is examined and provide
information about the energy absorbed at specific frequencies. In the case of Fourier-transform
infrared spectroscopy (FT-IR), an interferometer is used with a Fourier transform analysis
aimed to provide the vibrational band of the specimen. The IR spectrometer used for this work
was FT-IR spectrometer Mattson 7000 galaxy series: a Fourier transform infrared spectrometer
equipped with a DTGS Csl detector and a ATR Golden Gate accessory.

4.5 DSC/TGA

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are thermo-
analytical techniques [47,48]. Often these two techniques are performed combined by the same
instrument, such as in the one used in this work: Simultaneous Thermal Analyzer — STA 449
F3 Jupiter®.

e TGA monitors mass changes of the specimen while increasing or decreasing the
temperature with a controlled rate. The mass is monitored continuously by a precision
balance.

e DSC measures the changes in a material’s heat capacity in function of the temperature
(heating or cooling with a controlled heating rate). The analysis is possible by
comparing the specimen with a reference, while supplying heat to the two.
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For DSC, two different possible configurations are possible:

- Heat flux DSC (showed by “Figure 4.6”): the sample is loaded in a crucible and another
identical crucible is left empty and work as a reference. The two are heated in the same
block of the furnace. Two thermocouples monitor eventual differences in temperature.
The temperature of the reference is only function of the supplied heat; endothermic or
exothermic processes may decrease or increase the specimen temperature differently.

furnace

sample reference

Figure 4.6: Heat flux configuration for DSC analysis.
(Source: www.netzsch-thermal-analysis.com)

- Power compensated DSC: the two crucibles are heated separately while a thermocouple
assures to keep them at equal temperature (AT=0). It is then monitored, the difference
of energy given to the two systems to increase the temperature in the same way.

In any case the output is the quantity of heat necessary to increase the temperature of the sample
(heat capacity). DSC provides information on the eventual happening of endothermic processes
(vaporization, melting) or reactions that absorb heat or exothermic ones (crystallization,
combustion or other reactions) that generate heat. The combination with simultaneous TGA
provides complementary and important information. Those listed processes, in fact, are often
matched with mass changes. For instance, during a vaporization process, simultaneously to the
heat absorption, a mass loss is visible (due to the phase transformation from liquid state to
vapour). Crossing the information obtained by DSC with the one given by TGA allows to
understand better which kind of process or reaction is been detected.
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S Magnesium Silicide Synthesis

This chapter presents the experimental procedure followed to fabricate magnesium silicide and
the analysis results. The first part of the chapter describes mechanical alloying by ball milling
with reference on the alloying mechanism and all the practical parameters that influence the
process.

5.1 Ball milling and mechanical alloying [49-54]

Ball milling, is a widely spread technique for materials size reduction, blending,
homogenization of samples and also for mechanical alloying.

Mechanical alloying (MA) is process for which an alloy of two or more elements is formed,
without the application of a thermal budget. MA is a solid-state process, where powders of the
elemental alloy constituents are loaded into the mill and subjected to high-energy impacts from
the milling balls. The process involves the repeated fracturing and cold welding of the powder,
making possible the alloy synthesis. The mechanical energy is provided by the mill and
transferred to the milling balls and to the materials. It activates chemical reactions, structural
changes, and particle size reduction.

The application of mechanical energy for materials size reduction and materials treatments goes
back of millennia in human history. However, it is only at the end of the 19" century that it was
recognized the possibility of alloying different materials by the application of mechanical
energy. Simultaneously it was introduced the term “mechanochemistry” [50]. The first
successful attempts of MA were made in the 1960s, with the production of nickel-based
superalloy and other heat-resistant alloys [51].

MA has been applied in several areas of material science, obtaining many different material
systems, such as: nanocrystalline alloys, composites materials, intermetallic compounds,
materials strengthened by oxides dispersion.

It is, in general, an effective technique that overcome the inconvenient of operating with
materials with a big difference in melting temperatures.

