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Abstract

Silicide-based thermoelectric generators are potential candidates for waste heat recovery at
temperatures below 500 °C. For the last two decades, the conversion efficiency of modules
based on n-type magnesium silicides and p-type higher manganese silicide has improved
significantly. However, the conditions in which thermoelectric generators operate (for
example, remote areas in the oil, gas, and telecommunication industries, in automobiles,
etc.) are harsh (corrosive, for example) and hostile (due to thermal instability). In this
project, there was much focus on the stability of the thermoelectric modules, with special
interest given to oxidation of the thermoelectric materials and module stability. The
thermal oxidation studies were conducted on higher manganese silicide alloys; the studies
mainly investigated the effect of the alloys’ composition, consolidation techniques and
the operational atmosphere’s effect on their oxidation potential. Moreover, the choice
of matching electrodes and good bonding technology for the module assembly was the
ultimate step before finally testing the actual performance and stability of the module

over an extended period.

The thorough oxidation studies conducted in this thesis revealed the importance of differ-
ent production processes for the higher manganese silicide thermoelectric materials on the
oxidation robustness of the alloys. The study showed that the purity (fewer impurities)
of the raw elements and optimal doping level are among the key factors for the alloys
to resist oxidation by growing a protective SiOy protective oxide layer. Moreover, it was
also shown that powder consolidation by spark plasma sintering produced stronger bulk

pellets, and mechanical strength played a key role in passive oxidation.

During the module’s contacts design, silver electrodes and solid liquid interdiffusion bond-

ing technology were used. The contact resistance of the assembled modules were measured

viil
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using an automated point contact measurement test rig. On the magnesium silicide the
specific contact resistance was on average 0.17 mQcm? with 2.1% standard deviation.
The higher manganese silicide’s contact interface, on the other hand, the results were
dispersed along the bond, where 0.07 mQcm? was the lowest value and 1.12 mQcm? the

highest (81.3% standard deviation).

Finally, the module stability was investigated by testing the performance of the assembled
modules. The tested modules produced up to 7.4mW /cm? power density at 400 °C and
sustained more than 300 thermal cycles. The gradual degradation was found to mainly
originate from the mechanical failure of the contact interfaces and oxidation of the n-type
magnesium silicide relative to the p-type material. Applying a high-temperature coating
did not reduce the degradation rate, which showed that it would be better to encapsulate

the modules to count-act the effect of oxidation.



Abstrakt

Silisid-baserte termoelektriske generatorer er potensielle kandidater for spillvarmegjenvin-
ning pa temperaturer under 500 °C. Gjennom de siste to tiarene har konverteringseffek-
tiviteten til moduler basert pa n-type magnesiumsilisider og p-type mangansilisider blitt
betydelig forbedret. Forholdene der termoelektriske generatorer fungerer (for for eksem-
pel fjerntliggende omrader i olje-, gass- og telekommunikasjonsindustrien, i biler, etc.) er
korrosive og utfordrende (pa grunn av termisk ustabilitet). I dette prosjekt, var det mye
fokus pa stabiliteten til de termoelektriske modulene, med spesiell interesse for oksidasjon
av termoelektriske materialer og modulstabilitet. Termiske oksidasjonsstudier ble utfort
pa legeringer med mangansilisider; studiene undersgkte hovedsakelig effekten av legerin-
genes sammensetning, konsolideringsteknikker og den operasjonelle atmosfeerens effekt
pa deres oksidasjonspotensial. Valget av passende elektroder og god bindingsteknologi
for modulsammenstillingen var det ultimate trinnet for ble testet den faktiske ytelsen og

stabiliteten over en lengre periode.

De grundige oksidasjonsstudiene utfgrt i denne oppgaven avdekket viktigheten av ulike
produksjonsprosesser for hgyere mangansilisid termoelektriske materialer pa oksidasjon-
srobustheten til legeringene. Studien viste at renheten (feerre urenheter) av raelementene
og optimalt dopingniva er blant ngkkelfaktorene for at legeringene skall motsta oksidasjon
gjennom a skape et beskyttende lag av SiO,. Det var ogsa vist at pulverkonsolidering ved
gnistplasmasintring ga sterkere bulk pellets, hvor mekanisk styrke spilte en ngkkelrolle i

passiv oksidasjon.

Under modulens kontaktdesign ble sglvelektroder og fast-flytende interdiffusjon binde-
teknologi brukt. Kontaktmotstanden til de sammensatte modulene ble malt ved hjelp

av en automatisert punktkontaktmalingstestrigg. Pa magnesiumsilisid var den spesifikke
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kontaktmotstanden i gjennomsnitt 0.17 mQcm? med 2.1% standardavvik. For de mangan-
silisidenes kontaktareal derimot, var resultatene spredt langs bindingen, hvor 0.07 mQcm?

var laveste verdi og 1.12 mQcm? den hgyeste (81.3% standardavvik).

Til slutt ble modulstabiliteten undersgkt ved a teste ytelsen pa de sammensatte modu-
lene. De testede modulene produserte opptil 7.4 mW /cm? pulvertetthet ved 400 °C og
gikk gjennom mer enn 300 termiske sykluser. Den gradvise nedbrytningen ble funnet a
hovedsakelig stamme fra mekanisk svikt i kontaktgrensesnittene og oksidasjon av n-typen
magnesiumsilisid i forhold til p-type materialet. Pafgring av hgytemperaturbelegg re-
duserte ikke nedbrytningshastigheten, noe som viste at det ville vaere bedre a kapsle inn

modulene for & motvirke effekten av oksidasjon.
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Chapter 1

Introduction

1.1 Energy and waste heat

In his effort to explore the nature of life, I. Asimov [1]| associates the phrase "making an
effort" with the definition of life. Scientifically, the ability to make an effort is termed "en-
ergy". Therefore, energy is a primordial requirement for all living objects. This analogy
allows us to understand (without making it an excuse for) the linear growth trend in the
global energy demand [2-4], but also to recognise a corresponding parallel negative impact
on the climate as result of increased greenhouse gas emissions [4]. Specifically, humankind
contributes a fair share to both the need for energy and detrimental actions related to
energy production. However, the will to adopt climate change mitigation strategies has
increased and such strategies are being put in place. According to the International
Energy Agency (IEA) [5], there is commitment to reducing greenhouse gas emissions by
30-55% by 2030, and further support for optimising energy technologies and /or innovating

sustainable solutions is key to reducing emissions (see figure 1.1).

Despite a remarkable increase in renewable energy technologies, the power production side
accounts for huge losses originating mostly from oil, coal and natural gas inputs. In the
United States of America (USA) [6] (see figurel.2), the energy losses accounted for between
45 and 70% (equivalent to around 10 million tonnes of oil equivalent (Mtoe)) originating

from both production and consumption, in year 2018. Waste heat in power generation



or industrial processes comes from various sources: the majority originates from exhaust
systems (gas or fluid) and heated air from heating systems (high temperature gases) [7].
Waste heat is commonly recovered using waste heat-to-power (WHP) systems that convert
the recycled heat into electric power. The most known WHP are Organic Rankine Cycles
[8,9], Kalina Cycle, turbocharger systems, thermoelectric generator (TEG) [10], etc.

Thermoelectric generators recover waste heat by producing electricity from a tempera-
ture difference between a hot surface and a heat sink. Thermoelectricity has found success
in spacecraft [11] for which radio isotope generator (RTG) provide electricity and heat.
Moreover, uses for the technology have been found in industrial applications, the oil and
gas industries and communication, especially in remote areas. TEG waste heat recovery
has been tested in the automobile industry, mainly by companies such as BMW, Ford,
Renault, Honda, etc [12,13]. Thermoelectricity also has other applications such as in do-
mestic waste heat recovery, micro heat sources (smart watches [14], wearable devices and
clothes [15]), the internet of things [16-20],etc. However, the drawback of the technology
is a low conversion efficiency (mostly below 5% [21], although it can reach 15% (labo-
ratory scale) 22| for optimal systems) and the thermal instability of the thermoelectric
material in harsh environments. Commercially available thermoelectric materials (TEM)
are estimated to have around 1/6 of the Carnot efficiency [23]. Most systems of this type
have a zT close to 1, deemed not cost effective by the USA Department of Energy [7]
since the device would rarely achieve 5% efficiency. The ultimate goal would be to be able
to make a TEG system that can achieve a conversion efficiency of 20%, which would be
possible if the materials have a figure of merit(zT) of at least 2, which would be equivalent

to recovering 29.3 * 10*kWh every year.

There have been several materials systems developed for different purposes or applications,
mainly in the waste heat sector (high or low temperature). Key production companies
include Tecteg [24|, Gentherm [25], Alphabet-xprt Energy [26], Ferrotec [27], etc.;they
produce mostly skutterudites, Pb-Te and Bi-Te based modules for low to medium tem-
perature waste heat harvesters, and oxides and SiGe based TEGs as high-temperature
harvesters. For industrial applications, most industries require materials/systems that
have a lifetime of several years and need little maintenance. In addition, the exhaust

products (gas, fluid or other hot products) in the industrial sector are corrosive, and their



temperatures are not stable over time; therefore, it is important that the materials in

energy harvesting systems are robust and stable over time.

Change in global energy-related CO; emissions and avoided emissions, 2018-19
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Renewables and energy efficiency played the largest role in keeping energy-related
CO; emissions flat in 2019, alongside coal-to-gas fuel switching, lower demand and
higher output from nuclear power.

Figure 1.1: Renewables and energy efficiency role to reducing greenhouse gas emissions

in 2019 [28]
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Figure 1.2: USA energy flow: 2018. The concentric pie charts below every flowchart
illustrate losses on the power generation side. The inner circle shows the amount and loss
type (thermal or non-thermal), the 2nd inner circle shows the input sources, 3rd circle
shows the generated electricity and losses associated with each source, finally the outer
circle shows the overall output in function of electricity, direct heat and losses for 2018 [6].

Credit: Det Norske Veritas Germanischer Lloyd (DNV GL)

1.2 Scope of the thesis

As briefly discussed in the previous section, thermoelectric power generators are good

candidate systems for waste heat recovery in sectors such as transportation and manufac-



turing industries. Though the technology has seen remarkable developments in the last
two decades, there are a few major disadvantages that are still holding it back from being

competitive on the energy market. These include

e scarcity of raw material resources for industrial mass production and environmental

friendliness (e.g. Pb, Hg, and Cd based compounds [29, 30]);

e low conversion efficiency [31,32] compared to other technologies (photo-voltaic mod-

ules 20% [33]) ;
e lack of advanced technology for module assembly, instead of pick-and-place;
e lack of structural stability at the materials and module levels;

e and uneffective thermal stability of systems and modules over time.

Silicide-based thermoelectric materials address many of the challenges listed above. The
basic chemical elements (Si, Mn, Mg, Fe) and dopants/alloying elements (Sn, Bi, Sb,
Ge, Mo, Al, Cr and Re) are relatively non-toxic (almost all do not figure on the US
Agency for Toxic Substances and Diseases Registry with the highest scoring 700ppm [30]),
cheap, abundant (Si, and Mn), and sustainable. However, the group of materials have
got drawback related to finding good n- and p-type couple both with high thermoelectric
properties (therefore high "zT"). Through computational screening as done by Lgvvik
et al. [29], magnesium silicide (MgySi) and higher manganese silicide (MnSi; 75) based
TEMs, abbreviated as MGS and HMS, respectively, were found to be relatively promising
and interesting compounds for thermoelectric applications. MGS have been shown to be,
theoretically, a better n-type than a p-type TEM with zT reaching 1.6 at 300K. Similar
results have not yet been achieved experimentally, but zT=1.3 at 700K was achieved by
improving thermal properties through alloying with tin (MgsSi;_,Sn,) [34,35]. On the
other hand, HMS is a good match as a p-type thermoelectric material due to the alloy’s
thermo-mechanical strength and high resistance to thermal oxidation [36]. Despite all the
benefits, including the ease of manufacture, HMS has a disadvantageous zT between 0.3

and 0.5 below 500°C [36-39).

Several studies have been conducted to improve the thermoelectric properties (Seebeck

coefficient and electrical conductivity) while reducing the thermal conductivity of both



HMS [40-45] and MGS [46-50]. By improving the power factor of HMS and introducing
heavy atoms (e.g. Re [44,45,51], Ru [43|) for phonon scattering purposes, Ghodke S.
et.al. [52] achieved an impressive zT of 1.15 at 600°C marking a step towards to finding
a p-type match for MGS. On the other hand, modules’ mechanical, environmental, and
thermal stability is another capital concern that needs to be addressed. However, little

has been reported on the durability of the material and modules.

In response to limited knowledge regarding the stability of silicide-based thermoelectric

modules, this project focuses on

e studying the thermal stability in air by investigating the oxidation kinetics and

mechanisms of the materials;

e optimizing the interface/bonding layer (composition and bonding parameters) be-

tween the electrodes and the TEM;

e evaluating the operation of the developed module by subjecting the module to ther-

mal stresses (thermal cycles) in air and vacuum environments.

1.3 Objectives and research questions

Thermoelectric modules are operated in harsh and varied thermal environments. A good
understanding of the materials and module performance in varied conditions is important
for optimization, which includes choosing the bonding layer, choosing the best metal
electrode and deciding on the module design, thus meeting the application requirements

is our main objective.
Based on the main objective, three questions arise:
e What is the operational environment’s contribution to TEM degradation (oxida-
tion)?

e How long can TEGs withstand thermal stresses in varied conditions (atmosphere)

in the operating temperature range?



e How much do the condition and mode of operation of TEGs affect their life span?

1.4 Thesis outline

This thesis manuscript is split into six chapters as follows:

Chapter 1 describes worldwide energy demand, use and resulting waste, and introduces
the benefits of incorporating thermoelectric technology in the world’s energy system(s).

Finally, it highlights the motivation behind the PhD project and lists its objectives.

Chapter 2 introduces thermoelectric phenomena, electrical and thermal parameters, and
conversion efficiency. Moreover, it provides an overview of the TEM (grouped following
temperature regimes) and the state of the art in silicide-based TEM, especially HMS and
MGS.

Chapter 3 presents a roadmap for testing the stability of thermoelectric modules with

an emphasis on bonding technology and testing the long-term stability of the modules.

Chapter 4 describes the methods adopted in this project including sample preparation,
thermal oxidation, electroplating, microscopy, and electrical and electronic characterisa-

tion techniques.

Chapter 5 summarises the main outcomes of the project as a whole based on the pub-
lished papers and one scientific article under preparation for publication. The copies of

the published papers are appended at the end of this dissertation.

Chapter 6 shows the contribution of the main findings to the study of thermoelectricity

and makes recommendations for future projects.



Chapter 2

Thermoelectric materials

2.1 Thermoelectric phenomena

When a temperature gradient is applied to any isolated conductor, an electric potential
is generated as a result of the "absolute Seebeck effect" [53,54]. In 1821, a German
physicist, Thomas Johann Seebeck (1770-1831), made use of the theory developed in 1794
by Alessandro Volta by electrically connecting two dissimilar electrical conductors and
applying a temperature difference. The energy levels of the materials shifted differently
resulting in the generation of a potential difference/voltage across the two unjoined ends of
metal A and B (forming a thermocouple) terminals following the "relative Seebeck effect"
(see figure 2.1(a) in black path). The instantaneous relationship between temperature
gradient and voltage generated by the thermocouple at a given temperature is defined
by the Seebeck coefficient as in equation 2.1. The best-known application of the Seebeck
temperature-voltage effect is in thermometry where the standard thermocouple converts

thermal energy to electrical energy, therefore becoming an accurate thermal sensor.

Contrary to the Seebeck effect, when an electromotive force is applied across the unpaired
electrodes terminals, a change in heat occurs at the junctions. The manifestation is called
the "Peltier effect", named after Jean Charles Athanase Peltier’s discovery in 1834. The
heat that evolves at the cold side of the thermocouple is absorbed at the other end of the
junction or the hot side (see figure 2.1(a) in red path)); therefore the technology finds



application in refrigeration or heat pumps. The Peltier coefficients at electrode A and B
would be expressed as a function of heat transfer (from cold side to hot side) per unit

time and inversely proportional to the applied current as in equation 2.2.

In the late 19th century, William Thomson, first Baron Kelvin (1824-1907), found out
there was a relationship between the two thermoelectric effects (7 = .S« T). This led to
a further understanding that if both a temperature gradient and current are applied to a
conductor, heat evolves or is released by the conductor, which is known as the "Thomson
effect". As shown in figure 2.1(b), if the direction of the applied current opposes the
temperature gradient, heat is absorbed, and it is rejected in the opposite case. These
thermal effects have both found applications in refrigeration. Although the Thomson
effect can be used in both heat exchangers or electricity generation, not many applications

have been reported relative to the Peltier and Seebeck based systems.

AV
S =% (2.1)

Where S is the Seebeck coefficient|V /K], AV the thermal voltage generated [V], and AT
the temperature gradient between the hot and cold side [K].

M, — I = TQ (2.2)

IT4 and Ilg are the Peltier coefficients of electrode A and B respectively, @ is the heat
absorbed /released by the thermocouple, and I the current through the full circuit.

4
(=l 1| 23)

(¢ represents the Thomson coefficient[Joule/A*K], ¢ the heat generated per unit volume

[Joule/m?|, and J the current density|A/m?|.
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Figure 2.1: Schematic illustration of the (a)Seebeck and Peltier effects, and the (b) Thom-

son effect.



2.2 Thermoeletric figure of merit and conversion effi-

ciency

The quality of TEMs is determined by a figure of merit "z", which is expressed as the ratio
between the materials’ generated power factor and thermal conductivity, as in equation
2.4. The power factor (PF = 05?%) is the product of the electrical conductivity and the
square of the Seebeck coefficient. "z" is expressed in 7! units, but often and convention-
ally referred to as a dimensionless parameter "zT", T being the absolute temperature,
and x the thermal conductivity.

S?

T=-—"T 2.4
= 24)

The performance of thermoelectric modules is a resultant of the efficiency of the module
equation 2.5. It strongly depends on the temperature gradient between the hot and cold

sides of the module and is limited by the Carnot efficiency.

T, — T, 14+ 2,7 -1

Nmax = T * — (25)
h 1+ 2T + 72
) (Sp + Sn)?
Zp7n — (Up _'_ g )( D + ) (26)
Kp + Kn

where 7,4, is the maximum efficiency of the thermoelectric module, T}, and T, are the
respective hot and cold side temperatures, z,, is the thermoelectric module’s figure of

merit (equation 2.6 or z=S7 , /R;x) and T is the average temperature (T}, + T,)/2.

2.3 Thermoelectric transport properties

Thermoelectric materials are characterised based on their electrical and thermal transport
properties. These parameters are combined in one figure of merit as discussed in section
2.2, thanks to Edmund Altenkirch and Abraham F.Ioffe [55]. The thermal-voltage effect
or Seebeck effect originates from a thermal diffusion caused by a thermal force acting on
particles in a temperature gradient. The transport entropy of each particle leads to the
accumulation of electric charges and as a result to an electric field between the hot and cold

sides of the TEM [56]. The thermopower generated is denoted by the Seebeck coefficient
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(S), while the electrical conductivity [S/m| and the thermal conductivity [W/m*K] are

symbolized by ¢ and k, respectively, as in equation 2.4.

2.3.1 Seebeck coefficient

The Seebeck coefficient can be expressed as the difference between the average energy of
electrons weighted by the relaxation time and the Fermi energy (equation 2.7). Since the
Seebeck effect is dependent on several physical processes, voltage related (or diffusive)

Seebeck coefficient is most dependent on the diffusion of charge carriers due to thermal

- (8-5)

where the angular brackets signify the average energy value of all particles with energy

gradient [57].

E weighted by the relaxation time 7 and the Fermi energy E [eV]. Using the Boltzmann
statistics, equation 2.7 can be approximated as a function of the density of state mass

and inversely proportional to the density of charge carriers as in equation 2.8.

_ 8%k o ( s )2/3 2.8)

3ehz T \3n
where kg is the Boltzmann constant (1.38 x 10723 [m? kg/ sec? K]), e is the symbol of the
charge carrier [coulomb]|, here "electron" taken as an example,m* is the density of states
effective mass|kg/m?], h is the Planck’s constant(6.63 x 1073* [J*sec|, n is the free-charge

carrier volume density [m=3].

2.3.2 Electrical conductivity

On the other hand, the electrical conductivity (equation 2.9), depends on the charge

carrier concentration "n" (equation 2.10) and the charge carrier mobility p (equation

2.12) derived from the Drude model and the equation 2.9 can be written as o = npue [57].

(2.9)

where o is the electrical conductivity, with n is the free-charge carrier volume density, 7

the relaxation time and m™* the density of states effective mass.
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2.3.3 Carrier density in doped semiconductors

In intrinsic semiconductors both electrons and holes are charge carriers and n. = ny
[56,58]. However, the intrinsic concentration of charge carriers is not sufficient to yield
enough current density for practical application for non-degenerate semiconductors [59].
Therefore, the need to add a donor (impurity that can give electrons) or acceptor (im-
purity that can give holes) to promote one type of majority carrier, electrons or holes,
respectively. In doped semiconductors, the carries can be from the dopant ionization or
the valence band, therefore the carrier concentration (for example n-type semiconductor

so only donors are considered) would be approximated as

—1
N
ne = 2Np (1 + \/1 + 4N—CDeEd/kBT> (2.10)

eff

2rmksT\ "
M) (2.11)

NG, =2
eff ( i

where n, is the charge (electrons) carrier concentration, Np is the donor or dopant’s
density [atoms/m?|, E; = E¢ — Ep is the energy difference [eV] between the donor level
and the conduction band’s closest edge (or the ionization energy of the donor impurity)
[eV], N, e(“} 7 1s the effective density of states in the conduction band, and £ is the Boltzmann

constant.

2.3.4 Mobility and effective mass of charge carriers

The intrinsic mobility of charge carriers is defined as the ratio between the carriers’ drift
velocity and the magnitude of the electric field applied to the carriers (u = |v|/E) [60].
Applying Newton’s second law to the motion of the charge carriers, the mobility can be

expressed by equation 2.12, below.

= 2.12
p= (2.12)

The charge of the carriers "e" would be negative for n-type materials, though the mobility
is always positive so its absolute value would counteract the charge sign. The density of
states (DOS) effective mass of charge carriers (m*) is also the mass that the carriers

seem to have under external excitement or in case of cross-interaction among the carriers

12



under a certain force (for example: thermal diffusion) [61]. The electron’s motion at this
level is different from that of a free electron in an intrinsic semiconductor and its mass is
expressed as the product of the density of states’ mass (Nf / 3) and the mass it would have
in a single valley (or conduction band minima) along the axes of symmetry within each

valley (mq,ms and mg) [62].

m* = N3 (mymams)"/? (2.13)

2.3.5 Thermal conductivity and components

Finally, the thermal conductivity "x" (equation 2.14) comprises three components, namely
the phonon component (x;), the charge carrier component (k.) and the hole-electron
recombination effect component (k). The phonon thermal conductivity or lattice thermal
conductivity, formulated as in equation 2.15, is a resultant of the crystal lattice vibration

due to thermal diffusion in a material [63].
K = K|+ Ke + Ky (2.14)

= %cv@m (2.15)

where C, is the bulk heat capacity at constant volume and v is the propagation velocity
of excitation, A = v7 is the phonon mean free path [distance|, and the angle bracket is

the average over all modes.

The Wiedemann-Franz law (equation 2.16) states that the electronic thermal conductivity
(ke) is proportional to the electrical conductivity (of respective majority carriers) at not
too low temperature [60]; therefore, as will be discussed later, a good electrical conductor
is also a good thermal conductor.

ke = LoT (2.16)

where the coefficient of proportionality (L) is the Lorentz number for the free-electron
model, though it can also be applied to semiconductors, and T is the absolute temperature.

2k2
L= ”3623 (2.17)

with kp being the Boltzmann constant, and e the electron/hole charge, L is approximated

as 2.45 1078 W QK 2, though it varies from material to material.
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The final component of the thermal conductivity is x;. It is the bipolar thermal conduc-
tivity generated by the effect of electron-hole pairs recombination in an intrinsic semi-
conductor usually due to narrow band-gap in the semiconductors. The latter generates
energy in the form of heat at the cold side of the thermoelectric generator and adds the
third term of the thermal conductivity parameter expressed in equation 2.18; more details
can be found in reference [61].

Oc0p
O¢ + Op,

Ry =

(S, — Sp)*T (2.18)

where o, are the electrical conductivity of electrons and holes, respectively, and S, j, are
the Seebeck coefficients of electrons and holes, respectively. The bipolar effect is negligible
in degenerate semiconductors, which is why the bipolar term is often omitted for doped

TEM.

2.4 Optimisation of the zT

Achieving an effective TEM requires first and foremost an optimal coefficient of perfor-
mance (zT) and high mechanical strength. Maximising the zT (equation 2.4), relies on
optimising the electronic and thermal transport parameters figure 2.2. Ideally, this means
increasing PF equivalent to high ¢ and S, but at the same time decreasing the thermal
conductivity (k) [64,65]. However, that is not a straightforward operation since, as shown
by equation 2.14, the electrical charge carrier is related to thermal conductivity in the

denominator of the zT.

Several theoretical studies have been conducted to understand and optimize the zT based
on the band structure engineering |57, 59-61, 66-69] and band convergence |70, 71| in
TEMs. S, o and k. are all depend on charge carrier diffusion. Based upon theoretical
models, section 2.3 presents the three parameters in function of the DOS mass and carrier
concentration. Empirically, the m* is the main parameter to maximise to increase the
PF. As reported on different thermoelectric systems (PbTe, PbSe, Mg,Si.etc) [71] and
by equation 2.13 multi-valley band structure would increase S and o [69]. However, it
is important to keep in mind that m* must be such that the carrier mobility is not too

low, therefore allowing for a balance between increased DOS and carrier mobility. Overall,
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heavy doping using heavy atoms as a dopant would be a good solution to not only increase
the carrier concentration but also reduce the lattice thermal conductivity. Finally, adopt-
ing advanced and available grinding technologies such as high-speed planetary ball milling
can reduce the powder particle size, promoting/increasing the grain boundaries (which

implies increased phonon scattering), therefore reducing the lattice thermal conductivity.

1
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Figure 2.2: A representative diagram of the optimization of zT by tuning the thermal

conductivity, the Seebeck effect and electrical conductivity [72]

2.5 Thermoelectric materials

Since Seebeck first discovered thermoelectric materials [73], several other material systems
have been investigated targeting distinct areas of application. The types of the state-of-
the-art materials that have been studied include inorganic [74] and organic [75] with
different physical structures from macro- and nano-sized materials to thick and thin films
[76]. Although milestones have been achieved in each category of materials, in this report
we will focus on inorganic macro-sized bulk thermoelectric materials. In this section, the
materials are divided into three categories based on the temperature range of application

and tables 2.1 and 2.2 give a summary of the state-of-the-art materials’ electrical and
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mechanical characteristics.

2.5.1 Low temperature (RT - 200 °C)

Bismuth telluride has been the leading material at low temperature from near room
temperature to around 200 °C, thanks to its low lattice thermal conductivity and low
effective mass of carriers (and therefore high carrier mobility) [77]. However, the material
system has drawbacks related to bipolar conduction effects stemming from its narrow band
gap of 0.14eV [78,79]. The bipolarity effect is partially reduced by alloying with ShyTes for
p-type BiSbTe-based TEM and with BiySes for n-type BiTeSe-based system [80]. In the
1960s, this material system dominated the thermoelectric cooling industry and it was used
in several electric devices [81]. Not long ago, they were found to have good thermoelectric
properties near room temperature in power generation mode. The research conducted was
mainly to optimize majority carrier concentration in the range of 2-4x10%cm=3. Several
approaches were employed, among them, dopant inclusion; Yu Pan et al. [82] and Chen
Lidong et al. [74] reviewed a number of preferred donors (e.g. Ga [78]) and acceptors
(e.g. Pb, Sn, etc). In addition, P and Cu can be used both as n- and p-type dopants,
respectively. Other mechanisms used so far are nano-inclusion, where nanofiller materials

are used to further reduce the lattice thermal conductivity [79].

The lattice thermal conductivity issue has also been approached by using different meth-
ods to grow BiyTes nanostructure materials, namely by straight-forward arc melting,
solvo- or hydro-thermal synthesis, the Bridgman technique, or other methods [83]. Be-
sides Bi-Te-based alloys, Si nanowires (SiNWs) are other good candidates in the low
temperature thermoelectric materials range [84,85]. As mentioned above, BiTe-based
compounds have dominated the low temperature range for a while with a figure of merit
ranging from 1 to 1.5 since the 1950s. MgAsSb is a new material system reported as
a competitive candidate to bismuth tellurides and interestingly with similar zT [86,87].
The development of other material systems is important in this temperature range since
more than two thirds of the main energy used is wasted in the temperature range be-
low 300 °C. We should also not forget areas such as wearable electronics that use TEG

technology [15,88,89], internet of things [19] and other electronic devices such as sensors.
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2.5.2 Medium temperature (200 °C - 600 °C)

The mid-temperature regime has been dominated by PbTe alloys and group 14 (by [UPAC
numbering [90]) based tellurides, mainly Ge [91] and Sn [92] based compounds. Different
alloys and dopants have been investigated, as by [93] who studied Na, Mg, Mn and
Se for p-type doping purposes, while I, La, Mn, Bi, and S were on the n-type side.
Similarly, (GeTe)gs5(AgSbTes).15 also known as TAGS, short for Te/Ag/Ge/Sb [94,95],
was reported to be a good p-type TEM in the mid-temperature regime with a zT of up to
1.3. Unfortunately, because of toxicity and scarcity of the elemental constituents of PbTe-
based and TAGS compounds, sustainability in these material groups is a challenge. Pb
(lead) is listed as number two on the ATSDR (Agency for Toxic Substances and Disease
Registry) 2019 substance priority list [96]; similarly, Te is both toxic and rare (with less
than 0.004ppm in the Earth’s crust) [29], while Ge is relatively expensive with an average
price of 1305USD /kg as of Sept./2021 [97].

Single-crystalline SnSe based materials were recently proposed as a good and sustainable
solution for thermoelectric application in the mid-temperature regime. The materials set
record high thermoelectric properties, with an impressive zT of 2.6 at 923K for p-type [98|
and zT values between 2.2 and 2.8 at 733K for Bi- and Br-doped n-type SnSe [99,100].
However, the single-crystalline compounds suffer from oxidation due to the formation of
Sn-based oxide, which leads to increased thermal conductance and therefore poor thermo-
electric properties. The latter remains a challenge for poly-crystalline compounds [101],
though C.Zhou et. al. [102] have shown that with careful reagent purification and removal
of the oxide, an impressive low thermal conductivity was achieved at 0.07W/m.K (lower

than single-crystalline) and zT=3.1 at 783K.

Skutterudites are other TEMs that gained worldwide attention in the late 20th and early
21st centuries in the temperature range between 200 and 600 °C. The compounds are
in binary and/or ternary structures, with chemical formula MX3 (where M is group 9
of the periodic table of elements and X represent the pnictogen elements P, As, and
Sb). C. Uher [103] thoroughly describes the material’s crystal structure, with the most
interesting fact being that large structural voids are created from distorted and tilted MXg

octahedrons. The voids, also called cages, can be filled with other species, resulting in
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so-called filled skutterudites. Considerable work was done to try and find the best fillers,
as well as the best synthesis methodology. The state-of-the-art reported zT is around 1
for electronegatively filled [104-106] and 2 for electropositively filled skutterudites [105,
107-111].

Clathrates are another known group of materials researched for thermoelectric applica-
tions in the mid-temperature range. The composition of the compounds is of two types:
type I is A,B,Cys_, [112-114] and type II is A, B,Cis6_, [115|with A, B and C, repre-
senting alkali or alkali earth metals, group 13 and group 14 elements, respectively. While
clathrates have not yet shown ideal thermoelectric properties, the zT reported so far

ranges from 0.5 to 1, which is ok, but further improvement would be appreciated.

2.5.3 High temperature (>600 °C)

Thermoelectricity at high temperature is challenging for most of TEMs due to service
stability concerns. As of 2020, a limited number of materials have been reported as
best candidates for high-temperature application, namely Oxide-, SiGe-, and Zintl-based
TEMs [116]. Oxide-based TEMs were long regarded as not convenient for thermoelectric
application due to very low carrier mobility and high lattice thermal conductivity; it was
not until single crystal NaCoy,O,4 was discovered by I. Terasaki [117,118| to have thermal
power (100pW/m.K at 300K) comparable to BisTe that it was believed to be a promising

material system for high temperature application.

Today, several material systems have been investigated, and studies to optimize their
transport properties have been carried out using heavy doping to increase the carriers’
concentration and through nanostructuring [119] to reduce the lattice thermal conductiv-
ity. The relatively good compounds among those studied are n-type CaMnO [120,121],
SrTiO [122-125], CaCoO [126,127] based TEMs which showed improved thermal power,
though with high total thermal conductivity ranging between 150-200 'V /K (absolute

values) and 1.6-4 W/m.Km, respectively.

Similarly, single and multi-crystalline p-type CaCoO [128-132], NaCoO [133], and many
more (BiSrCoO, LaCoO, CuAlO, etc. based [118]) TEMs were researched and their
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thermal conductivity was impressively reduced to below 0.5W /m.K, which is high relative
to their n-type counterparts, but unfortunately with a poor zT just below 0.6. However,
a better and more promising BiCuSeO-based oxide TEM [134-137] is currently a topic of
interest due to reported high zT ranging between 1 and 1.5, though further improvement
of thermal and electrical transport parameters is needed. Finally, other oxides reported
by [116] are wide band gap ZnO, Ti/SnO,, InyO3 and V505 based TEM; they produced
a promising high Seebeck coefficient but also had high thermal conductivity around 5.8
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2.5.4 Silicide-based thermoelectric materials

Silicide-based TEM are among materials for thermoelectric energy conversion, specifically
for power generators in the mid- and high-temperature applications [186-188]. Silicon ger-
manium (Si;—,Ge,) and ruthenium silicide (RuySi3) were reported as good candidates for
high temperature application. However, Ru,Siz has not been studied much relative to
SiGe because the compound is expensive and the alloy lacks dopant candidates. Uranium
was tried as a dopant with different concentrations [189] and a zT of 0.04 to 0.09 (at
800°C) with the Seebeck coefficient way below -50uV /K. However, the compound also
showed much improved thermoelectric zT, with doping with 4 at%Rh [190] and substitut-
ing Ru with Re and/or Si with Al [191], resulting in the zT equivalent of 0.8 and around
0.5, respectively. SiGe, on the other hand, is well regarded in the high temperature range
due to its robustness to oxidation. Both n-type [192-194] and p-type [192,195-197] SiGe-
based TEM showed a higher figure of merit (close to 2) compared to the oxides. The zT
was achieved using different optimisation techniques such as boosting the carrier concen-
tration through doping, nanostructuring and/or forming nano-composites by including

nano-materials (for example TiBy [197] or YSiy [195] nano-inclusion).

Other silicide semiconductors studied for thermoelectric applications are mostly silicide
compounds based on alkaline earth and transition metals [187]. Alkaline earth silicides are
mostly not reliable due to high chemical reactivity at low temperatures. The compounds
based on transition metals (FeSip, CrSiy, MnSi, (x=1.71-1.76), ReSi; 75) and Mgy X (X are
Si, Sn and/or Ge), are quite interesting and have most recently been studied for medium
temperature applications (300-600 °C)owing to their good thermoelectric properties and
cost effectiveness (cost below 200$/kg [198]). Moreover, despite ReSi; 75 having a high
figure of merit (around 0.7 at 800°C [199]), which could make it a SiGe counterpart
at high temperature, it presents an anisotropic Seebeck coefficient along the a and c
axes. Analogously, studies of Cr-based silicides faced challenges related to high thermal
conductivity. CrSi2 is a degenerate semiconductor with a band gap of around 0.35 eV and

therefore high electrical and thermal conductivity with zT ranging between 0.2 and 0.3.
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2.5.4.1 Higher manganese silicides

Higher manganese silicides (HMS) are intermetallic compounds from the family of Nowotny
chimney ladder compounds. The Nowotny phase’s crystal structure was derived from the
general formula T, By,,_,, [200] and was similar to that of TiSiy group [201,202]. HMS exist
in many phases such as, Mn,Si;, Mny;Sijg, Mn;5Siss and MnyrSiy; (see figure 2.3), which,
despite manifesting different lattice parameters (a:b:5.52—5.531& and c:17.46—117.94A),
have similar electronic band gaps of 1.2 eV at room temperature and 0.8+ 0.1eV above
700 °C [203]. The p-type HMS poses a thermoelectric zT of around 0.5 above 750 K and
high mechanical strength (above 1000+40 HV).