5.2 Ball mill

The experimental setup of a ball mill is quite simple; it is composed by the milling machine, a
container (known as vial, jar or bowl) in which the materials are loaded, the milling balls and,
eventually, accessory such as security lid or others. Different mills, with different
configurations are commercially available: attritors, horizontal mills, planetary mills. The
following section explains the functioning of a planetary ball mill, since is the one used for this
work.
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5.2.1 Planetary ball mill
A planetary mill is composed by:

e A revolving disc
e One or more jars

The jar rotates around its own axis and simultaneously the disc rotates too. The movement is
comparable with the planets motion: rotation and revolution. The centrifugal force is transferred
to the balls and the powder mixture, inside the bowl. The functioning is schematized in “Figure
5.17.

The impacts between the powder and the balls, the powder and the jar walls and through the
powder itself lead to repeated fracturing and cold welding of the particles.

Disc Rotation

Centrifugal force

Jar Rotation

Figure 5.1: Horizontal section of a planetary ball mill
(Modified from [49] L. Lii and M. O. Lai, Mechanical Alloying, 1998)

5.2.2 Selection of tools materials

The impact energy could be dosed by changing the rotation speed of the disc: the higher the
speed, the bigger the impact energy. However, at high speed it is possible that the efficacy of
MA decreases, due to the reduction in the time for the materials diffusion [53].

This is not the only way to increase impact energy; the higher the density of the balls and of the
internal bowl walls (that should be of the same material), the bigger the impact energy
transferred to the powder. Choosing the suitable materials is a very important task, depending
on the application. The main characteristics that must be considered when selecting the jar and
balls are summarized in “Table 5.1”.
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Table 5.1: Characteristics of materials milling tools [51]

*referred to milling balls

. good
Stainless 48 - 52 HRC
7.8 g/em® | veryhigh | (to certain Fe, Cr
Steel (approx. 550 HV) izt
Hardened 58 - 63 HRC 3 ) Fe, Cr, C
Steel (approx. 750 HV) 785 glem” | very high good (less than SS)
Tungsten approx. 5 | extremely W, C, Co
Carbide 1250 HV 14.8 glem high very good (marginal)
hard and brittle verv low good
Agate 6.5 — 7 Mohs 2.65 g/em’ Y (to certain SiO;
(approx. 1000 HV) extent)
Al O3, SiOs
Sintered hard and brittle (low), no
Aluminum 8 - 8.5 Mohs 3.9 g/lem® low good contamination
Oxide (approx. 1750 HV) with Fe, Cr, Ni
or Co
hard and brittle, ZrOs and Y203
Zirconium tougher than agate 5.9 g/em’ high very good .(m.arg:mal),
Oxide 7.5 Mohs insignificant
(approx. 1200 HV) for analyses
Silicon approx. 3 Si3N4, Y2053,
Nitride 1500 HV 3.2 g/lcm low excellent ALOs
PTFE elastic 21 ofem’ erv o oor contamination
(Pogt'fleytlr:il)lom Shore Hardness D 56 8 very low p with F, C

As it has already been said, the interior walls of the jar and the balls should be made of the same
material, otherwise the harder material could damage the softer one. For the same reason, this
material should be, also, harder than the materials subjected to ball milling/mechanical alloying.
Then, it must be considered possible contamination, due to the abrasion of the balls or walls.
For that, the main features that must be considered are the wear resistance and the possible
contaminating elements.

5.2.3 Ball dimension and number, mass ratio balls to powder

Commercially are available several types of mills, with different dimensions: from smaller ones
for laboratory applications to bigger ones for bigger production. Then, are available jars with
different capacity and balls with different dimensions. The balls dimension is another important
feature to consider, when planning the milling. When dealing with size reduction, bigger balls
are more indicated for a first grinding of big particles. For finer size reduction smaller balls are
suggested. Small balls are also more effective, for size reduction, in the case of wet milling. In
the first case (bigger balls) the grinding happens for impact, in the second (smaller balls) for
friction.

In the case of MA, however, bigger balls are suggested [52].
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The number of balls used, should be bigger enough for an effective process but at the same time
leave enough space for the motion of balls and powder inside the jar. The correct amount is
usually suggested by the producer. “Table 5.2 lists the right coupling of jar dimension and
quantity of balls in function of their diameter. It also shows the percentage of empty space left
inside the bowl, not considering the powder and eventual fluid process.

Table 5.2: Suggested number of balls per bowl. In red the number of balls and in blue the % of filled
volume in the jar by the balls (without counting powder and eventual fluid process).

(Calculations made with reference in [49, 51, 52])

Capacity of bowls (ml)
500 250 80 50
Balls O (mm) Recommended number of balls (% of filled volume)

5 / / / 160 (20,9 %)
10 100 (10,5 %) | S0 (10,5 %) | 30 (19,6 %) | 16 (16,8 %)
20 20 (16,8 %) | 15 (25,1 %) | 5(26,2 %) 3 (25,1 %)
30 10 (28,3 %) | 6 (33,9 %) / /
40 4 (26,8 %) / / /

The use of grinding balls of different diameters, even it was found to be effective [49], is not
recommended by producers (the bigger ones can damage the smaller ones) [52].

In MA Another important parameter is the balls-to-powder ratio (mass to mass), normally used
ratio are in the range 10:1 or 20:1 [49]. In general, higher ratios lead to faster MA, while lower
ratios are less effective.

5.2.4 Dry and Wet Milling

Milling could happen in dry conditions (dry milling) or wet conditions (wet milling).
Alloying by milling is possible thanks to high energy transferred by collisions to the powder
particles. They are subjected to two phenomena, that make possible MA:

e Cold welding
e Fracturing

In this way the particles are in intimate contact with each other with diffusion distance
minimized. Cold welding and fracturing phenomena must be balanced, and one must not prevail
on the other. However, it is not easy to obtain a balance. For instance, with soft and ductile
materials cold welding is predominant: powder agglomerates may form, and powder can also
coat the grinding tools (walls and balls). To overcome this problem, very often, a milling fluid
(hexane, stearic acid and many others) -also called: process control agent- is used.
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5.2.5 Overheating

While milling at high speeds for long times, pressure and temperature inside the jar easily
increase. It may be advantageous, for the MA process. However, overheating and overpressure
can be dangerous. Security lids are commercially available, but common strategy is to regularly
stop the milling. Alternating milling intervals with breaks is an effective method to avoid
overheating.

5.2.6 Inert Atmosphere

Very often powder oxidation is a major issue in MA: finer powders have a big surface-to-
volume ratio. The oxidation is then facilitated. To overcome this, working in inert atmosphere
is commonly done. The materials can be loaded inside the jar into a glovebox, with inert gas,
and sealed (with security lids, rubber rings) before the milling process. Special lids with inlet
and/or outlet valves allow to insert inert gases, after the loading of material.

5.3 Increase of internal energy and alloying mechanism

Mechanical alloying is non-equilibrium technique. It means that is a process that leads to obtain
non-equilibrium or metastable phase(s). A non-equilibrium or metastable phase presents higher
Gibbs free energy of the equilibrium state referred at that specific composition. It is known that,
phases with lower Gibbs free energy are more stable than phases with higher free energy. The
increase in internal energy is due to various reasons: increase of grain boundaries and
accumulation of defects in the crystal lattice. This have been already briefly discussed in
Chapter 3, Paragraph 3.3.2 with reference in “Figure 3.5”. This increase in the internal energy
results in a decrease of the activation energy for the formation of Mg>Si.

5.3.1 Alloying Mechanism

During mechanical alloying the particles are continuously cold welded and fractured. These
processes are very dependent from the features of the starting powders. In a ductile/brittle
system, such as in this work (magnesium/silicon): the ductile powder (Mg) form cold welds.
Layered composites form; the brittle constituent (Si) tends to be incorporated by the ductile
one. At the same time fracturing may happen. These competing events endure during the whole
milling. All these processes lead to get a homogeneous and refined microstructure. The
composition of the single particles tends to be the same as the proportion of the starting
constituents. Some powder could also coat the inner walls and the milling balls. A thin coating
may even be beneficial to avoid abrasion of the grinding tools and to prevent contamination
from them. A thick layer, though, should be avoided because may lead to inhomogeneity in the
particles composition [54].