The synthesis of HMS is usually done by mixing, melting and casting, followed by ball
milling, and consolidated by both HP or SPS. Commonly, undoped HMS contains dis-
persed 50/50 MnSi and Si phases, which have a detrimental effect on the thermoelectric
properties as well as the thermal stability of HMS. L.D. Ivanov [203] showed that anneal-
ing the HMS crystals for 400 hours increased the secondary phase’s solubility; nonetheless,
by substituting "Al" or "Ge" on the "Si" site, this project showed that doping with at
most 0.5 at%Ge dissipates the MnSi striations, or at least would require less annealing
time. To improve thermoelectric performance, different dopants were tested (by different
researchers), and details on the state-of-the-art alloys’ composition transport properties

and figures of merit are summarized in table 2.2.

i

~ & ¢=1.75nm
(X0 4

® ® [ |

e © I [

o: 4 lo 8%/

0. ’ [ I

Mn-subcell ~ Si-subcell Mn,Si, Mn,Si; Mn,,Si,

Figure 2.3: Graphical illustration of two of the HMS family’s unit cell structure [204].
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2.5.4.2 Magnesium silicides

Analogously, magnesium silicide (MgySi or MGS) based TEM is the best n-type candidate
for HMS (p-type) in silicide TE modules. The compound exhibits a narrow band gap of
around 0.7 eV and a cubic crystal structure 2.4. Typically, MGS undoped has a zT of
0.1-0.2 [205, 206], though alloying/doping with different elements (Sn, Sb, Bi, Ge, Al
Cr,etc) and convergence of the conduction band boost the zT to around 2 (check table
2.2). Despite their good thermoelectric performance, MGS alloys suffer from mechanical
instability. The typical MGS synthesis process follows a solid state diffusion process and
hot pressing or plasma-activated sintering. Nonetheless, consolidation is still a challenge,
especially for magnesium silicide stannides, due mainly to the low melting point of tin.
Moreover, the challenging sintering process increases the production time of the alloys,
therefore impeding the possibility of mass production. Further improvement of the MGS
sintering method, most importantly making it easy to replicate, would be an important

advancement in the medium temperature regime.

Figure 2.4: Conventional unit cell crystal structure of Mgy X, X: Si, Ge, or Sn [207].
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2.6 Material synthesis

2.6.1 Growth from the melt

The selection of TEM, as mentioned in previous section, depends on the materials’ me-
chanical strength in addition to their electrical and thermal transport properties. TEM
in a module are subjected to a high temperature gradient and mechanical compressive
stress between the hot and cold side. Traditionally, the elemental constituents would be
mixed and melt cast (by induction melting [237|, arc melting [238] or any other capable
furnaces) at high temperature to produce a homogeneous crystalline structure. However,
the crystals grown using traditional melting and crystallization methods are not suitable
for thermoelectric applications due to their high porosity and poor mechanical strength.
Therefore, further processing techniques (pressing/sintering as in figure 2.5) are required
to increase mechanical strength by optimally reducing the porosity of the cast ingots, as

will be discussed in the next section.

As casting !
Mixing Melti Rapid o Consolidation
>(raw rrstsriale) >> S solidification Milling (SPSIHP)

Figure 2.5: Overview of the conventional melting and pouring synthesis method and

further material processing from the as cast ingots

2.6.2 Solid state diffusion technique

Despite the practicality of the melting and casting method, some materials systems are
very hard to synthesize using this method. In the case of MgySi; ,Sn,, the presence of
magnesium as one of the basic elements and its high affinity to oxygen containing atmo-
sphere renders it almost impossible to treat the material at high temperature. Solid state

reaction technique is one of the other forms of synthesis techniques. The starting elemen-
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tal constituents are mixed in a controlled atmosphere (a glovebox, for instance, is used in
an inert atmosphere) and similarly milled and cold pressed into pellets (figure 2.6). The
pellets are then put in crucibles and annealed at high temperatures that are nevertheless
lower than the melting temperatures of individual constituents. The optimal sintering
or subsequent annealing parameters (temperature and time) are important to sufficiently

react the mixed constituents and form pure and homogeneous crystalline phases.

Mixing in Milling and Sintering Milling Consolidation
inert gas cold pressing process (SPSIHP)

Figure 2.6: Overview of the solid-state synthesis method

2.6.3 Powder densification

Powder particles are compacted at a controlled temperature (below the melting temper-
ature of individual/initial phases) and pressure to obtain dense and homogeneous bulk
materials. During sintering the main driving forces are the powder particle roughness, the
atoms’ nature, the particles’ defects at the grain boundaries and, most importantly, the
average particle size of the powder. Therefore, grinding method and powder properties

are among the main requirements to achieve a dense and homogeneous bulk compound.

The best-known laboratory densification methods for TEM are HP and SPS. During HP,
pressure and temperature are simultaneously exercised on powder ground to nano/micro
sized particles in an inert/vacuum filled furnace. The technique promotes the formation
of a homogeneous phase pertaining to interdissolution between the starting elements and
results in non-stochiometric or stochiometric alloys. However, the technique has several

drawbacks:
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e it requires a long holding time (compared to SPS and is therefore not efficient and

presents a challenge for mass production;

e the produced pellets are porous and brittle, meaning that the resultant bulk mate-

rials present poor thermomechanical strength for thermoelectric applications;

e Z.Dashevsky and S.Skipidarov [239] have shown that during pressing, the thermo-
electric properties (o, x and z) of the sintered pellet are higher towards the core of
the vertically pressed pellet, stemming from the grains’ preferential ordering during

pressing;

e and finally, the thermal oxidation potential of the hot-pressed materials is higher

than for cast materials.

SPS is a uniaxial force sintering technique that utilizes high heating and cooling rates
(1000 °C/min) to enhance densification properties during power consolidation [240,241].
The technique has recently been a leading technique for power compaction purposes due
to resultant materials’ high mechanical strength and homogeneous microstructure across
the produced polycrystalline ceramics. Moreover, SPS, as counterpart of HP, has been
a success at the laboratory scale; however, high throughput SPS systems are being de-
veloped and some on the market might be applicable on a mass production scale. The
technique has found applications in several material systems, namely nanocomposites,
hard metals, ceramics and diamond-based materials but most importantly in thermoelec-
tric materials [242]. The benefits for thermoelectric materials are that SPS increases the
grain boundaries in bulk materials, reduces the lattice thermal conductivity via increased
interfacial phonon scattering and therefore plays a role in improving a TEM’s figure of
merit. Nonetheless, SPS presents some adverse effects such as expelled tellurium in BiTe-
based alloy systems [242], Sn oxidation at the p-type polycrystalline SnSe alloy [243],

melting of elements with low melting temperature such as Sn in Mg,Si; ,Sn, alloys, etc.
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Figure 2.7: Comparison between (a) SPS and (b) HP concerning heat generation mecha-

nisms’ differences and physical structural similarities. Courtesy of P. Cavaliere et al. [240)|

2.7 Material characterisation techniques

The properties of TEM are determined by conducting measurements of the parameters
of the figure of merit, which are the thermoelectric power (or Seebeck coefficient), the
electrical conductivity or resistivity ("o" or "p"[mQem]) and the thermal conductivity
"k". These parameters are variables that the thermoelectric society uses as criteria to
compare different compositions and decide which are of interest, in addition to tuning or
optimising the alloys’ nominal composition (decide dopants type and concentration). It

has, therefore, been important to use quick and accurate methods to set reliable mass

production guidelines.

2.7.1 Electrical conductivity measurement

In the early 1800s, electrical resistance (R) and conductance (G) were the physical quan-
tities that could be determined by acquiring the current and voltage characteristics of a
conductor or material under study. However, the reliability of these quantities was chal-
lenged by their dependence on specimen geometry, which means that samples of the same

material could have different resistance. Resistivity, on the other hand, does not depend
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on the shape of a material but its composition; it also depends on the synthesis methodol-
ogy (i.e compounds with similar initial composition, synthesized in different batches may
have different resistivities). The Van der Pauw method is a method adopted in many
state-of-the-art test instruments to determine the resistivity and Hall voltage of the test
sample. As detailed in section 2.3, the electrical conductivity very much depend on the
charge carrier mobility "u" (which is also a function of the effective mass) and concentra-

tion "n", both of which are fundamental parameters for semiconductor materials.
Van der Pauw test method.

Figure 2.8 (a) is a representation of two diagrams where in case of blue connection, red
should be omitted and the other way around. Passing current /o4 and measuring the
voltage drop in Vpp we can calculate R1=Vpp/Ic4 and similarly, for the red circuit,
Ry=Vpga/Icp. L.J. Van der Pauw [244| defines a relationship between R; and R, as in
equation 2.19, which can be numerically solved for R, the sheet resistance and the bulk
resistivity calculated as by equation 2.20, where "d" is the sheet thickness
exp [—w * %j + exp [—7? * %j =1 (2.19)
p=Rsxd (2.20)

Moreover, the Van der Pauw method is used to test the Hall coefficient. If we apply an
electric current in a sheet of semiconductor material and a magnetic field perpendicularly
to the current as in figure 2.8 (b), electrons will accumulate on one side of the semicon-
ductor as a result of the Lorentz force, thereby creating a potential difference known as

the Hall voltage (Vy equation 2.21) due to uneven distribution of charge carriers.

_IB

Vi = —
i qnd

(2.21)

where I is the applied current, B is the magnetic field [Teslal, q is the carrier’s charge
[coulomb], n is the majority carrier concentration and d is the sheet thickness. Finally,
the sheet carrier density can be determined as the product of the majority carrier con-
centration and the sheet’s thickness ( ny = n * d) or by equation 2.22, and the majority
charge carrier mobility () by equation 2.23. It is, however, very important to note that
Van der Pauw testing requires very good ohmic contacts, dense and uniform samples, and

avoidance of Peltier and photovoltaic effects.
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Nne = p | i | (2.22)
1

= ——s (2.23)

()

.t s !
A ¢
[
| D
(a) ® (b) &

Figure 2.8: In diagram (a) red contacts show the current leads and flow, similarly to blue
contacts and current flow. Diagram (b) shows diagonal contacts for current contacts and
voltmeter leads for Hall voltage measurements. The direction of the magnetic field is out

of plane.

2.7.2 Seebeck coefficient measurement

The Seebeck coefficient measurement is a straightforward technique relative to the other
two zT parameters. The Seebeck coefficient is defined as the coefficient of proportionality
between the voltage generated (AV') when a temperature difference is applied across a
TEM. There are three commonly used methods depending on where the thermocouples
(temperature sensors) and voltage test leads are connected as in figure 2.9. Details on
the three methods, mode of operation, uncertainty measurements, etc can be found in

references [245-247].
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Sample —» AT and AV

l

(a) Tow  (b) (©)

Figure 2.9: Three common Seebeck coefficient test methods: (a) the uniaxial 4-point
method [245], (b) the 2-point method [246] and (c) the off-axis 4-point method [247|. The
color code represents the temperature gradient between the hot side (red) and the heat

sink (blue).

2.7.3 Thermal conductivity measurement

Thermal conductivity, on the other hand, is measured using different methods, mainly
steady-state or transient-domain methods. When a steady-state method is used, the test
system must reach chosen steady temperature so a signal can be recorded and Fourier’s law
used to compute the thermal conductivity (equation 2.24). The drawback of this method
is that it is not time efficient. With the time-domain method, however, several signals or
measurements are recorded during the heating process. Among the most used methods in
the state-of-the-art instruments are the transient hot probe method for measuring thermal
conductivity for gases, liquids, solids, etc. Moreover, the laser flash method for measuring
thermal diffusivity is employed in many instruments. The laser flash technique is mainly
used on thick discs where the laser heats one side of the sample and the temperature
rise on the opposite side (though the sample thickness) is monitored and the thermal

conductivity calculated as in equation 2.25.

Q= Yy (2.24)
d
k(T) = a(T) x c,(T) x p(T) (2.25)

where k[Wm 'K ~!| is the thermal conductivity, @ is the heat flux [W/m?|, A is the
surface area, ajm?s™!] is the thermal diffusivity [m? sec™!|, ¢, is the specific heat capacity

[Joule/K], and p is the volume density.
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Chapter 3

Thermoelectric modules

As described in section 2.1, thermoelectric (TE) modules can be coolers or power gener-
ators by the Peltier and Seebeck effects, respectively. Although, TE refrigeration devices
have been the most extensively studied in the last half century, TE generators have found
success in spaceships in areas where solar, chemical and fuel cell power sources are out
of reach. TE devices has been stable and reliable; for instance, as part of the National
Aeronautics and Space Administration (NASA) [248] active missions, Voyager 1&2 probes
have been operational for over 44years today, demonstrating high stability in space appli-
cations. However, TE technology has not been as easy to introduce for earth applications,
especially power generation, mainly because of the harsh environments the modules are

required to operate in and requirements for, long-term stability, flexibility, etc.

Generally, TE devices are made of n- and p-type semiconductor materials, connected
in parallel to accumulate current and in series to build-up voltage (see figure 3.1). For
power generators, the device is sandwiched between a heat source and a heat sink, and
the temperature gradient is the driving force which drives the charge carriers towards the
cold side current collectors. The level of productivity is determined, first and foremost, by
the TEM properties; however, factors such as TE elements’ (legs) geometry, connecting
schemes and other diverse requirements (service conditions, non stable thermal source,
thermal mechanical stresses, etc) all must be taken into consideration. Furthermore, for
earth applications, TE technology is expected to provide high power density, durable and

production friendly modules. This chapter will focus on general principles of TE module

32



operation, design, performance testing and thermal stability evaluation to provide readers

with basic knowledge about device design and characterization methods.

Heat absorbed

Substrates

Thermoelectric

elements Metal

interconnects Exterpal
electrical

connection

Heat flow

Figure 3.1: Schematic illustration of a TEG module’s components, the electrical connec-

tors and the heat flow & charge carrier directions |72]

3.1 Mode of operation

Typically, thermoelectric generators (TEG) comprise several thermocouples or unicouples
(or cells), each composed of one n-type and one p-type TEM, connected electrically in
series and thermally in parallel (see figure 3.2). The TE device is subjected to a heat
flux from the heat source to a heat sink (A T) and each cell generates an output voltage
integrated to form the module open-circuit voltage (V,.), given by equation 3.1.

% %

Voo = 3 (View)s = 3 (Su(T) = (S,(T)), AT (3.1)

n=1 n=1
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where S,, and S, are the absolute value of Seebeck coefficients of n- and p-type TEM and
both are functions of temperature. AT is the temperature gradient between the hot side

and cold sides of the TE module.

e S . —_——_—_—

Electrodes + Solder
+ Metallization

Figure 3.2: Schematic representation of a (a) TEG made of a series of n- and p-type

thermoelectric unicouples (UC), and (b) the TEG equivalent simplified electric circuit.

Each thermoelement or cell has an internal resistance that comes from both the TEM
themselves and the bonding layer (in yellow in figure 3.2). Therefore, the device’s overall
internal resistance will be the sum of the TE element’s electrical resistance Rrg and the

contact layer’s (on both hot and cold side) resistance (Rontact) €quation.

. l l
=2 (oot * ), s 32
where 0, and o, - are the n- and p-type TEM thermal dependent electrical conductivity,
respectively. Similarly, A, g, and 1 - are the cross-section areas and length of the TE legs,
respectively. The Reontacr is an aggregate of individual electrical contact resistance of each

unicouple at both the cold and hot side in the whole module.

The amount of power generated by a TEG depends on how much heat flux flows through
the hot side and cold side of the module. The heat diffusion at the hot and cold side
contact interfaces is complex; however, figure 3.3 shows a unicouple with representative

contact layers and their respective thermal resistance. The heat flux at both cold and hot
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junctions is comprised of the thermal conductivity of the unicouple/module, the Peltier
effect and the joule heating as expressed by the first, second and third terms of equations

3.3 and 3.4, respectively.

: 1
Qn=2S8%1x%Thy +KAT — 51231- (3.3)

: 1
Qe=S*1xT,uy+ KAT + 5[231- (3.4)

where Qh,C are the heat fluxes at the hot and cold junctions, respectively; AT = Tyt —Troq
the temperature difference between the hot and cold junctions of the thermocouple; R;
the internal contact resistance, Ry the load resistance (featured in figure 3.3); S and K
are the Seebeck coefficient and thermal conductance of the unicouple, and finally, I is the

current flowing in the thermocouple under load.

To achieve an optimal performance in a TEG, the thermal and electrical conductivity of
the contact layers (between the TEM and both heat source and sink) must be very high,

while remaining low in the TE legs.

The final point of interest is the thermoelectric power generated. Equating both equations

3.3 and 3.4, the thermoelectric power output would be as in equation 3.5.

Pyu = I’R; (3.5)
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I:l Electrical insulator
l I:l Electrode

Metallisation
and bonding

Heat sink

Figure 3.3: Schematic diagram of a n-p type unicouple illustrating the heat conductivity
from the hot to the cold side of the module, thermal resistance components, and the

Peltier and Joule heating effects at both sides of the thermocouple.

3.2 Module structural design

3.2.1 Introduction

TE module design is a broad area that includes the choice of TEMs (good TE properties
and matching n- and p-type TEMs), calculation of the geometry and positioning of the TE
legs, module operation conditions, heat exchanger modelling, and much more [249-251].
Despite the choices involved in module design, some components are typical of all mod-
ules such as ceramic plates, electrodes, solder, metallization, coating, encapsulation, etc.
As illustrated in figure 3.3, the ceramic plate is used as an electric insulator, while the
electrodes, solder and metallization layers ensure good electrical and thermal conductiv-
ity through both the hot and cold sides. Coating and encapsulation, on the other hand,
are techniques used to protect the TEMs or the TE module in general from the sur-
rounding conditions that might prevent the optimal operation of the module. Therefore,

in addition to the TEMs’ thermal, chemical and mechanical properties, the contact in-
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terface composition is an important part of the module to consider when evaluating its

stability /lifetime.

3.2.2 Metallization

Metallization refers to coating metal on the surface of other objects. It is an old tech-
nique that was originally used in applications such as mirror production and aluminium
coating and is now used in applications such as flexible packaging, labels, gift wrapping,
wall coverings, automotive trim, electronics packaging, etc. Metallization is used for dif-
ferent purposes depending on the area of application such as to improve security, barrier

properties, optical reflectivity, electrical and thermal conductivity, etc.

In thermoelectric modules, metallization is similarly used to improve/ensure good thermal
and electrical conductivity of the contact interface between the electrodes and the TE legs.
The choice of metal and deposition technique depend on the type of target, in this case
the TEMs on which the metal would be deposited; however, it is of the utmost importance

that the metal layer adhere to the surface.

A good contact interface is a resultant of the formation of a thin intermetallic layer through
controlled interdiffusion between the electrode and the TEM [267], with the diffusion
process being accelerated /facilitated by the solder and blocked by the metallization layer.
Moreover, the resultant contact interface should have good mechanical properties for long-
term applications or withstanding thermal stresses. The typical mechanical property is
the coefficient of thermal expansion (CTE), which should preferably be similar or almost
equal for the metallization materials, solder, electrode and TEM. While there are several

metallization techniques, those typically used on TEMs will be considered one by one.

e Chemical vapour deposition (CVD): is a process wherein a 3D object is im-
mersed in a fluid or volatile precursor, which chemically changes and leaves a solid
and thin layer on the exposed surface of the object. Chemical deposition is classified
based on the type or phase of the precursor, such as MOCVD, HPCVD, RTCVD,
etc., corresponding to microwave plasma-assisted, hybrid-organic, and rapid thermal

CVD [268], respectively.
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e Physical vapour deposition (PVD) is a process in which a material is trans-
ferred from a solid target to the surface of a substrate on an atomic level. The
deposition process occurs in a clean environment (under vacuum conditions) to re-
duce potential contaminants and minimize the partial pressure of all background
gases. PVD is usually conducted using techniques such as magnetron sputtering,
pulse laser deposition, electron beam evaporation, and ion beam processing, which
are featured in instruments manufactured by Quorum Technologies and Angstrom
Engineering. The most popular PVD technology (in thermoelectric modules) is
sputtering deposition, which is a physical process wherein a thin film is deposited
on a substrate under the influence of the momentum exchange between ions and
atoms after colliding in the substrate’s material. There are several types of sputter-
ing technologies, including radio frequency sputtering, magnetron sputtering, and

DC and AC current sputtering, to name a few.

The sputtering techniques are named after the potentials/force applied to the tar-
get to induce plasma, which in turn supplies sputtering ions. Sputtering or PVD in
general are used for numerous purposes such as improving the hardness, oxidation
resistance, and electric and thermal conductivity of the targeted substrate. For ther-
moelectric modules, as mentioned in the introductory section, these techniques help
to control the interdiffusion at the TEM-electrode interface and increase the electri-
cal and thermal conductivity of the new intermetallic layer. Moreover, metallization
is an important process for microscopy studies, like scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), and transmissive energy mi-
croscopy (TEM), when the materials under investigation are poor conductors and

reinforced electrical conductivity is a requirement for high resolution outputs.

e Other metallization techniques There exist other metal deposition techniques,
most of which fall in the PVD or CVD families. Some examples are plasma treat-
ment, thermal evaporation technique, and organic or aluminum evaporation, among

many others.
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3.2.3 Coating and encapsulation

Coating or encapsulation is important for thermoelectric modules as a protective measure
for the TEMs. TEGs are expected to operate in harsh environments, such as in auto-
mobiles, remote areas as part of the oil and gas or telecommunications industries, where
corrosion presents a challenge. Because the modules are required to operate under air or
other corrosive environments, it is necessary to coat the TE legs with an anti-corrosive
material or even to encapsulate the whole module. Coating is done using some of the
same methods as metallization, as well as by brush painting or simply using deep coating
(where the bulk materials are submerged in the paint). Thermal spraying is another com-
monly used technique whereby metals and/or ceramics can be sprayed on other materials
to provide corrosion protection or change the surface properties including wear resistance
or thermal conductivity. TEGs, on the other hand, are encapsulated using laser sealing

or vacuum encapsulation for long service life and zero oxidation.

3.2.4 Bonding technology

3.2.4.1 Standard bonding

Standard technologies such as welding or brazing, wire (Cu or Al) soldering and adhesion
bonding, are more utilized to solder two solid materials. Brazing is popular for hard
soldering in high temperature (>450 oC) applications. However, wire soldering and ad-
hesion or laser bonding are common in the electronics industry, whether for packaging
or for mounting purposes. Adhesives are used in several areas, especially in semicon-
ductor manufacturing processes, where they are useful for surface preparation (grinding,
and polishing), functionalization and mounting for wafer slicing purpose. Similarly, in
processes related to thermoelectric modules, adhesive bonding specifically is important in
cutting ingots/pellets into legs and in surface preparation (further detailed in chapter 4)
for different characterization techniques. It is also used in modules as a soldering method,
and in this case conductive resin is employed with silver, copper, and tin being the most
used solders [252,253], though different factors need be checked, such as matching the

thermal expansion coefficients of electrodes and TEMs. Some examples of solder used in
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TE module fabrication are PbSnAg-based for silicide-based modules [254], and some lead-
free solders such as SnAgCu-, SnBi- and SnCu-based solders [255-257| for Cu electrodes
specifically and BiTe-based TE modules.

The drawback of adhesion bonding is that it takes time to cure and it is necessary to apply
pressure between the two parts to be soldered. Moreover, the bond is not mechanically
reliable over time as it can become brittle, therefore weakening the module [258,259].
Laser bonding is another soldering technique that is popular in electronics but not in TE

modules, but which could be adopted since it is fast and provides a solid interface.

3.2.4.2 Solid state diffusion bonding

Unlike in the previous bonding methods, when bonding electrodes to the TE legs in solid
state diffusion (SSD) bonding, a strip of metal is physically laid on top of the TEM [260],
temperature and pressure are applied and the two materials interdiffuse to form an inter-
metallic compound (IMC). The composition of the IMC needs to be controlled for optimal
performance of the contact interface; usually, phase diagrams are used to check the com-
position range of the metals. SSD technology outperforms direct and diffusion bonding,
especially in high power electronic equipment, because it does not require thorough sur-
face treatment and can be conducted in an oxygen-containing atmosphere. Moreover, it
is more used in power module packaging [261-264]|, though it does present challenges as
it requires pressure to be applied during bonding, making it hard to successfully perform

on miniature or brittle compounds.

3.2.4.3 Solid liquid interdiffusion bonding

Solid liquid interdiffusion (SLID) bonding is another bonding technology most often used
in electronics packaging. The technique is known to be efficient in high temperature
electronics, which have applications in exhaust gas sensors, combustion engines in the
automobile industry, oil and gas exploration, spaceships, etc. The bonding method is
similar to SSD; however, in SLID a metal with a low melting temperature is sandwiched

at the interface. The bonding temperature is set to reach the melting point of the low
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temperature material and the liquid phase diffuses in the surrounding solid phases creating
an ICM. The thermal and mechanical properties of the ICM are key to determining the
reliability of the bond. In addition, a diffusion barrier is required to be able to control the
bond thickness and elastically absorb mechanical stresses during operation. As with the
other methods, the choice of the low temperature material (or bonding materials) is based
on matching the CTE between the surrounding metals, though after bonding the CTE of
the ICM should also be close to that of the surrounding materials. Ideally, a bond should
be able to withstand plastic deformation or brittleness during operation, which would be
present in case of mismatching CTEs. T.A. Tollefsen et.al. [265] have extensively studied
Au-Sn SLID bonds and found that the resultant is promising and reliable for applications
at temperatures higher than 500°C and was able to withstand thermal cycles between 35
and 500°C.
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3.3 Performance and stability of TE modules

3.3.1 Performance testing

Testing of the performance and stability of thermoelectric modules is conducted in condi-
tions that mimic the real-life service environment. TEGs operating in space are subjected
to less thermal stress than those operating on earth, where TEGs experience intermittent
mechanical and thermal load over its lifetime. Thus, the mechanisms of reactions that
reduce or affect the generator’s efficiency over time are slower in space. Some of the test
conducted to evaluate the performance of TEG are aging, and thermal cycles in varied

environments

e Isothermal aging

In terms of terrestrial applications, equipment such as exhaust systems for process-
ing industries and hot process furnaces operate over a long period of time at constant
temperatures. Therefore, TE modules operating in such environments must be able
to withstand long-term use. As discussed in the previous section, evaluating systems
requires designing materials that would withstand the service environment but also
choosing adequate contacts (electrode) and bonding technology. Therefore, espe-
cially in the thermoelectric industry, contact layer durability is the key to lasting
systems; because they are made from different materials and thus susceptible to
embrittlement (due to different CTEs). Aging testing might be impossible to con-
duct in service conditions, and thus accelerated methods might be used, such as

performing the test at higher temperatures than the service temperature.

e Thermal cycles

Most areas where TEGs are operative, including the automobile industry, wearable
technology, and so many more thermal harvesters to name a few, are subjected to
frequent intermittent temperature changes. The assessment or performance testing
of modules operating in these areas is done using thermal cycles, which are performed
in the real-life temperature range. During the tests (as will be discussed at greater
length in the next subsection), the open circuit voltage, the internal resistance and

contact resistance, as well as the output power of the module, are monitored over
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time. Unlike with isothermal aging tests, the temperature gap, and the duration of

one cycle or half cycle are decisive parameters to accelerate thermal cycle testing.

3.3.2 Characterization of experimental modules

The thermal diffusion through the TE module from the hot plate to the heat sink drives
the majority carriers in the same direction, therefore generating the Seebeck voltage, as in
equation 3.1. To determine the maximum electrical power the TE module can generate,
the module is subjected to a number (n) of isothermal segments at the same time the
electronic load sinks the current and absorbs the power generated by the TEG (see figure
3.5). The open circuit voltage is recorded at zero load resistance, while the circuit current
and voltage drop are recorded at different loads. By fitting the I-V curves equation 3.6,
we can deduce the internal resistance as the slope of the I-V curve and the open circuit

voltage as the intersection between the I-V curve the voltage curve.
V=Rl =Voc— Rl (3.6)

where Voo the open circuit voltage and, R; the unicouple or module internal resistance

and R the load resistance.
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Figure 3.5: I-V curve at constant temperature AT(;_,), the graph shows the maximum

power point at Voc=90mV, and R;=112.

By equation 3.6, we deduce the expression of current "I", and when we insert it in equation

3.5, we get:
Rp
(RL -+ Rl)2

As shown above, the programmable electronic load’s impedance is a function of the in-

P =1LR, =V, (3.7)

ternal resistance of the TEG; therefore, the matched load should be equal to or matched
to the TEG’s impedance, and the power absorbed at load matched conditions (R;=R;)
is the "maximum power of the module". Therefore equation 3.7 becomes

V2
Pmam = -9C
4R;

(3.8)

Similarly, the TEG or unicouple under experimentation reaches the maximum conver-
sion efficiency at impedance matching conditions. Therefore, the conversion efficient is

expressed as

Pma:c Pma:c
Nmaz = q = = (39)
Qh Qc + Pmaac
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The input power can be measured from the hot side or the cold side depending on where
the heat flow meter is placed. Therefore, each of the above equations can be used respec-
tively. Whereas 1,4, is the conversion efficiency of the module, Q}L,C are the heat flow

through the hot side and heat exiting through the cold side of the module, respectively.

3.3.3 Thermally activated processes
3.3.3.1 Crystal defects

Because the main objective of this project is to study the performance and stability of
silicide TEMs, and the studied TEMs are in crystalline form, thus the interest in first
discussing crystals and defects. Compounds wherein atoms are in perfect geometrical
configuration (also called perfect crystalline compounds) do not exist; imperfections are
called defects and differ by the chemical nature of their geometrical configuration. Al-
though they are called defects, they tend to make bulk materials interesting by creating
room for improvement in areas such as the optical, mechanical and electrical properties

of solid materials. Defects can be categorized in four classes:

e Point defects are zero-dimensional defects that consist of lattice site vacancies, sub-
stitutional defects, interstitial defects or vacancy-interstitial pair (Frenkel) defects.
Lattice vacancies correspond to missing atoms in a given lattice site arrangement,
while interstitial defects are when atoms are in between lattice sites. These can be
similar to the matrix constituents or impurities and are therefore called intrinsic or
extrinsic interstitials, respectively. Similarly, substitutional defects correspond to
impurities added internationally (dopants) or present due to incomplete purifica-
tion into the host lattice site. Finally, Frenkel defects occur due to the movement
of atoms in the lattice site from an interstitial position to a pre-existing vacancy.
The latter is usually due to external excitation; therefore, to determine the vacancy

density, it is first necessary to reach the diffusion (excitation) temperature.

e Linear defects , on the other hand, are one-dimensional defects and correspond to
the displacement of atoms in a linear pattern, leading to deformation of the lattice

site symmetry along the line. These types of defects are also known as "dislocations"
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which are classified in two forms, edge dislocations and screw dislocations; for further

details, refer to [266].

e Planar defects are two-dimensional defects, that occur due to contact between
two surfaces, two interfaces, or along grain boundaries. Surfaces and interfaces in
semiconductors, specifically, have an immediate effect on the electronic properties of
the junction or the contact layer, respectively. In fact, the defect at the contact can
be considered as if it was a sheet of vacancies. This band of defects created would
induce recombination of both minority and majority carries therefore depleting the
semiconductors on both sides of the junction and at the same time reducing the
output power. Analogously a high density of dangling bonds at the grain boundaries
prevents any possibility of doping. Nonetheless, the effects of both the surface and
grain boundaries defects can be attenuated by applying appropriate surfactants to
annihilate the boundary states and has been reported to improve the TE properties

of TEM [267).

e Volume defects are similar to planar defects discussed above; however, they are
associated with the integrity of the interface between two semiconductor or metal-
semiconductor. The issue arises from the fact that the contact layer generates a
potential difference, and therefore an electric field across the interface. By the
interdiffusion scenario, the interface grows with usually mismatching CTE to the
neighbouring matrices, therefore could lead to plastic deformation. Other examples
of volume defects are pores and voids, which are mostly a result of poor synthesis

methods and could lead to cracks or other poor mechanical properties.

To summarize, the above mentioned crystal and interface defects relate to thermoelectric-
ity in both a positive and negative way. Both interstitial point defects and the addition
of dopants play a major role in optimizing the electrical and thermal transport properties
of TEMs. Moreover, contact interfaces at the surface or between grains need to be well
modelled to make sure the interdiffusion layer created does not suffer from significant

lattice mismatch, for instance, or the effects of dangling bonds at the grain boundaries.
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3.3.3.2 Diffusion

As briefly described in section 3.3.3.1, crystalline solids are characterized by imperfect
lattices or non-regular presence of atoms in the interstitial sites. Although atoms are
originally held firmly in their respective lattices, defects tend to initiate atomic diffusion
from lattice-to-lattice sites or among interstitial sites. During the diffusion process, reg-
ularly placed atoms also need to yield to the migrating atom, which requires vibrational
energy. The source of this energy could be an incident photon (in photo-voltaic systems)
on the material or the passage of phonons across the lattice (by lattice vibration) induced
by temperature. The Phonon dependence leads to the Boltzmann relation, which ex-
presses the atomic diffusion rate as exponentially dependent on the applied temperature,
as in equation 3.10.

D = Dye Be/ksT (3.10)

where D is the diffusivity, Dy=vo? is the prefactor, v and o lattice vibration frequency
and diffusion length, respectively, and F, is the diffusion activation energy. Considering
a solid volume, a TE leg for instance, with a temperature gradient across two faces, one
would expect a chaotic motion of atoms in all directions; the direction of atomic or ionic
diffusion would preferably be from an area of higher to lower concentration of the charge
carriers as well as from high to low temperature. The flux of atoms therefore fulfills Fick’s
first law, as in equation 3.11
dc

F=-D— 3.11
e (3.11)

Where F is the flux of atoms or ions, D the diffusivity or diffusion rate, and C the charge

carrier concentration.

3.3.3.3 Interlayer diffusion

In TE modules, two or more layers are superposed at the hot side and the cold side to
create a contact interface between electrodes (metallic) and the TEM (semi-metallic).
The interface is designed to withstand thermal and mechanical stresses but at the same
time act as a perfect thermal and electrical conductor. For this to be possible, controlled
interdiffusion between the constituents at the junctions should create an intermetallic

compound (IMC). However, the challenge is that the contact interface constituents usually
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have different properties, such as coefficient of thermal expansion (CTE), which means
that applying high temperatures would hinder the formation of a solid IMC. Moreover,

IMCs should include a diffusion barrier layer to prevent undesired continuous diffusion.

3.3.3.4 Oxidation

Oxidation is another effect of thermal exposure of the TEM. In this project, we have fo-
cused on HMS TEMs and understanding not only the oxidation reaction kinetics (reaction
rate, rate-boosting/limiting steps) and mechanisms of the materials but also exploring the
effects of oxidation on the TE properties of the TEM and the modules’ elements, especially
contacts. Therefore, except for a presentation of basic oxidation theories subsequent dis-
cussions will refer to the oxidation of HMSs and constituents (dopants, impurities, etc).
With regards to the oxidation kinetics, more information on the oxidation models are
demonstrated in the next chapter section 4.3.3. Moreover, the oxidation mechanisms of

the studied alloys were discussed in Paper II and III as summarized in chapter 5.