5.4 Experimental setting

For the magnesium silicide synthesis was used a planetary ball mill Retsch® PM100, showed
in “Figure 5.2”.
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Figure 5.2: Picture of a planetary ball mill PM100 Retsch®

(Source: www.retsch.com)

The used jar has a capacity of 50 ml, the inner walls are made of Agate, so the balls. The milling
balls have a diameter of 20 mm. “Figure 5.3” shows the milling tools (jar and balls) and the
security lid. Agate is a quartz-mineral, composed at 99.9 % of silica (SiO>). It belongs to the
group of semi-precious stones. Reader can find some Agate’s features in “Table 5.1

Figure 5.3: Picture of the milling tools: Jar (1), Balls (2) and security lid (3).
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5.4.1 Materials and milling parameters

Reagents
The used reagents were:
e Silicon powder [55] (Alfa Aesar, 99.5 %, 325 mesh — 44 pm). Grey and flammable
powder. Doesn’t need inert atmosphere storage. Hard and brittle solid.

e Magnesium powder [56] (Alfa Aesar, 99.8 %, 325 mesh — 44 um) Grey powder. Highly
reactive with air and water. Must be stored under inert gas. Soft and ductile.

Control process agent

Hexane was used as fluid process (n-Hexane, supplier: Carlo Erba Reagents, 99 %). Hexane is
a clear colorless liquid with a petroleum-like odor. It is insoluble in water and less dense than
water. It is used as a solvent and chemical reaction medium. Its chemical formula is shown in
“Figure 5.4”.

Pl
T
H H H H H H

Figure 5.4: Hexane chemical formula
(Source: www.wikipedia.org)

It was selected as a fluid process because it is a “oxygen free” liquid. In this way a possible
source of oxygen -that could react with magnesium for giving magnesium oxide- is eliminated.

Milling parameters

The used balls-to-powder mass ratio was 10:1, while the fluid-to-powder ratio was 2:1. Were
used three balls with a diameter of 20 mm. Considering the total mass of the three balls is 33.16
g, then the used amount of powder was ~ 3.32 g each milling session, while the used amount
of hexane was ~ 6.64 g. Initially, a stoichiometric composition (magnesium/silicon) was used.
The calculations are reported in the following paragraph. However, after the first millings and
treatments, it was found to be convenient working with a slight excess of magnesium (5-10 %)
[26].

5.4.2 Calculations

The molar mass (MM) of magnesium silicide is 76.696 g/mol. That means that in one mol, the
mass proportion between the elements is ~ 63.4 % Mg and ~ 36.6 % Si. This percentages were
used to calculate the needed mass of elements. Considering 3.32 g of total powder mass, 1.216
g of silicon and 2.104 of magnesium were used (stochiometric composition). “Table 5.3”
resumes these calculations.
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Table 5.3: Summary of the calculations for evaluating the needed mass of Si and Mg powder

Mass % in one mol Corresponding used
MM [g/mol] of Mg>Si nrl)ass [g]g
Mg>Si 76.696 100 % /
Si 28.086 36.62 % 1.216
Mg 24.305 63.38 % 2.104

5.4.3 Procedure

The materials were loaded into the milling jar inside a glovebox (“Figure 5.57), filled with
argon. The jar was sealed with the security lid showed in “Figure 5.3”. This assured to operate
the milling in inert atmosphere.

Figure 5.5: Picture of the glovebox (1), detail of the pre-chamber (2), preparation of a milling jar
inside the glovebox (3)

Two different milling times were experimented: 5 hours and 10 hours (effective milling time).
In both cases the mill speed was set to 400 rpm. In any case, the milling was stopped every 30
minutes for 5 minutes to avoid overheating. This procedure is schematized in “Figure 5.6”.
After milling, the milled powders were transferred and stored in the glovebox.

|

Milling Break

Figure 5.6: Scheme of the operating routine for milling operation.
Steps of half an hour milling are alternate with breaks of 5 minutes to avoid overheating.
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DSC/TGA analysis was performed on the milled powders and on a stoichiometric proportion
of unmilled powder. This analysis was performed to investigate the reaction temperature
between Mg and Si (as explained in Chapter 3, Paragraph 3.3.2) and its evolution in function
the milling time. Other analysis techniques (XRD, Raman spectroscopy and IR spectroscopy)
were used to analyse and identify the evolution of the phase(s) at the various steps (after milling
and after thermal treatments).

5.5 Annealing temperature choice by DSC/TGA analysis

As it has been anticipated the DSC/TGA analysis provided the reaction temperature(s) of
magnesium and silicon to form magnesium silicide (exothermic reaction).

It was performed on the following powders, in the indicated temperature range:

e Unmilled powder (stoichiometric mixture), from room temperature to 800 °C
e 5 hours milled powder, from room temperature to 1000 °C
e 10 hours milled powder, from room temperature to 800 °C

In all cases the analysis was performed in nitrogen atmosphere with a heating rate of 10 °C/min.