3.3.4 Thermomechanical activated processes

3.3.4.1 Elastic and plastic deformation

Solid materials — here we consider metals, semi-metals and alloys — are constituted of
atoms that are in inter-atomic equilibrium. In the event of mechanical exposure, the atoms
are displaced from their equilibrium state due to the applied force (tensile or compressive)
and generate an opposite (attractive or repulsive, respectively) force to react to the applied
load. Depending on the balance between the action and reaction forces, the solid material
is subject to possible deformation as the atoms may regain their original position or move
to a new position, which means forming new bonds. The deformation is called elastic
if the particles return to their original state and positions; however, not all recoverable
deformations are considered elastic, only those that are time independent. Otherwise, the

deformation is plastic or irreversible.
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3.3.4.2 Creep deformation

Creep fatigue is a plastic deformation that occurs when the amount of load and stress is
kept constant for an extended period. As discussed in the previous section, deformation
may be a result of thermal stress, and creep is a temperature dependent deformation,
which can occur at any temperature (above absolute zero) depending on the material.
However, since it is temperature sensitive, the higher the temperature the faster and more
pronounced the creep phenomenon is over time. In general, at relatively low temperatures,
engineering materials are designed to resist creep deformation by making sure that the
stress applied during operation (depending on the area of application) does not exceed the
yield strength. At high temperatures (close to and above 0.5T,, - melting temperature),
however, materials experience time-dependent creep deformation with lower stress than

the yield strength.

Following the dislocation climb theory of steady-state creep developed by Garofalo(1963),

the empirical steady-state creep rate was proposed as in equation 3.12.
€ss = A(sinhav) e~ /BT (3.12)

where €, is the steady-state creep rate; A, o and n are constants that depend on the
nature of the applied stress, the materials’ structural nature, including the grain size and
dislocations properties; and v is the applied stress. At constant stress the stead-state

creep rate follows the Arrhenius diffusion model.

Furthermore, B. Amit [268] found that for temperature higher than 0.5T,, the predomi-
nant creep mechanisms in metal are dislocation creep, diffusion creep and gain-boundary
sliding. Therefore, taking all the effects into consideration, the steady- state creep can be

estimated as in equation 3.13 [268].

DGb b\ fv\n
'ss =B r (_> 3.13
‘ kT (d) G (3.13)
where, G is the elastic shear modulus, B is a dimensionless material constant which
depends on the stacking faults energy, b is the Burgers vector (which is the magnitude

and direction of the lattice deformation resulting from the lattice dislocation), kp is the

Boltzman’s constant, T is the absolute temperature, D is the diffusivity constant (equation
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3.11), v is the applied stress, d is the grain size, n is the stress exponent and p is the

inverse grain size

Thermoelectric systems are particularly susceptible to creep deformation because the
compressive pressure, the heat to which TEMs are exposed to, in addition to the long-term
application requirements , are a recipe for creep to occur.Several studies were conducted on
different TEM systems, most importantly on materials featured in state-of-the- art TEGs
(PbTe [269], BiTe [270], TAGS alloys [271], skutterudites [272], half-Heusler alloys [273]
and, most relevant to this report, MGS-based TEM [274]). M.M. Al Malki et.al. [22]
studied compressive creep loading at a homologous temperature (or ratio between the
absolute temperature and the melting temperature of the TEM) range of 0.67-0.75 and
30MPa. The materials system responded with a 12.5% electrical conductivity loss and
consequently 22% zT reduction after a 28 day test. Similarly, R.A.Michi et.al. [274]
showed that a set of silicide TEM systems had a similar response and were resistant to

the compressive creep compared to BiTe- or PbTe-based TEM systems.

3.3.4.3 Fatigue crack

TEGs experience thermal fatigue, which can lead to damage and possible failure, though
the amount of damage vary from one material system to another and is largely dependent
on the application environment. The performance of a TEG is studied using "aging" tests
and "thermal cycling" tests under constant compressive pressure. Modules usually take
longer to fail during aging tests, however during thermal cycles, numerous and successive
heating and cooling speeds up thermal fatigue and premature fracture is prevalent. Aging
tests are relevant to MMRTGs used in spaceships, but very limited for TEGs with ter-
restrial applications, such as recovering waste heat in industrial exhaust systems. Most
terrestrial applications require high thermal cycle robustness. In fact, thermal stress in-
duces thermal strain which, over time, initiates strain fatigue. Then failure starts from
micro-crack(s), which, once initiated, propagate and lead to fractures (end of life). L.

Guobin et. al. [275] express the thermal stress as in equation 3.14.

AT
1—2n

o =yak (3.14)
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where o is the thermal stress, y is the constraint coefficient, « is the linear expansion coef-
ficient, E is the modulus of elasticity, n is the Poisson’s ratio and A T is the temperature

difference.

3.3.5 Stability of thermoelectric systems

The thermal stability of TE systems depends not only on the materials (TEM) used in the
system, but also the bonding technology (contact materials, solders) and the operational
environment. In this project, the oxidation robustness of the TEM and of the metal
contacts in silicide thermocouples (modules) were investigated using thermogravimetric
analysis (TGA) and thermal cyclic tests, respectively. Following these studies, we drew
conclusions based on empirical observations, which are used as a basis to modelling TEMs

to resist oxidation, to designing protective oxides and stable contact phases for silicide-

based TEMs and modules.

With the onset of oxidation of an alloy at high temperatures, a concentration gradient of
the alloy’s constituents is also established between the core and the alloy-oxide interface.
As a result, metal diffusion and oxygen permeability are regarded as the major oxidation
rate’s controlling reactions [276|. Carl Wagner [277| studied the diffusion processes during
oxidation of alloys and showed their effect on the oxidation rate of the alloys. However, the
Wagner theory is limited to binary compounds and is challenged by more complex alloys
due to probable simultaneous diffusion of the alloys’ constituents. Thus, metal diffusion
for multi-component alloys and the stability of coexistent oxides would be key parameters

that need to be better understood when designing an oxidation-resistant compound.

In this project, we focused on oxidation of the HMS compound and alloys, whereas
Skomedal G. et.al. [278] looked at high temperature oxidation of MGS alloys. Their
study showed that the design of MgySi(;_)Sn, to develop a MgO protective layer, relies
on optimizing the alloy composition to keep the Pilling-Bedworth ratio (PBR) below 1,
by keeping the Sn content below 0.4 at.%. However, for application in thermoelectric gen-
erators, the research recommends applying high temperature coating(s) or encapsulating

the MGS-based modules.
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On the other hand, binary HMS compounds oxidize selectively, growing an SiOy pro-
tective oxide layer with a silicon depleted layer beneath the alloy-oxide interface. For
thermoelectric applications, it is important to optimize the electrical carrier concentra-
tion by alloying or doping the parent HMS compound. The added impurities can improve
the alloy’s resistance to oxidation by reducing the lattice defect in the alloy, but they can
also be oxidized and create a mixture of oxides, thus having a negative effect on oxidation
resistance.The elements featured in the alloys studied in this project are Ge, Mo, and
Al All these elements have a certain affinity to oxygen, so to assure a good alloy model
(resistant to oxidation), the alloy should form a mixture of oxides that are single phase
individually, and the oxide layers must be superposed one on top of the other, with the

less stable at the oxide-oxidant interface and SiOs at the alloy-oxide interface.

There are several problems that arise with multi-component alloys, with the homogeneity
and multi-crystalline structure of allows being the main issue that raises concern about
the oxidation of the silicides. Non-homogeneous HMS alloys grow simultaneous oxide
phases at the ignition temperature and can be a source of mechanical instability when the
scale is still thin. Similarly, for multi-crystalline compounds, impurities tend to segregate
at the grain boundaries, which could lead to the formation of oxide layers at the grain
boundaries. To counteract these problems, the concentration of the alloy’s elements must
be optimal, with oxidation consumption taken into consideration; moreover, the growth
rate of SiO5 should be faster than its other counterpart to ensure the silica layer covers

the whole area as fast as possible.
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Chapter 4

Materials and methods

This chapter presents the materials used specifically in this project, and summarized the
methods employed to conduct the study reported in this Ph.D. thesis. Figure 4.1 shows
a picture of the methodology followed, and the sub-chapters below dive deep into the
specific topics.

M———— T T T, s ]
1 . ' !l - Powder: XRD and XPS i
1| Cross-section 1 i Ik Surf. h ation by XPS. |
: analysis (EDS : : - Bulk: Surface characterization by :
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\ 4

Module Performance Legs sectioning
i < Metallization and/or coating
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Figure 4.1: Schematic representation of the methodology used. The sections in the dia-

gram are described using respective color codes as below

- Green: represents powder synthesis and pellets consolidation;

- : represents the materials composition analysis, both pre- and post- oxidation

o4



tests with XRD on powder samples and XPS on both powder and bulk materials.

- Violet: represents the microscopy imaging, composition and cross-section analysis using
SEM/EDS.

- Red: represents the module characterization process including the module assembly,
performance testing and post-characterization.

- The dotted arrows show the information feedback flow followed to optimize the perfor-

mance of the TEM and modules.

4.1 Materials

The materials used for experimentation in this Ph.D. project were produced as part of
the TESil (thermoelectric silicides) project [279] in collaboration with ELKEM ASA,
TEGma, SINTEF, and the University of Oslo (UiO). HMS and MGS alloys of different
compositions were synthesized as detailed in Paper I — III; the source of the raw alloys’
constituents is given in Table 1 of Paper I. In short, the HMS alloys were synthesized by
mixing all basic elements, melting and casting in an inert (Ar) atmosphere. After the cast
ingot was milled to a micron-sized powder, the powder was sintered using conventional
HP and/or SPS. The produced 30-36 mm diameter and 5 mm high discs were cut into
different sizes according to their intended use or purpose: for example, TE module legs

were a different size than the oxidation specimen.

4.2 Sample preparation

Specimen preparation at both the TEM and module levels is an important step to achieve
reliable results. This includes samples sectioning, mounting, cleaning, and so on. To illus-
trate the importance of these sample preparation steps, let’s look at a couple of examples.
Sample dimension is an important parameter because the sample must conform to the
dimensions of the specimen holder, which differ for different testing equipment. Sample
size can also be an important factor for experimental studies. For example, the study

of the thermal reactivity of a material requires thermal equilibrium in its environment,
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and the smaller the cross section, the faster equilibrium is reached. Surface preparation
is another important factor to be taken into consideration, mainly during TEG assembly
but also for most experimental tests of bulk samples. For example, surface preparation
is important before oxidation tests on bulk samples, similarly, it is required before any
surface characterization, before coating, etc. This section details the methods used to

prepare specimen surfaces for each sample category, step by step.

4.2.1 Preparation of oxidation specimens

Oxidation specimens require meticulous preparation in terms of size and surface cleanli-
ness. The surface-to-volume (S/V) ratio is an important quantity in the study of oxidation
of materials. As Planinsic and Vollmer [280] showed in their study of the effect of the
S/V ratio on the thermal properties of cheese cubes using a conventional preheated oven,
the higher the S/V ratio, the faster the whole specimen reached thermal equilibrium with

the oven/furnace’s inner volume.

The oxidation samples were cut into different sizes of width and length, but most impor-
tantly, each had a thickness of one millimeter or less (< 1 mm). The sample sectioning
was done using a high-precision (+ 0.01 mm) tabletop Minitom machine (from Struers),
equipped with diamond cut-off wheel. Moreover, the sample edges were ground and fine
polished to a mirror-like surface using SiC (from 320 to 2400 grit) paper and diamond
suspension (from 9 to 1 pm) fluids. In between the surface preparation, the samples
were cleaned with tap water, while after the last step they were ultrasonically cleaned
in acetone for 3 minutes to remove any oil before weighing and starting the oxidation

experiments.

4.2.2 Preparation of cross-section specimes

After oxidation tests, the composition of the samples was re-examined to study the effect
of the test conditions they were subjected to and deduce the mechanisms of their respective
reactions. The same steps were also followed to post characterize the module elements

(legs), after performance tests. Tests were conducted to determine the surface and cross-
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section characteristics using different techniques including high-resolution microscopy, X-
ray diffractometry and spectroscopy, etc., all of which require sample mounting, surface

preparation and surface cleaning.

4.2.2.1 Mounting

Sample mounting is important for different reasons. It is used when there are materials
with loose particles, surfaces with thin and fragile layers, for cross section preparation,
and in many more cases. In this project, mounting was used for surface preparation
and cross section preparation for microscopy imaging. The mounting process was done
using different resins depending on the test equipment requirements. Scanning electron
microscopy, for example, requires electron conductivity of the sample from the top to
the bottom; therefore, if the sample is resin mounted, the resin should be conductive
to complete the circuit or coated with a conductive paste from top to base. Polyfast
(Struers), a hot mounting conductive resin was used for SEM samples, while Clarofast
resin (Struers) was used during cold mounting. For SEM, Polyfast is commendable not
only for its low shrinkage and conductivity (as a result of carbon fillers) but also its fast
mounting time of 5 minutes (heating + cooling time), relative to the 8 hours cure time

needed for Clarofast.

4.2.2.2 Grinding and polishing

In this report, grinding refers to the rough polishing process. The grinding process was
conducted on the TEM (example of oxidation samples and TE legs) and mounted speci-
men (for cross sections studies, for example) using Metaserv (Buehler) and Tegramin-30
(Struers) grinder polishers, respectively. The rough polishing process was started using
silicon paper from 320-500 grits, gently applying pressure of 40 N depending on the rough-
ness of the initial sample surface/hardness of the actual TEM, and water as a lubricant.
The grinding method proceeded with less rough SiC paper up to fine grinding steps with
2400 SiC grit paper. At the same time, the pressure was reduced to 20 N and to 15 N
during the fine grinding and polishing steps. The polishing steps were conducted using
diamond suspension fluids of 9 um to 1 pm. Contrary to HMS, MGS alloy surfaces were
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prepared using DP-Lubricant Blue (Struers) as a lubricant to mitigate surface oxidation,

and less pressure was applied compared to HMS due to low mechanical strength.

4.2.2.3 Surface cleaning

As mentioned in section 4.2.2.2 above, cleaning is important during surface preparation,
but also before experimentation, even though the sample may have been meticulously
cleaned during preparation. Prior to oxidation experiments, electroplating, coating, etc.,
the materials were rinsed and ultrasonically cleaned to make sure no grease (which can
originate from any other process or any other motor running in the laboratory environ-
ment) or fat from hands or water droplets from breathing was on the samples. As noted in
the section above, the type of solvent used was chosen based on the materials in question:

acetone or ethanol were used for HMS while DP-Lubricant blue was used for MGS.

4.3 Thermal oxidation and oxidation kinetics

4.3.1 Thermal gravimetric analysis

The thermal oxidation experiments were conducted using a Thermal Analysis System
TGA1 (Mettler Toledo) equipped with a differential scanning calorimeter (DSC) sen-
sor. During thermal gravimetry, the mass of a specimen is measured continuously (with
50million points resolution over time, under applied heat). The sample’s weight change is
recorded in definite intervals of time using an inbuilt balance (sensitivity of 0.1 ug). For
the powder samples, the initial sample weight was within 5-10 mg to ensure fast thermal
homogeneity throughout the whole volume from the walls of the crucibles. Moreover, the
powder samples were used to conduct constant heating rate (isoconversion) experiments
and determine the oxidation reaction onset temperature. Unlike the powder samples, the
bulk specimens were subjected to isothermal heat treatment, and which allowed us to
deduce the oxidation kinetics, discussed in section 4.3.3 below. It is important to note
that all faces of the bulk specimens should experience the same amount of heat. For

example, if the specimen is laid down in a crucible, that means one edge is in contact
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with the crucible therefore would experience more heat than the rest, possibly leading to

dissimilar reactivity.

4.3.2 Differential scanning calorimetry

During thermal treatment, some reactions are not reflected by weight change, including
melting, glass transition, etc. DSC is a technique that measures the amount of heat
required to raise the temperature of the sample. In the TGA/DSC 1 instrument, DSC
compares the results of the sample crucible and a reference crucible. The reference crucible

is of similar shape, size (100 ul), and composition (Al;O3) as the sample crucible.

4.3.3 Oxidation kinetics
4.3.3.1 Determination and computation of oxidation rate(s)

In general, the oxidation rate is computed by measuring the sample (under investigation)
and/or oxidant (gas) consumption over time, by measuring the sample thickness before
and after oxidation, or by setting a series of reactions and measuring the oxide build up
(thickness or volume) over time, which yields a kinetic plot of the reactions. However,
observing oxidant consumption at a constant volume would be cumbersome and could
lead to erroneous results because of the different densities of solids and gases involved.
It would require extremely short reaction times to insure a constant volume. Similarly,
obtaining a series of sample thicknesses is practically impossible since it requires extreme
care to avoid rupture of the oxide film at the sample surface. In addition, thermal cycles
over the oxide scale apply extra stress and could induce change in the kinetics of oxidation
from the 1st to the nth experiment. The most used method, therefore, is observing the
weight gain (AW) over time, also referred to as thermal gravimetric analysis. which will

be further discussed in the next chapter.

Concerning pure metal oxidation, the oxidation reaction can be generalized by the equa-

tion 4.1.

x 1 1
QM(S) + 502(9)— > ngOy(8> (41)
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The growth of oxide on the metal surface is a result of oxygen intake and/or metal loss,

which results in equation 4.2

d d
dnur.o, = 2= 2 = ==X (4.2)

where n is the number of moles of the metal oxide, oxygen and the metal,respectively; x
and y are the oxide product subscript in equation 4.1. Assuming all the metal surfaces
are uniformly exposed to oxidation and no volatile matter is lost during the oxidation, the
oxide weight gain per unit area can also be expressed (using equation 4.2) as in equation

4.3, where M(Os) is the molar mass of oxygen.

A_W . _yM(Og)an . _2M(Og)dno2 . yM(OQ)anzoy (4 3)
A A A = P :

Since the metal surface is flat and the single-phase oxide is built up uniformly, it would

also be correct to express the oxide weight as
AWi,0, = M(M,Oy)dna,o, (4.4)
and, therefore, equation 4.4 allows us to determine the oxide volume as
AVir,0, = M(M,O,)prr,0,dn,0, (4.5)

where pyr,0, is the solid oxide density and M(M,O,) the molar mass of the metal oxide.
Hence, the oxide thickness can be approximated as the oxide volume gain per the metal
surface area (Xu,0,=A Va,o,/A), which by introducing equation 4.3 and 4.5 becomes

M(M,0,) AW
M(O2)prm,0,y A

Xm0, = (4.6)

We can therefore deduce the expression of the oxide thickness growth over time using
equation 4.7 as the general oxidation rate.

dX 0,

200 (1) (4.7)

4.3.3.2 Mechanism and rate of oxidation reactions

In nature there exist a few relatively pure metals (Au and Pt), due to that there are
highly reactive, brittle, etc. As a result of this high reactivity, the oxidation reaction can

occur following any route depending on the nature of the reactants. However, for the
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sake of simplicity, N. Birks et.al. [281] summarize all the different mechanisms into two
categories based on whether the product of the oxidation reaction is a stoichiometric or
a non-stoichiometric compound. While the oxidation reaction may seem straightforward,
it is complex if more than two reactants are involved. This complexity arises from the
formation of multiple oxide phases when a more reactive element is incorporated, hence a
probable source of mechanical stress between the coexisting oxides. However, complexity
is not always detrimental as alloying or doping would reduce the native defects in metals
and therefore reduce reactivity and in most cases increase the electrical and mechanical

properties of the materials.

e Parabolic rate equation

As illustrated in figure 4.2, the metal oxidation reaction consists of the diffusion
of metal cations from the metal to the metal-oxidant scale and/or the diffusion of
oxygen anions from the oxide-oxidant to the metal surface through the oxide scale.
Since interdiffusion through the oxide scale is phenomenon governing the reaction

rate, Fick’s first law (see equation 3.11) would apply.

According to Fick’s law, the diffusion flux of the metal ions through the oxide is
proportional to the rate of the oxide growth (thickness "X") over time

1 dX  _ay —aly

Frop = — o — 4.
L VAR X (48)

Therefore,
/

dX ay, —a

where V,,0 the molar volume of the metal oxide "MQO", D the diffusivity rate
constant, dX /dt is the oxide thickness growth rate per unity "time (t)", and a’ys,a”

are the metal vacancy concentration at the metal and oxide surfaces respectively

Following Wagner’s theory, if we assume thermodynamic equilibrium across the
oxide scale based the continuous and adherent oxide scale, it follows that the local
metal concentration gradient (Aay) at the metal-scale and scale-gas interfaces is

constant. By integration of equation 4.9, we get

X?=2kt+c=kyt+c (4.10)
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where k= VyoDAay, k, is the parabolic rate constant and c is the constant of
integration. It is assumed that there was no oxide on the surface of the metal prior

to oxidation.

Metal Oxide Oxidant
M scale 0,
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Figure 4.2: Metal oxide formation with ionic (metal and oxide) and electronic diffusion

being the rate limiting factor (based on Wagner’s model).

e Linear rate model

From the general oxidation rate define in equation 4.7, the rate of the oxide thick-
ness growth is constant. Therefore by integration we could deduce the linear rate
equation 4.11

X =kt (4.11)

Where k; is the linear oxidation rate constant.

Using the same analogy as the parabolic model, where metal and oxide interdiffusion
is the rate controlling factor, it would be hard for the diffusion reaction to keep-up
linearly as the oxide thickens. This means that the initial reaction occurring at the
material’s surface (oxygen adsorption and chemisorption) would be linear until a
certain oxide thickness is achieved. Therefore, by simple analogy, the linear rate
would represent thin oxide where the reactions are fast enough to keep the reaction

rate constant.
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e Logarithmic rate model

The logarithmic rate law exist in two forms, the direct logarithmic law equation

4.12 or the inverse the inverse logarithmic model equation 4.13.

X = kipglog(at + to) (4.12)
1
¥ =¢~ Eitoglog(t) (4.13)

Where a, b, ¢, kjogi109 are constants.

Usually, the logarithmic oxidation model is derived empirically, though a few the-
oretical models were derived on thin oxide forming metal or semiconductors [282].
The interpretation of the logarithmic model is based on the fact the that after the
initial gas adsorption and chemisorption at the metal surface, the ionic diffusion
through the scale induces an electric field therefore the diffusion of electrons on the
opposite side. As the oxide film covers the outer surface of the oxidizing materi-
als, the reaction rate reduces as a result of the increased blocking of the electron
flow in the oxide. A thorough review and different interpretations are provided in
reference [281]; nevertheless, a common general conclusion is that the logarithmic
model is only applicable at low or medium temperature. Moreover, in this project
we empirically showed that the logarithmic model can be an intermediate regime

between the linear and parabolic regimes at high temperature.

e Combination of rate equations

The logarithmic law, as discussed, well suits oxidation of metals at low temperature
and thin film oxides. Similarly, at high temperature metal oxidation is well rep-
resented by the parabolic law [283]. However, for protective oxides such as Cr- or
Si-based oxides the logarithmic and parabolic law occur simultaneously and yield a

polynomial oxidation model as in equation 4.14.
X" =k,t+C (4.14)

Where m is the polynomial order usually 3 or 4, so cubic or quartic oxidation laws.
k,, and C are constants. Between the two , the cubic law is most frequently found in
oxidation experimental studies. Empirically, the cubic law during high temperature
oxidation is assumed to occur as a transitional stage from a logarithmic regime to

a parabolic regime as the oxide scale thickens.
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4.4 Module assembly

Several unicouple modules were assembled for test purposes in this project, as shown
schematically in figure 5.1. The modules varied in terms of contact layer composition,
bonding technique and use of TE coated/non coated legs. Moreover, depending on the
choice of the bond composition, the legs would exposed to metallization or coating as
briefly detailed below. At the end of the mentioned preparations, the module or unicouple
assembly will be mounted in a home made stability test rig as shown in figure 4.3. The
rig can be operated in ambient condition, however it is equipped with a vacuum chamber

that the test can be encapsulated in 4.4.

Hot side temperature

Sensor

N Cartridge heater
""" power supply

Cold side temperature sensor

Electronic
load/IV tracer

L
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.

V7
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Figure 4.3: Schematic diagram of the home made durability test rig.
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Figure 4.4: TEG performance and long term stability test rig. Tests can be conducted in

(a) ambient condition and (b) vacuum or back filled gas conditions.

4.4.1 Coating

With thermal exposure in an oxygen-containing atmosphere, TE elements are exposed
to oxidation. To alleviate the oxidation issue, the TE legs were coated prior to being
mounted in the modules. A high temperature coating was applied using deep coating or
brushing (gently using a brush) with a commercial aluminum-based heat resistant paint
(POR-20). The paint should not be too thick but thick enough to block the oxidant from
reaching the TEM surface. Therefore, two or three layers of paint were applied. Each
layer was allowed to dry in an oven at 150 °C for three hours and allowed to cool down

in ambient condition before the next layer was applied.

4.4.2 Metallization

As mentioned in section 3.2.2, good contact interfaces between electrodes and TEMs are
characterized by high electrical and thermal conductivity. Metallization is a technique

that incorporates one or many metallic compound(s) in the contact layer to increase both
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electrical and thermal transport parameters.

There are different metallization techniques, as summarized in section 3.2.2. However, in
this project, sputtering and electroplating were the only methods used. A turbomolecular
pumped coater (Q150T, Quorum) was used to coat a 50 nm Au layer on each of the n-
and p-type TEMs on both the hot and cold sides. For electroplating, the contact surfaces
were electroplated with silver using a pure silver electrode in a homemade solution. The
solution was composed of distilled water, 0.1 mole of silver nitrate (AgNOj3) and citric

acid (roughly 0.01 mole) to adjust the solution’s pH to around 3.1.

4.5 Electrical characterisation

On the TE modules level, electrical characterization is used to determine the contact
resistance at the contact interfaces, module’s inner resistivity, and the power density of
the modules. As a result the state of the contact interfaces can be evaluated over time.
The variables of interest in the section are module short circuit and voltage, which are
mentioned in the detailed description of the experiments in section 3.3.2. IviumStat
(from Ivium Technologies) is a general-purpose instrument that can be operated as an
impedance analyser for corrosion analysis, potentiometry, amperometry, etc. For our
specific purpose, the instrument was used in the "transient chronopotentiometry" mode.
Here it is used as the electronic load as on figure 4.3. During chronopotentiometry, a
series of current signals (maximum 255) can be applied to the module under test and
the resulting voltage drop recorded over time (of 10 vs step size). IviumSoft was used to
collect I-V data by setting different current levels as set points and recording the potential

drop in the module, as shown in figure 4.5 below.
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Figure 4.5: I-V data collection method using IviumStat software, operated in chronopo-
tentiometry mode. On the left had side of the picture is the current level series (21 in

this figure).

4.6 Microstructure imaging and analysis

Before and after different oxidation and performance tests on TEM and modules, respec-
tively, the samples were imaged on the microscopic level to study the effects of the tests.
Similarly, the composition of the samples was also recorded pre- and post-characterization
to deduce not only the effect of the tests but also the mechanisms the reactions followed

as described below.
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4.6.1 Scanning electron microscopy

Two scanning electron microscopes (SEM) from "Zeiss Merlin" and "JEOL 772" both with
an energy dispersive X-ray spectrometer (EDS) and back-scattered electron detectors
were used, though at different times during the project. They were operated with an
accelerating voltage of 10-15 kV and 5-10 mm working distance, depending on the desired
resolution. By use of the back scattered-composition images, the specimen composition
was analysed by spot, phase mapping and/or line scanning using ESPRIT software from

Bruker.

4.6.2 Powder x-ray diffractometry

Powder X-ray diffractometry (XRD) was conducted on the oxidation powder samples to
analyze composition before and after oxidation tests. The XRD was performed using D8
Advance XRD instrument (Bruker). As mentioned in Paper III, the XRD method was set
at 40 kV and 40 mA with a Cu X-ray tube. The diffraction pattern was recorded in step
sizes of 0.02° in the 26 range of 10-80°. Finally, for qualitative and quantitative analysis,
phase identification was conducted using EVA software (Bruker) using the ICDD PDF-2

database.

4.6.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is another technique that was used for surface
characterization before and after the oxidation tests for composition analysis. The tests

DLD spectrometer with an X-ray monochromatic

were conducted using a Kratos Asis Ultra
source at 10 A, 15 kV and 1486.6 eV (hr). For more details on the survey and spectra
resolution, please refer to Paper II and III (in the appendices). The depicted spectrum
was analysed using CasaXPS software, and the binding energy axis was calibrated using

carbon photo-emission peak (at 284.8K).
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Chapter 5

Results and discussions

This chapter summarizes the main experimental results obtained during the Ph.D. project
and highlights the project’s contributions to research on medium temperature TEGs. As
mentioned in section 4.1, the TE materials (p-type HMS and n-type MGS) and modules
were synthesized and characterized in cooperation with different partners. This Ph.D.
thesis reports the study conducted on the thermal and mechanical stability of the TE
materials and modules. The results are presented in the form of scientific articles published
in peer-reviewed journals. Moreover, the order in which articles are presented follows
the logical sequence of the research so that the results are more comprehensible to the
reader. The copies of the papers (as published) are attached in the Appendices section

for reference.

5.1 Evaluation of the performance of HMS-MGS based

thermoelectric modules (Paper I)

This first milestone was to assemble functional TE generators in the form of simple uni-
couple TE modules and evaluate their performance over time. The study was published as
Paper A. Silicide-based TEM have shown potential for heat recovery in the temperature
range of 200-400 °C because the main component, silicon, and the rest of the components

are environmentally friendly and abundant (therefore cheap). At the time this study
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was conducted, there were few publications/reports on HMS-MGS based modules. While
more work has been done on the materials level, specifically on improving the figure of
merit by improving the thermal and electrical transport properties, as well as the me-
chanical properties of the TEMs, less is known on the module level about the HMS-MGS

combination.

Because there is such limited knowledge on the module level, the preliminary study pre-
sented in Paper I was conducted to help optimize the materials synthesis route and consol-
idation methods. But most importantly it was conducted to help choose different module
components such as the current collectors and bonding materials. The choice of these com-
ponents are very important due to difference between the CTEs of HMS and MGS, which
are around7.89um/mK and 21.05pm/mK, respectively. Moreover, the study was con-
ducted on two modules (referred to as module 1 and module 2 in this summary) made from
n-type MGS (Mgz.015i0.495n0.55bo.01) and p-type HMS (Mng 9sMog 025i1.73Mg2.01Geg 02)-
As shown in figure 5.1, silver current collectors were used, together with silver paste and
a thin gold coating as a diffusion barrier. It is important to note that module 1 has no

gold metal layer, while module 2 is gold metalized at the contact interface.

1 Alumina sheet (0.25mm)
1 silversheet (0.25mm/0.1mm)

B sjlver paste (50pm)
1 Gold layer [S0nm)

Cu-Heat sink (water cooler)

Figure 5.1: Schematic representation of an HMS-MGS based unicouple module test as-

sembly.

The assembly was mounted on a home made rig, equipped with a DC powered 100W

heater Inconel block on the hot side and a water-cooled (using a minichiller 280 Huber
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Kalten-maschinenbau AG) copper block on the cold side. The TE modules were sub-
jected to isothermal and thermal cyclic tests in the temperature range mentioned above.
Finally, the modules were disassembled and post-characterized using a microhardness
tester (FutureTech FM-700 with a load of 200 g) along with a scanning electron micro-
scope equipped with an electron dispersive spectrometer (SEM-EDS), for microhardness

testing and cross- section composition study, respectively.

The performance of the assembled modules raised red flags on the TE legs and the module
in general. First and foremost, MgO and SiO, oxides were manifested on MGS and HMS
compounds, respectively, as the main oxides. Although the kinetics of the oxide formation
had not yet been determined, the lack of wetting on the contact areas was attributed to
the early formation of one or both oxides, which impeded the wetting mechanisms of the
bonding material. Secondly, based on module 1, a 2 um intermetallic layer was successfully
formed on the hot side of the MGS alloy, and the CTE of the formed IMC was close to
that of MGS (22.5 x 1075K~! and 21.05 x 107°K~!, respectively). However, there was an

insufficient level of diffusion control between the bonding material and the TEM.

The results of experiments on module 1 lead to the design of module 2, where a gold layer
was added to act as a diffusion barrier. Module 2 was tested for 300 thermal cycles over
2200 hours, and the results were promising. The Au improved the wetting ability of the
bonding materials on the HMS interface, resulting in a more robust bond. In addition,
the metallization considerably slowed down the interdiffusion rate, especially on the MGS
interface. Overall, the study found that the bonding materials fit the p-type TEM, but
not as well as the n-type MGS compound. This finding leads to a third recommendation,
namely that the bonding method on the MGS must be improved to assure optimal and
definite thickness of the contact layer. Similarly, other bonding technologies such as
solid-liquid interdiffusion (SLID), plasma or laser bonding should be tried to improve the

contact layer at the electrode-HMS interface.
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5.2 High temperature oxidation of the silicide-based

thermoelectric alloys

As pointed out in the preliminary study, it is fundamental to consider the high temperature
oxidation of n- and p-type TEMs. This is because oxidation is inevitable due to the
hostility of the environment and temperature, in which the modules operate. Therefore,
it is important to study the kinetics and mechanics of the oxidation reactions of the
compounds in question and feed the knowledge back to the materials design stage to
engineer resilient and oxidation-robust MGS and HMS alloys. Since Skomedal et al. [278§]
thoroughly studied the high temperature oxidation of similar MGS and alloys (a summary
of the study is provided in section 3.3.5 above, this project exclusively investigated the
oxidation of HMS alloys. The results, which were presented and published in Paper II

and III, are summarized in the subsections below.

5.2.1 High temperature oxidation of higher manganese silicide

and alloys (Paper II)

The high temperature oxidation of HMS alloys was conducted with three main objectives
in mind: to determine the effects of the alloys’ composition, the densification methods,
and the environment on the kinetics and mechanisms of oxidation of the alloys. The
composition of alloys studied are MnSi(;.75_)Y,, where "Y" represents Ge and Al as
dopants on the silicon site, and "x" ranges from 0 to 0.01. For more information on
the synthesis route and parameters, see paper B in the appendix. It is important to
note that the consolidation effects mentioned above were investigated using specimens
prepared from the as-cast ingots, HP sintered and SPS pellets. While the environmental
effect was empirically examined by comparing the oxidation tests conducted in dry and
humid air environments. TGA/DSC 1 (Mettler Toledo) was employed to conduct thermal
oxidation experiments in both environments, with a constant heating rate of 5 °C/min
and 50 mL /min gas purging rate for iso-conversion tests. For bulk samples, the tests were
run isothermally at different temperatures up to 600 °C with dwell times up to 200 hours.

Finally, the oxidized powder and bulk residue were post characterized for composition
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using XPS, and the microstructure of the non-oxidized and oxidized bulk samples were

analysed using SEM/EDS.

A. Composition effect — oxidation of powder samples

The iso-conversion experiments revealed that the oxidation onset temperature was
in the range of 200-400 °C; moreover, the fewer the impurities in the HMS matrix,
the higher the onset temperature was. Nevertheless, with Ge and Al dopants below
1 at% the weight gain was not significant below 600 °C which is far beyond the
application temperature range; however, even at high temperatures the weight gain
was between 4 to 5% with 0.5 and 1 at%, respectively, for Al-doped alloys. Com-
position analysis using XPS showed that the powder residue of all the investigated
HMS alloys contained SiO, as the main oxide phase, little MnO oxide phase and
Al- and Ge-based oxide phases for the doped compounds.

The pure (no dopants) and Al-doped HMS showed 3.7% and 8% of the total binding
energy spectrum, respectively, associated with Si;O3, which was not seen in the Ge-
doped compound. The presence of low Si oxidation state oxide accentuates the low
oxidation rate in the pure HMS and also sheds light on the high oxide weight in
the Al-doped HMS which may be associated with the formation of a conglomerate
of oxides. In addition, deconvolution of O 1s spectra indicated that the Mn oxide

phase increased with Al doping and decreased with Ge doping.