5.5.1 Results:

DSC and TGA are performed simultaneously; the results are showed in the next paragraphs
(from “Figure 5.7” to ©“5.9”), where the blue lines refer to the DSC (right ‘y’ axis) and the green
ones to the TGA (left ‘y’ axis).

Unmilled powder

The outcome of DSC on unmilled powder (“Figure 5.7”) showed a sharp exothermic peak at
590 °C.

[1.2]

120.00 1

115.00 1

Mass Change: 20.42 % |
110.00 4

TGA [%]
DSC [mw/mg]
«—eXO0

105.00 1

Mass Change: 020 % Value: 580.0°C, -7.371 mWimg | _g

100.0 200.0 3200.0 4000 500.0 500.0 700.0

100.00 4

Temperature [°C]

Figure 5.7: DSC/TGA results of unmilled powder
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5 hours milled

For the powder milled for 5 hours (that was the only DSC performed up to 1000 °C) there are

three visible exothermic peaks centred, respectively in:

o 241°C
e 408°C
e 756°C

Outcome is showed in “Figure 5.8”. Another exothermic peak is visible at more or less 1000
°C, but it wasn’t considered since it is out of the working conditions in any step of this work.

120.00 1
100.00 1 g
o\o 80.00 1 Value: 756.0 °C X
— At -
< 60.00 1
) :
—
40.00
20.00 1 Value 4080 °C
" Value: 2410 C
0.00 1 . . . . . . . . .
100.0 2000 3000 4000 5000 600.0 700.0 800.0  900.0
Temperature [°C]
Figure 5.8: DSC/TGA results of Shours-milled powder
10 hours milled:
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Again, as showed by “Figure 5.9”, for 10 hours milled powder are visible three exothermic

peaks centred in:

e 227°C
e 354 °C

e 800 °C (the analysis only goes up to 800 °c, but it is clearly visible an exothermic

peak around such temperature)
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Figure 5.9: DSC/TGA results of Shours-milled powder

5.5.2 DSC results comparation and discussion:

The previous DSC results are grouped and showed by “Figure 5.10”.
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Figure 5.10: DSC results comparation
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Considering temperature below 600 °C, the outcomes are very similar to many publications
found in literature: one sharp peak (P1) for unmilled powder, two broader peaks (P3 and P4, Ps
and Pe) for milled powder at temperatures lower with increased milled time. For instance, Wang
and Qin [29] (reported in “Chapter 37, “Figure 3.4") observed a very similar behavior. The
authors proved that those peaks are ascribable to alloy formation. However, the authors couldn’t
obtain complete Mg>Si formation with annealing operated at the lowest temperature peaks.
Anyhow, assuming that those peaks are ascribable to magnesium silicide formation: it is clear
that increasing milling time, reaction temperature decreases. This indicates that mechanical
process activates the reaction, even it doesn’t lead to the Mg>Si formation itself.

For temperatures above 600/700 °C were considered only Peaks Ps and P;. These peaks,
according to [57, 58] are referred to the formation of magnesium nitride.

5.5.3 TGA results comparation and discussion:

Simultaneously with DSC also thermogravimetric analysis (TGA) was performed. Outcomes
are showed in “Figure 5.11”. In all cases it was observed an increase of mass along the
temperature, even though with some differences.

e For unmilled powder, it was risible (less than 1 %) up to ~ 470 °C, moderate (less than
3 %) up to ~ 480 °C, increasing then exponentially (~ 5 % at ~ 590 °C in correspondence
of the exothermic peak, up to ~ 20 % at ~ 800 °C).

e For 5 hours milled, it was observed a faster increase of mass, compared with the other
cases. However, in absolutes terms in correspondence of the second exothermic peak (~
408 °C) the increase of mass was of ~ 3 %. The mass increased then exponentially
reaching increase of ~ 23 % and ~ 28 % at respectively ~ 800 °C and ~ 1000 °C.

e The 10 hours milled powder showed the less marked increase of mass: practically none
at ~ 354 °C, temperature of the second exothermic peak; moderate (~ 3 %) at ~ 590 °C.
More important (~ 8 %) at ~ 800 °C.

At higher temperature (above 600/700 °C), it is thought that the increase of mass is due to
nitrification [57, 58], however this hypothesis hasn’t been proved by analysis. For lower
temperatures (operating annealing temperatures, described in the next paragraphs), no nitrides
were found in the after-annealing powders. While some oxidation it was observed: so, at least
up to 600 °C, it can be concluded that the rise of mass is due to the formation of oxides
(especially MgO). This will be discussed more in detail in the following section though, it is
already an indication of how challenging is avoiding the formation of magnesium oxide, even
operating in inert atmosphere.
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Figure 5.11: TGA results comparation

5.6 Mg:Si formation reaction by thermal annealing and inert
atmosphere comparation

According with the presented results, it was decided to perform annealing aimed: to prove the
Mg>Si formation, starting from 5 hours milled powder. It was decided firstly to test the Peak
“P3” (~ 408 °C), performing the annealing at this temperature. It was also decided to test and
compare different inert atmospheres (vacuum, nitrogen and argon).

In a second time, another annealing in Nitrogen atmosphere was performed starting from
unmilled powder, “testing” the peak “P;”. This was done to verify if Py is really ascribable to
magnesium silicide formation or if it has to be associated with nitride formation. As it will be
further showed, it has been proved that the tested annealing temperatures lead effectively to
formation of, mainly, Mg>Si.

5.6.1 Experimental setting

For completing the formation reaction between magnesium and silicon a thermal treatment was
performed, according with the DSC results. A tubular oven was used with a PID (proportional
integral-differential) control unit. The temperature was also monitored by an external
thermocouple. The oven is showed in “Figure 5.12”. The various crucibles used are showed by
“Figure 5.13”.
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Figure 5.12: Tubular oven used for annealing

Figure 5.13: Picture of the allumina crucibles used.

5.6.2 Five hours milled powder

Annealing temperature: 410 °C

There were tested three different inert atmospheres: vacuum, nitrogen and argon. The followed
procedure was the same for the three atmospheres.

e 0.5 g of powder (5 hours milled) were loaded inside an alumina crucible (boat-type or
cylindric). Since the powder was stored in the glovebox, this operation happened in
argon atmosphere.
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e The crucible was extracted out the glovebox and inserted into a quartz tube that was
then connected to the vacuum system/gas inlet tube. This operation couldn’t be avoided
to be performed in air, but it lasted only few minutes; after that an inert atmosphere was
loaded into the quartz tube and the tubular oven was set in position.

e The oven was set to go from room temperature up to 410 °C in 15 minutes, temperature
that was held for 75 minutes. It was also programmed a cooling from 410 °C to room
temperature in 30 minutes; however, in that amount of time it was never reached room
temperature so, at the end of the 30 minutes, the oven was turned off, and “removed”
leaving the quartz tube (still with inert atmosphere inside) in contact with external
atmosphere until reaching room temperature (“Figure 5.14”).

Figure 5.14: Picture of the quartz tube still fixed on the support, after the oven was slided away in the
end of thermal treatment. The tube was removed, and the crucible extracted only after reaching room
temperature. The cooling, so, could happen while inside the tube the atmosphere was still inert.

e The quartz tube was then removed, the crucible extracted and then placed inside the
glovebox, where the annealed powder was stored. Before storing, a small amount of
powder was examined in air, where no pyrophoricity was observed in all cases.

Nitrogen atmosphere

The nitrogen flux inside the tube was ~ 0.35 L/min. During the thermal treatment, the external
thermocouple measured ~ 60/70 °C more than the indicated temperature from the oven. After
the thermal treatment, some observations were yielded:

e The powder showed two areas with two different colors (visible in “Figure 5.15” (2));

one grey/brown closer to the gas inlet. The other one (bigger), dark blue on the side of
the crucible more far from the gas inlet.
Analysis showed that the blue powder is mainly magnesium silicide while the grey
powder presents a huge amount of magnesium oxide. It was hypothesized that the gas,
that is not pre-heated, flowing inside the tube creates a “cold zone” in the area proxime
to the inlet. There, the temperature doesn’t reach a value high enough for the reaction
to happen, leaving behind unreacted Si and Mg that oxidized during the treatment or
successively.
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e It was observed a considerable increase of volume (observable in “Figure 5.16” (2)
compared with (1));

Figure 5.15: Pictures of the crucible inside the quartz tube before (1) and after (2) thermal treatment
in N2 atmosphere. After the annealing it is visible an increase of volume of the powder inside the
crucible and at the same a color difference is visible (blue and grey/brown, left and right side).