B. Effect of densification methods — bulk samples

The comparative analysis was based on the compounds densified by metallurgical
casting, HP and SPS. Isothermal oxidation experiments conducted in ambient air
with a 24 hour dwell time showed that at temperatures below 400 °C the oxide layer
was very thin. However, at higher temperatures, for example 600 °C, the weight gain
was tangible and distinct for the three consolidation methods. The as- cast specimen
had 7.5 pg/mm?, the HP sintered had 29 pg/mm?, and 1.8 ug/mm? for the SPS
one after 24 hours, revealing not only the relationship between the bulk density and

oxidation robustness, but also the importance of the chosen consolidation method.

C. Effect of humidity — bulk samples

73



The humidity effect was investigated over a period longer than the usual 24 -hour
retention time: up to 200 hours. When the experiment was conducted in ambient air,
the TGA curve showed cyclic weight gain and loss in periodic steps of 11 hours gain
and 13 hours loss. Moreover, the parallel DSC analysis of the events indicated that
the weight gain and loss corresponded with exothermic and endothermic reactions,
respectively. Clearly, the trend reflected the difference in vapor pressure over a day,
with the mass gain occurring during the night and the losses occurring during the
day. At higher temperatures (above 500 °C), the reaction followed the same trend,
but this time with longer exothermic segments (16 hours) than endothermic ones (8
hours). The presence of HyO was certainly noticed and did not seem to affect the
Si0, scale growth; however, the effect of humidity on the stability of SiOy was not
thoroughly investigated.

To summarize, a study of high temperature oxidation of MnSi(; 75_,)Y, alloys was con-
ducted and showed that the alloys grow a protective SiOy scale at temperatures below
500 °C. The oxidation kinetics were studied and presented and the oxidation mechanisms
were broadly discussed as illustrated in figure 5.2. Moreover, the level of protectiveness
was discussed, with synthesis, consolidation methods and operational environment being
the main points of discussion. It was also determined that an alloy’s composition is closely
related to its oxidation potential and therefore has a positive influence on the robustness
of the oxide layer with Ge as dopant but not to the same extent as with Al. The effect of
composition was limited not only to alloy design but also to the purity of the raw feed-
stock during the synthesis stage. Finally, the samples densified by HP were 3 times less
robust than their as-cast counterparts, while the SPS samples showed higher mechanical
integrity and therefore higher thermal oxidation resistance. As a result, the mechanical
compactness of the produced bulk materials is important to achieve an oxidation-resistant

compound.
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Figure 5.2: Schematic illustration of the HMS alloys’ oxidation profile, showing the mech-
anisms of oxidation of the alloys. The alloys’ purity and composition are considered as

well as the effects of dopants.

5.2.2 The effect of dopant and doping site on the high-temperature

oxidation of higher manganese silicides (Paper III).

Following Paper II above, there is a strong link between the composition of an alloy and
its robustness to oxidation. Previously, MnSi( 75_,)Ge, sintered using SPS was found to
be the oxidation-resistant compound among the alloys studied. However, in the race to
improve thermoelectric transport properties, further fine-tuning and tweaking are needed
to reach the full potential of the alloys. This implies a parallel oxidation study of the new
alloys to ensure similar if not better resistance to oxidation. Mn,_q)Mo,Si(1.75-3)Gegs
with y=0.99 — 1.011, o= 0.005 — 0.02 and S= 0.005 — 0.01 alloys were examined. The
oxidation experiments were conducted using TGA/DSC1 (Mettler Toledo) in dry air,

and the experimental residue’s composition was analysed using X-ray powder diffraction
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(XRD) spectroscopy and XPS. Similarly, post-oxidation testing with XPS was conducted,
to study the surface composition of the bulk specimen, and SEM/EDS (JEOL 772) used

to map the cross-section elemental or phase composition of the same solid samples.

A. Isoconversion results

The constant heating rate experiments were conducted at a temperature of between
25 and 1100 °C with a 5 °C/min. The onset temperature for all alloys was in the
temperature range of interest (module operation temperature range) 200 — 400 °C.
Even though, the oxidation reaction started below 400 °C, the oxide content was too
far below the detection limit for XRD (with at most only 10 pg/mm? weight gain)
to be able to identify the exact oxide phases present. However, after conducting the
test up to high temperatures, not only could XRD identify the oxide phases, but
DSC could identify silica using its crystallization temperature form alpha quartz to
beta tridymite between 420 °C to 960 °C, respectively. Similarly, Ge and Mo oxides

were also detected.

B. Isothermal oxidation results

The oxidation reaction kinetics of the studied alloys occurred in three regimes cor-
responding to the temperature ranges of < 250 °C, 300-400 °C and above > 400 °C.
At temperature lower than 250 °C, the alloys’ oxidation rate was too low to grow
a significant layer, even over an extended period. Slightly above this temperature,
the oxide weight gain per unit area of the specimen fitted the linear rate law. This
oxidation model was found to be a result of a fast accumulation of gas adsorbate
on the alloy surface. The same model was observed at temperatures higher than
400 °C but the reaction occurred in a very short period, less than one hour. After
this time, the oxide scale thickens (but still too thin at hundreds of Angstroms)
and eventually follows a logarithmic oxidation model. The chemisorbed gas at the
alloy surface reacts forming a defect gradient and resulting in a electric field at the
alloy-oxide interface, making ionic transport possible on the respective faces of the

interface.

At temperature close to 500 °C and above, the logarithmic law is still representative
of the compounds’ oxidation model, but for a short period. Over time the scale

would follow the parabolic model whether the dwell time was 24 hours or 200 hours.
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The surface and cross-section composition tests showed that when the oxidation
reaction started, a conglomerate of oxides was formed (SiOs, GeOy, MoO3 and Mn
was manifested in ternary oxides). As the oxidation phenomenon progressed the
oxides coexisted, though SiOy was dominant, fully covering the alloy surface by the

end leaving the Ge and Mo oxides at the SiO5 — air interface.

The empirical data and knowledge regarding kinetics and mechanisms acquired during
this study allowed us to draw a time temperature transformation (TTT) diagram as in
figure 5.3. The oxidation map shown was built using actual data of the isothermal onset
temperature and end set temperatures during the TGA oxidation experiments. The green
and red curve represent the start and the end of a given oxidation test on one alloy in
the 200-600 °C temperature range, with each test run for 24 hours. Moreover, the color
codes represent the oxidation regime an alloy would be represented by depending on its
elemental composition. Using this method, we were able to draw an oxidation map from

the TTT diagram (usually used in metallurgical processes).

The study showed that doping on the Mn site did not have an enormous effect on the
oxidation of the studied alloys; however, the fact that the materials were multiphase alloys
did have a major effect. With non-phase homogeneous compounds, each phase reacted
independently, involving all the alloy constituents. The longer the alloys were exposed
to oxidation, SiO, oxide grew dominantly to cover the alloy and stood between the alloy
and other oxides, therefore assuring some level of resistance to oxidation. Nevertheless,
even though a TE properties test was not conducted post-oxidation, it is evident that
with some material loss due to oxidation the TEM would lose some TE potential. This

should therefore be taken into consideration when designing materials.
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Figure 5.3: TTT diagram of HMS alloys oxidation. The green and red curves represent the
start and end of a given oxidation experiment conducted isothermally at a temperature

between of 200—-600 °C
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5.3 Measurement of the contact resistance in silicide-

based thermoelectric modules

(The content of this section will be the basis of a scientific journal article)

5.3.1 Introduction

Section 5.2 presents the research results obtained in this study specifically pertaining
to the oxidation and stability of silicide-based TEMs, and the results were published as
Paper II and III. In addition, the stability of silicide-based TE modules was also briefly
reported and discussed in Paper I, however, questions relating to the modules’ electrical
characterization were left unanswered. Therefore, this research intends to design and
model functional p-type HMS and n-type MGS-based TE modules and evaluate their

performance and durability over time.

Apart from TEMs, TE modules are composed of numerous components, namely the
electrically conductive electrodes, the contact interface between the TEM electrodes, and
the electrical insulating substrate. All these layers play an important role in ensuring
the productivity, reliability, and effectiveness of the module over time. The module’s
productivity is directly related to the thermoelectric properties of the TEM (as described
in Chapter 2), but it is also highly dependent on the electrical and thermal conductivity
of contact layers between TEM and electrodes. Chapter 3 gives details on designing the
TEM — electrode interface, where actions such as metallization are applied to reduce the
electrical resistivity of the interface and increase the thermal conductivity. Moreover, the
choice of a good bonding technology is very important since it ensures the mechanical
reliability of the bond initially. Paper I of this dissertation discusses the formation of a
good bond consisting of an intermetallic (IMC) layer between the TEM and electrode,
usually by solid diffusion; nonetheless, it also discusses the importance of limiting the
diffusion process by including a diffusion barrier. Finally, section 3.3 of the same chapter
gives a good description of the performance and stability testing of TE modules, which

was followed during this research.
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As mentioned above, the TEM-electrode interfaces’ performance and durability were
the main focuses of this study. The main task was to design a good bonding layer,
which consisted of deciding on the components of the contact layer and on the bonding
technology. Different bonding technologies are shown in section 3.2.4 and a good summary
of the listed technology is provided in Figure 3.4. One of the biggest challenge of the
HMS-MGS based TE modules is finding good electrodes and bonding materials that fit
both TEMs, mainly because of the tremendous difference between their coefficients of

thermal expansion, which are 7.89 and 21.05 pm/m.K [208], respectively.

Among the proposed alternatives for MGS alloys, Ni [284-286] and Ag [286] electrodes
were found to be good fits for the alloys. The bonding experimentation was conducted
by co-sintering the electrodes with the TEMs using one- or two-step SPS technique. This
resulted in very good IMC and homogeneous interfaces with very low specific contact
resistance in the range of 10-50 ufQem?. Though the technique seems to provide in-
credible contact interfaces, it is not straightforward and requires advanced instruments
that may not be at everyone’s disposal. Therefore, some other techniques were studied
such as brazing. Thou Mouko H. et.al. [287| manufactured TE modules based on n-type
Mg SigeSng4 and p-type MnSi; 77 and achieved a power density of 0.95 W/cm? at hot
side of 450 °C and AT of 400 °C. Also by brazing, Graff J. S. et.al. [254] achieved a power
density of 53 uW cm™2 using a Cu electrode on both n-type MgsSig3Sng 675Big.025 and
p-type Mn,_.Mo,Si; 75_sGes at the hot side of 250 °C and AT of 100 °C. However, they

did not provide information on the quality of their modules’ electrode contacts.

In this study the aim was to design reliable contact interfaces between n-type MgsSig 3
Sng.675Big.025 and p-type Mny gosMog 00551175 based modules with Ag electrodes on both
the cold and hot sides. The bonding process should be able to form a mechanically ro-
bust IMC contact layer capable of limiting the cross diffusion between the TEMs and
the contact interface constituents. A. Ayachi et.al. [288] studied the effect of Ag elec-
trodes on n-type MGS alloys. They showed that due to diffusion of Ag in the n-type
Mg,Si and Mg,Sn binaries, the Agy, defect counteracted Bi-related defects and resulted
in reduction of the thermoelectric properties (especially the charge carrier concentration).
As a solution, the solid liquid interdiffusion bonding (SLID) method was chosen since it

is conducted at low temperature [289], and form a solid IMC that can withstand high
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temperatures. In addition, a gold metallic layer was introduced in the contact interface
as a diffusion barrier to reduce prolonged Ag diffusion in the MGS matrix. Finally, an
automated contact resistance test rig was designed and built to evaluate the electrical
resistivity of the formed IMC interfaces using the four-wire or Kelvin resistance measure-
ment method. With the above processes, the best performing module was subjected to
durability tests, in which several thermal cycle tests were carried out between 222 °C
and 455 °C on the hot side of the TE module equivalent to a AT of 200 °C and 400 °C,

respectively.

5.3.2 Methodology

5.3.2.1 Material and module production

The methodology is presented in figure 5.4. The study is divided into three parts: tthe
first is to model the contact interfaces between the TEMs and the electrodes on both the
hot and cold sides of the TE modules. The thermoelectric materials used in this study
are n-type MgsySip 3 Sngg75Big.025 and p-type Mny gosMog go55i1.75. The synthesis process
of the TEMs will not be detailed in this section. However, for the reader’s information,
the synthesis route of the n-type MGS alloys was published in [288,290], and the p-type
HMS alloys were synthesized as described in [254] and Paper IT and IIT in the appendix

of this dissertation.

During the bonding tests several trials were conducted by varying the content of layers
among a silver sheet (electrodes), electrically conductive silver paste, an indium sheet,
an electron-plated silver layer and a sputtered gold layer, as shown in figure 5.4 (a).
Moreover, as shown in the Au and Ag-In binary phase diagrams figure 5.5, many IMC
phases can be formed by SLID bonding, especially the ¢ (pertaining to Au- and Ag-rich
phase) for both the Ag-In and Au-In. Auln,+In(S) can also be the other phases on the

Au-In side due to the formation temperature.
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— — ()

Modules' performance and
stability tests

Figure 5.4: (a) The unicouple bonding model with a description of bonding layer compo-
nents, (b) The schematic illustration of the contact resistance measurement process using

PCM test rig.

Furthermore, the bonding process was conducted by mechanically clipping the module
(with contact layer components) between two plates using two spring loaded poles (see
figure 4.3), and applying a compressive pressure of around 1.5 MPa. A three-step SLID
bonding method was carried out in vacuum of around 4.2 Pa to 6 Pa, with a fast heating
rate of 20 °C and held for 10 min. After 10 minutes, the system was kept under vacuum
but left to cool naturally (equivalent to 3 °C/min) until it reached room temperature
where it was held for 30 minutes. The process was repeated two more times, but for the
last step the system was kept at the bonding temperature for 1 hour. The bond was quite
solid after the SLID bonding.

After the module assembly, steps two and three consisted of conducting the electrical
contact resistance at the electrode — TEM contact interfaces and the durability tests as
illustrated in figure 5.4 (b) and (c), respectively. Further details are provided below in

their respective sub-sections.
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5.3.2.2 Contact resistance measurement

The contact resistance was measured using a home-built three axes point contact mea-
surements (PCM) test rig. The PCM hardware model design and construction process is
detailed in "Appendix D" attached to this dissertation. The same appendix file contains
the details on the test rig’s control program. However, the full PCM 3D model is shown
in figure 5.6, while the complete and functional test rig (with computer and electronics)
assembly is shown in figure 5.7. The functional test rig, as shown in table 5.1, is char-
acterized by a high positioning accuracy of 1 pm, signal resolution (7 1/2-digit digital
multimeter (DMM)), highly reproducible results of around 0.5%, and finally very fast

scan In time.

Table 5.1: The PCM technical specifications

Description Specification Comment
Positioning accuracy 1pm step size —

Max. scanning area 100 x 100 [mm] higher on request
Signal resolution 7 1/2-digit DMM —
Reproducibility 0.5% - 1% on solid surface
Measurement time 1.4 sec/scan point it can be lower
Total Size 350*350*400 [mm] —

Total Weight okg no electronics appliances

In four-point contact mode the apparatus acquires the potential difference along equipo-
tential lines perpendicular to the electric field set by the current supply. Therefore, for this
specific case study, the four-point technique was used to measure the contact resistance

across bonding layers at the TEM—electrode interfaces of the TE unicouple.
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Figure 5.6: The complete 3D model of the PCM test rig, with all components numbered

respectively.

+001.778 2 5

Figure 5.7: The complete test rig setup comprising the PCM test rig, the electronic

hardware components, the computer with a control program and the test sample.
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Sample preparation for PCM

HMS-MGS based unicouples were assembled as described in sections 4.4 and 5.3.2. Figure
5.8 is a flow chart that shows the process from collecting TE legs (after cutting and surface
preparation), assembling the unicouple(s) up to resin-mounting the PCM test sample.
The assembly process consists of modelling the contact layer composition, assembling the
module and accessing the quality of the modules/unicouples until it is satisfactory. For
PCM tests the HMS - MGS unicouple was mounted in non-conductive resin and after the
specimen’s cross-section was prepared as described in section 4.2.2. It is recommended
that the test sample be polished to a mirror-like surface to reduce the uncertainty of the

results and increase repeatability.

Contact Module
interface model assembly

-~

T.E. Legs

Sample for PCM

Figure 5.8: The sample production flow chart from the cutting of the unicouple legs,

contact layer modelling, module assembly and unicouple resin mounting.

Since the task is to measure the contact resistance across all four interfaces, the scan area
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was set to start from the electrically insulated resin and continue until another resin area
across the sample. Moreover, a constant DC current was set to 0.3 A. The full test rig
with all components and electronics is shown in figure5.7 above. The PCM test measures
the potential difference across the defined area and the contact resistance will be deduced
by Ohm'’s law, which states that the actual resistance is proportional to the ratio between
the potential difference across two test points and the current passing through the same

points.

5.3.3 Results and discussion

5.3.3.1 Contact resistance

The PCM rig was successfully built as described in the methods section. The key speci-
fications (in table 5.1) are the linear positioning accuracy, which can be up to 1um, 0.5%
data reproducible capacity on solid or hard surfaces, and finally, a measurement time of
1.4 sec/data point. This time can be improved by making sure the sample surface is
flat, because if it is not, the probe is given room to travel through on the z-axis to avoid

scratching the sample surface, thus increasing the overall scan time.

Figure 5.9 (a) is a heat map representing the voltage drop across the unicouple by passing
a current of 0.3 A through the unicouple (at the unpaired electrode terminals). Figure
5.9 (b), on the other hand, is a schematic illustration of the TEMs (MGS bottom and
HMS on top), the bonding layer composition, as in figure 5.8 (contact interface model)
above, and the red dotted lines are the line scan path taken by the PCM rig during the
PCM process. As shown by the scale on the right-hand side of the image in (a), the grey
surface is the electrically non-conductive area, which in this case corresponds to the area
covered by resin epoxy or the alumina (Al;O3) sheet at the non-coupled electrodes as
shown on the far-right image of figure 5.9 (b). Moreover, the remaining surface consists
of the TE legs and, most importantly, the TEM-electrode contact interfaces. Starting
from the left-hand side of figure 5.9 (a), on the x-axis at 1 [mm]| position are the cold side

interfaces, while at 3.8 [mm] are the hot side interfaces on both TEMs.