Argon

The argon flux inside the tube was ~ 0.35 L/min. Again, during thermal treatment, the
temperature measured by the external thermocouple was ~ 60/70 °C higher than the one
indicated by the oven. The observations made in the previous case (nitrogen annealing) are
valid for this case too. The crucible containing the powder before and after annealing is showed
in “Figure 5.16”.

Figure 5.16: Pictures of the crucible inside the quartz tube, before (1) and after (2) argon annealing.
After the treatment it is visible an increase of volume of the powder inside the crucible and at the same
a color difference is visible (blue and grey/brown, left and right side).
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Yacuum

There were performed three different annealing in vacuum atmosphere. In the first, it was used
the same crucible of the previous treatments. In the second, a cylindric crucible was used. In
these two situations 0.5 g of powder were used. The vacuum pressure varied between 10~ and
10 mbar. For the third annealing 4 g of powder were loaded inside a bigger boat-type crucible.
In this case it has been experienced to work with a vacuum grade lower than before, trying to
avoid magnesium evaporation (working pressure between 10~ and 10" mbar).

The major observations are:

¢ In all cases magnesium evaporation couldn’t be avoided; as showed by “Figure 5.17” in
all cases a “shroud” deposited on tube walls. This shroud is made of Mg. The tube was
cleaned with an aqueous solution of nitric acid (that is reactive with magnesium), and
the halos were successfully removed (almost instantaneously). Analysis will later
confirm that.

Figure 5.17: Quartz tube “dirty” after Mg being evaporated during annealing in vacuum (first
vacuum annealing (1), second (2) and third (3)).

e In all cases, a certain amount of powder was found out the crucible along the tube, as
shown in “Figure 5.18.
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Figure 5.18: Powder that was dragged along the tube during annealing in vacuum.

e No difference in colors was observed (all the powder left inside the crucible looked dark
blue), corroborating so, the hypothesis about the origin of the color difference in argon
and nitrogen atmosphere. In vacuum, in fact, no “cold gas” is flowing inside the tube.

e No considerable amount of volume was observed even if, considering the amount of
powder outside the crucible, it is hard to say.

5.6.3 Synthesis from commercial powder (unmilled)

Following the same procedure of the others thermal treatments, it has been performed another
annealing starting from unmilled powder. The difference was that the used annealing
temperature was 590 °C. The other parameters (heating time, hold time, cooling time) were
maintained. The annealing was performed in nitrogen atmosphere.

The annealed powder was a stoichiometric composition (2 Mg, 1 Si); it was well blended inside
the glovebox for 1.5h with a small mill/blender. 0.5 g of the blended powder were loaded inside
the small boat-type crucible and 1g was inserted into the cylindric crucible. The two crucibles
were then placed inside the quartz tube as showed in “Figure 5.19”.

Figure 5.19: Alumina crucibles containing a mixture of Mg and Si powder, inside the furnace quartz
tube

After the annealing it was observed no difference in color, for the powder that was inside the
cylinder (all blue), while a difference was observed in the powder that was inside the boat-type
crucible. The difference was comparable to the previous cases (blue — grey/brown, far — close
the gas inlet). No important and visible increase of volume was observed.
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5.7 Characterization of annealed powder
5.7.1 XRD results

The results shown in this section compare the XRD patterns of:

1.

2.
3.

4,
5,

Silicon powder, magnesium powder and a mixture (mol ratio 1:2) of them (“Figure
5.20”)

Mg-Si powder mixture: unmilled, 5 hours milled and 10 hours milled (“Figure 5.217)
5 hours milled powder and annealed powder (vacuum, nitrogen and argon, “Figure
5.227)

Blue and grey powder of nitrogen and argon annealing (“Figure 5.23” and “5.24”)

In “Figure 5.25”, blue powder of nitrogen annealing (milled powder) and the powder
obtained with unmilled (only mixed) powder (powder annealed in the cylinder-type
crucible and blue and grey powder annealed in the boat-type crucible).

In all the presented patterns, peaks are identified in the following way:

o Silicon

o Magnesium

A Magnesium Silicide
* Magnesium Oxide

QOutcomes:

1.

The pattern of a powder mixture (mol: 2 Mg, 1 Si), is a combination of the patterns of
silicon and magnesium.

20 30 40 50 60 70 80 90

—— mix (Mg, Si)| |

Intensity (arbitrary counts)
——

2Theta (°)
Figure 5.20: XRD patterns comparition between Si, Mg and mixture 2 Mg-1 Si
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2. The unmilled mixture pattern was used to compare the pattern of the milled (5 hours
and 10 hours) powder. The only peaks in the XRD patterns are ascribed to Mg and Si
ones, indicating no formation of new phases. These results show that Mg2Si didn’t form
by mechanical alloying. However, the effect of milling has been already discussed in
“Paragraph 5.3”.
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Intensity (arbitrary counts)
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Figure 5.21: Comparition of mixture Mg-Si before milling and after 5 and 10 hours of milling.

3. The XRD showed that magnesium silicide formed after annealing in all the three
different atmospheres tested, in particular.

e Peaks referable to Mg>Si appear

e Magnesium peaks disappear completely

e Silicon peaks reduce considerably, even though two peaks (~ 28.8°, 56°) are still
visible

e Magnesium oxide peaks are slightly visible, even though very flat.
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Figure 5.22: XRD patterns of powder milled 5 hours, before any therml treatment and powder
(previously milled 5 hours) annealed in the three different atmosphere tested (N>, argon and vacuum)

4. Inthe cases (nitrogen and argon atmosphere) where it was found a difference in powder
color, the outcome (“Figure 5.23” and “Figure 5.24” respectively) of XRD analysis was
similar. Grey powder presents an increase content of magnesium oxide. It is visible a
correspondence with the peaks (Mg»>Si and Si) of “blue powder” with a remarkable
increase of the ones related to MgO. These peaks are the only ones marked (*) in Figures
“5.24” and “5.25”, since it is the only notable variation between “blue” and “grey”
powder.

53



Intensity (arbitrary counts)

Figure 5.23:

Figure 5.24: Comparaton between blue and grey powder after annealing in argon atmosphere
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The data were plotted using the software ‘Origin Pro 9.1°, they were also analyzed by using the
software ‘Match!” and ‘Maud’ for the identification of the peaks. Maud allows also to quantify
the percentage of the various phases presents in the powder, by Rietveld refinement. The

calculated percentages are reported in “Table 5.4”.

Table 5.4: Weight percentage of phases calculated with the software Maud

Si wt % Mg wt % Mg:Si wt % MgO wt %

Mix 2Mg/1Si 41.53 58.47 / /
Shours 40.05 59.32 / 0.63
10hours 38.28 60.89 / 0.83
Vacuum 11.39 / 83.58 5.03
Nitrogen_blue 13.22 / 80.43 6.35
Nitrogen_grey 13.77 / 55.56 30.67
Argon_blue 7.41 / 88.47 4.12
Argon_grey 14.81 / 3591 49.28

After milling (5 and 10 hours), the amount of MgO is rather low (less than 1 %), even though
no magnesium oxide is detected in the unmilled powder. However, the amount of oxide
increases considerably after annealing in the three different atmospheres.

After annealing, the predominant phase is Mg>Si with some differences:

e Blue powder of argon and nitrogen annealing, and vacuum-annealed powder have
similar outcomes. Predominant phase is Mg>Si, with a certain percentage of silicon.
Magnesium oxide is found to be in a percentage from 4 to 6 %.

e For grey powder (Ar and N> annealing) the amount of magnesium oxide is significant.
The magnesium that oxidize is not available anymore for reacting with silicon.
Consequently, the amount of unreacted Si results to be bigger and the amount of formed
Mg>Si lower.

In “Table 5.5 are reported the characteristics values of the Mg>Si peaks of “Figure 5.22”. In
detail, the peaks have been fit using the automatic function ‘Pseudo Voigt’ of the software
‘Origin Pro 9.1°. Then, the full-width-at-half- maximum (FWHM) has been reported in the table
and the position of the peaks (20) was used to calculate the interplanar distance (dexp) by using
the Bragg law, already presented in Chapter 4, Equation (4.1) but reported for simplicity again
in Equation (5.1).

A
senf

(5.1)

dexp =
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The peaks were also identified by using the miller indexes (h, k, 1) from which it was possible
to calculat