Mapping the normalized voltage, which is the ratio between the voltage drop across a
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resistor and the corresponding current (equation 5.1), gives a broad view of the electrical
resistivity of the defined area. In case the electrode contacts are part of the test area
as on 5.9 (a), the map provides a visual quality check of the contacts as a function of
the normalized voltage drop across them. It is important to note that to distinguish
different parts of the heat map, the left-hand and right-hand side contacts are called cold
side and hot side contacts, respectively, referring to how the module was assembled during
bonding. Considering the MGS—electrode contacts, the hot side is relatively homogeneous
with around 0.4 € contact resistance. However, the cold size looks less homogeneous and
less conductive with the lowest point at 0.4 m{) and the highest at 1.96 Q. This can
be associated to the temperature difference between the two edges, where the bonding
temperature (of 200 °C) is reached on the hot side but not exactly reached on the opposite

side, though the temperature goes above the melting temperature of indium (156 °C).

AV

Current

AViormatized = (5.1)
Using the same analogy on the HMS side, the results are the opposite: on the cold side
the contact is homogeneous and the electrical properties are better than on the hot side.
At the cold side, the normalized voltage is around 0.27 2 and looks homogeneous along
the whole interface, except some non-conductive spots, while the hot side contact covers
a wide range from 1.76 to 3.4 ). With reference to Paper I of this dissertation, the initial
contacts on the HMS alloys were not as reliable as the MGS, so this did not come as a
surprise. However, it is clear that there was some improvement on the cold side, though

the durability of that bond remains unknown.
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Figure 5.9: (a) The four-point contact measured potential difference across the unicouple
under a 0.3 A current. (b) This illustrates the specimen disposition during the PCM test;

the red lines are the path taken by the surface scanner.

Furthermore, apart from the mapping possibility, as shown above, the test rig can be
operated in line scan mode where the contact resistance across the interfaces is clearer.
Figure 5.10 shows three line scans conducted as illustrated in figure 5.4 (b) on the same
test sample as in figure 5.9(b). Many line scans (seventeen to be exact) were taken
across the scan area; the compilation of all scans spectra can be found in "Appendix E".
The three line scans were chosen based on the different spots characterizing the different
areas of bonding interface as presented in the map above. Data from line scans 1, 4 and
5 (abbreviated as L.s.1, L.s.4 and L.s.5) are shown on the map in black,: orange and
cyan respectively. Moreover, the cold side interface on MGS will herein be referred to as
interface (a), and the hot side interface as interface (b) (b; on MGS and by on HMS),
while (c) is the cold side on the HMS TEM, as shown on in figure 5.10.

Spots 1 to 5 are the specific contact resistance at the interfaces, with the contact resistance
at interface (a) being around 0.79 m{Qcm?, as it corresponds to the longer edge (in Green
on the heat map). Considering all recorded data at this interface, table 5.2 shows that the
minimum contact resistance is 5.42 nQdem?, the average is 0.39 mQcm? and the standard
deviation is 87.4%. This shows how dispersed the data is at the interface; however, it also

shows that the method has potential and invites further investigation to try to optimize
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both the contact layer composition and the bonding method, with the goal of creating
a homogeneous bond. The interface (b) comprises the hot side on the MGS side and
the Ag electrode interface that has 0.16 mQcm? and 1.36 mQcm? on the HMS-electrode
interface. Finally, contact layer (c) has the lowest contact resistance at 0.11 mQcm?but
showed some nonconductive spots. The nonconductive spots observed in the MGS alloys

could be poles; however; further microscopic analysis would be required to confirm this.
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Figure 5.10: The line scan results on an HMS-MGS assembled as an n-p semiconductor
junction with a silver electrode, to measure the contact resistance across the junction. (a)
- (c) represent the contact interfaces, while labels (1) - (5) represent the specific contact

resistance at each contact interface.

To summarize, the SLID bonding technology adopted showed that the contact interfaces
were initially solid. However, the contact resistance measurement revealed that most of

the interfaces are non-homogeneous which means that further improvement is required.
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Moreover, in comparison to the best contact resistance values in the literature for HMS—
MGS modules (10-50 puf2em? [284-286]), the interface (c) contact resistance is one order
of magnitude higher than the reported values, while the worst contact is 28 times higher
than the reported values. The simple and straightforward nature of the SLID technology
used in this research is provides motivation to fine tune the parameters and try to improve

the quality of the contacts in the future.

Table 5.2: Statistics of the contact resistance values at the electrode-TEM interfaces.

Layers (a)—(c) refer to the contact interfaces as in figure 5.10.

Specific AV /I [mQcm?]

Statistical measure
Layer (b)
Layer (a) Layer (c)

(at bl) (at bz)

Minimum 5.42E-06 0.15 0.36 0.00
Maximum 0.79 0.18 1.39 0.12
Average 0.39 0.17 1.12 0.07

Standard deviation 87.4% 2.1% 81.3% 13.0%

5.3.3.2 Durability of HMS-MGS based TE Module

As shown in figure 5.4 (c), the third part of the study was to subject the assembled TE
unicouple to durability tests. The tests consist of exposing the module to thermal cycle
stress between 200 °C and 400 °C and empirically evaluating its degradation across three
parameters: the open circuit voltage (V,.), the internal resistance (R;) and module output
power over time. A more detailed description of the test process can be found in section

3.3.

e Power density Figure 5.11 shows the current versus the potential difference data
acquired by load matching as described in section 3.6. This allows us to get the
[-V plot and the power generated by the TEG at different AT from 100 to 400 °C.

Looking at the desired application temperature (between 200 ° C and 400 ° C),
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the maximum power point at a AT of 200 °C is 0.44 mW, which is equivalent to
1.1 mW /cm? power density. Meanwhile, at a AT of 400 °C, the maximum output
power is 1.96 mW (i.e 4.9 mW /cm?). The internal resistances at both temperature

are 0.9 ohm and 1.7 ohm, respectively.

1 OO ' 1 L I . 1 ¥ 1 = 1 L 1 & I 1
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’\\ - 1P 200°c| 2-0
80 - « 1-V/P 300°C||
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Figure 5.11: A current versus voltage drop plot of the HMS-MGS unicouple from 100 °C
to 400 °C.

In the above results, the internal resistance was measured right after assembling the
modules. However, the internal resistance is almost equal to the contact resistance.
This means that the contact resistance makes the most of modules’ inner resistance,

again showing the importance of improving the electrode contacts.

e Durability test results

After the IV scan, the stability of the TE unicouple was tested by subjecting the
TEG to thermal cycles and recording the V,.and the module internal resistance

and tracking the maximum power point. Figure 5.12 shows the three parameters
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over time at 200 °C and 400 °C, respectively. The stability tests were conducted
for over 350 thermal cycles of 1.5 hours full cycle and were carried out for more
than 600 hours. At the start of the experiment, during the ten first thermal cycles
the V.. and P,,., increase while R; falls rapidly. This is because the module is
still in the bonding process. However, after that, both the V,. and P,,,, dives and
R; spikes as a result of technical problems with the hot side power supply. The
issue lasted around 100 hours; in the area highlighted in orange in both figures 5.12
(a) and (b), the process is marked by a gradual increase in the internal resistance
and decrease in the output power. However, after the instrument was replaced, the
module recovered to reach the maximum power output of 1.6 mW and 7.48 mW at

200 and 400 °C AT, respectively.

The module withstood the thermal stresses up to 294 thermal cycles. Figure 5.12 (a)
shows that at AT of 200 °C, the power output started to decrease by 0.56 W /cycle,
which is also reflected in the internal resistance increase of 85 uf/cycle. However,
the degradation was not as significant as at the higher temperature: at 400 °C the
power decrease rate was 13 W /cycle while the internal resistance increase was close
to a rate of 0.8 m(2/cycle. By extrapolation, this rate of degradation, especially at
400 °C, translates to the module’s being able to withstand the thermal stress for up
to 115 thermal cycles after noticeable degradation until the maximum power reaches

80% of the initial rated capacity.
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Figure 5.12: The durability test results are presented in terms of the open circuit voltage
(Voe), maximum power output (P..) and the module internal electrical resistance (R;)

over the number of thermal cycles, (a) at 200 °C (b) at 400 °C.
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5.3.4 Conclusion

In this research, a PCM rig was developed and used to measure contact resistance across
electrode contact in the HMS-MGS based TE module. The developed PCM system is
capable of achieving a linear positioning of 1um, signal resolution of 7.5 digits and 0.5%
reproducible results with less than 1.4 sec/data-point. The test rig makes it possible to
map the recorded signal, revealing the electrical characteristics of the scan surface. In the
case study in question, it was shown that the contact resistance of a TE unicouple can be
measured with high precision using line scanning. The electrode contacts studied showed
that the best contact had 0.11 mQcm?, while the least reliable contact at the hot side of
the HMS contact was evaluated at 1.36mQcm?. This technology can be used by the TE
community to electrically characterize the electrode contacts and TEM in TE modules

by measuring the electrical resistivity of the contacts using the four-point method.

Furthermore, the durability of the modeled and built TE electric module was studied.
The unicouple module generated up to 1.6 mW and 7.48 mW at 200 °C and 400 °C,
respectively. During long-term stability test, the module was robust during the first 300
thermal cycles, after the module’s degradation rate was recorded at 13 pW /cycle power
reduction equivalent to 0.8 m€2/cycle at 400 °C. Finally, by the degradation rate it was
found that the unicouple would last 115 more thermal cycles before the output power is

reduced by 20 %.
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Chapter 6

Conclusion and Recommendations

6.1 Conclusion

The research reported in this Ph.D thesis was conducted to investigate the long-term
stability of silicide based thermoelectric modules in laboratory varied thermal conditions.
The modules were assembled from TEMs modeled, synthesized and consolidated in a par-
ent project (TESil project) as presented in section 4.1, and broadly detailed in published
papers I to III. The main factors found to hinder the stability of the modules were the
oxidation of the TEMs and the degradation of the contact interfaces between the TEMs

and electrodes.

The oxidation studies conducted on HMS alloys showed that, the kinetics and mechanisms
of reactions had direct relationship with the materials synthesis routes, composition and
the operational environment. The effect of the HMS alloys’ composition on their oxidation
potential was examined by studying the oxidation of the alloys, with varied composition
from undoped HMS to different levels of doping and dopants. Among the dopants, Al
and Ge were experimented as substitutes on the Si site, while Mo was at the Mn site as

reported in publication B and C.

The undoped HMS oxidized at temperature below 500° for more than 24hours, were found
to have mainly SiO, oxide which grew continuously along the edges of the specimens and

over time settled (which means protecting the alloy). However, with Ge and Al doping
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(MnSi; 750 X4, X — Ge or Al), the oxide scale was not only composed of silica but also
Ge and Al based oxides (GeOqy and AlyOgs, respectively). With the mixture of oxides in
the scale, the protectiveness of the alloys was compromised and noticeable level of Mn
oxide was detected. Nevertheless, the latter was count balanced by controlling the dopant
concentration, where doping with 0.5 at%Ge resulted into a more oxidation resistant alloys

than with Al

Furthermore, the oxidation studies continued with alloys with Mo doping on the Mn site
(Mn,_,Mo,Si,_3Geg). The study showed that at temperature lower than 300 °C, the
oxidation reaction was governed by chemical reactions on the alloys’ surfaces, while above
450 °C, ionic diffusion across the alloy-oxide interface was the rate determining factor.
However, the protectiveness of the alloys being the crucial goal to achieve, doping on
Mn site with Mo did not have major effects on the alloys’ protectiveness. As reported
in paper III, in spite of all elements being present in the oxide layer, the alloys showed
resilience, where overtime protective SiO, dominated the rest of oxide phases and reduced
or stopped further materials consumption (an illustration of the mechanisms is shown in

Figure 14 of paper III).

Similarly, the effect of powder consolidation methods (used to produce the bulk pellets)
was investigated using three categories of samples, produced by, melt casting (or as cast
ingots), hot pressing and spark plasma sintering. Ingots compacted using spark plasma
sintering were found to have higher robustness to oxidation, and therefore concluded
that, along with producing composition-optimal alloys, it is also important to consider

the mechanical integrity of the alloys to guarantee an oxidation resistant compound.

Furthermore, unicouple modules were assembled base on n-type MGS and p-type HMS.
The main concern on the module level was the TEM—electrode’s contact interface, in that
regard, silver electrode were used and were bond to the TEM by SLID technique. The
assembled modules were evaluated by measuring the contact resistance across the contact
interfaces. On the MGS—Ag interfaces the contact resistance was as low as 0.11 mQcm?,
however, on the HMS—Ag interfaces especially the hot side, the contact resistance was as
high as 1.36 mQcm?. The issue with the HMS was associated to the low CTE of the alloy,

which means that further work are required to address this problem.
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Finally, long-term stability tests were conducted on the assembled module. The modules
generated up to 1.1mW /cm? and 4.9 mW/cm? power density at 200 °C and 400 °C,
respectively. During durability test in vacuum, the modules withstood thermal cyclic
stresses to more than 300 thermal cycles until the module degradation caused the power
output to reduce by 20%. The thermal degradation of the tested TEGs, was found to be

a result of poor contact layers’ mechanical and electrical properties.

6.2 Futher work

In this project, the oxidation of HMS alloys was conducted in conjunction with the TEMs
development and the effects of the production processes reported and addressed along
the way. Similar approach can be adopted for the study of thermal oxidation of other
TEM systems under development, as it allows to keep track of not only the composition
effect on oxidation of the final alloys, but also the effects (if any) of each production step
on oxidation of the final compound. Nevertheless, this study showed that silicide based
TEMs develop a protective oxide layer composed of the majority of the alloy’s elements.
Therefore, it would be recommended to couple the oxidation studies with testing the
TE properties before and after oxidation tests, and thereafter be able to quantitatively

determine the oxidation effect on the charge carrier concentration (for instance).

The module performance tests were conducted on unicouples modules. With SLID bond-
ing it was cumbersome to arrange the bonding experiment, therefore, could be difficult to
duplicate in case of multiple unicouples assembly. Therefore, future work can be dedicated
to designing an assembly platform that render the assembly easy and at best automated.
As a result, the technology can be utilized for mass production of modules on industrial

level.

Lastly, a thorough study of the composition of the contact interfaces would be welcome
to understand the mechanisms that lead to degradation. This would also be an input to

optimize the contact layer composition towards prolonging the life of the modules.
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Long-term studies on thermoelectric generators based on N-type magnesium silicide (Mg.01Sig49
SngsSbo 1) and P-type higher manganese silicide (MngogMo0g 02Si1.73Geo02) materials are presented, in
the operating temperature range of 200 °C-400 °C. Emphasis is put on the performance and reliability
of the current collector configuration, especially on the hot side of the module, and on the thermome-
chanical stresses that are created during operation and lifetime testing as a result of large temperature
gradients experienced across the thermoelectric legs. With silver (Ag) paste as contact material, the long

IT?G: :Vrz:)isl:ectric module term-stability of the uni-couples was carried out on non-metalized legs and gold metalized legs under
Silicides ambient conditions. Under isothermal and thermocycling tests, the non-metalized legs showed a gradual
Degradation decrease in open circuit voltage (after a period of 200 h) and increase in internal resistance. Conversely,
Stability the module made of metalized legs was robust and stable for the same isothermal period. However, after

300cycles the n-type material showed mechanical failure (cracks) but the p-type resisted. Post-operation
analysis by SEM/EDS and mechanical testing revealed that oxidation, adherence of the contact material
and diffusion of the bonding material were the cause of performance degradation of the unicouples.

© 2019 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scientific committee of the 17th European Thermo-
electric Conference. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1. Introduction

Silicide-based thermoelectric materials (TEM) are promising
materials for the future of thermoelectrics. These materials are
among the best candidates for mass production [1], due to high
abundancy of raw materials in the earth crust (especially silicon
2nd, magnesium 8th and manganese 12th [2]), low cost and non-
toxicity. For a long time, (Si; _xGex) was proven to be good for ther-
moelectric application in radioisotopes thermoelectric generators
[3], though new compounds were proposed and studied, including
compounds based on higher manganese silicide (HMS) [4,5] and
magnesium silicide (MGS). These compounds have shown good
transport properties, with figures of merit around 0.6 and 1.5,
respectively, and more research is still being carried out to opti-
mize the transport properties. Moreover, coupling of HMS and
MGS in a module was proposed by many researchers for terrestrial
application [6,7,8], though the combination has not been imple-
mented in any of the modules on the market.

* Corresponding author.
E-mail addresses: antoine.d.shyikira@uia.no, tonnydepadouel5@gmail.com
(A.P. Shyikira).

https://doi.org/10.1016/j.matpr.2020.05.193
2214-7853/© 2019 Elsevier Ltd. All rights reserved.

Today, more research has focused at the materials level,
improving the transport properties, figure of merit and the
mechanical properties. However, not much research has been done
at the module level, especially on the MGS-HMS combination, and
even less work has been conducted on electrodes and electrode-
TEM interfaces. Previous work from our group Skomedal et al.
[6], worked on modelling, designing, assembling HMS (p-type) -
MGS (n-type) modules and testing their performance and stability
over time. The three unicouples used in the module showed good
performance, which reached a peak power of 3.24 W at a hot side
temperature of 735°C, and 1.04 W maximum power at 405 °C.
Moreover, Nakamura et al. [9], studied a  shaped module based
on Mg,Si and MnSi; 73, as n- and p-type TEMs, respectively. With
Ag electrode, Ag bonding material and Ni diffusion barrier, their
module produced 4.4 kW/m? at 548 °C. However, both Skomedal
and Nakamura’s modules degraded during thermal cycles mainly
due to oxidation of the MGS, and coefficient of thermal expansion
(CTE) mismatches at the bonding interface. By contrast, De Boor
et al. [10], has investigated the stability of Mg,Si and nickel elec-
trode contact. The contact was successfully formed by mutual sin-
tering the TEM and the electrode (at 1123 K), which resulted in a
10-30 um Mg-Si-Ni reaction layer. The study was done under

Selection and peer-review under responsibility of the scientific committee of the 17th European Thermoelectric Conference.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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isothermal treatment for 168 h at 823 K and no cracks were
observed by SEM, which the authors claim was a result of a rela-
tively thick contact layer that also hindered diffusion of Mg to
the Ni side. However, they recommend thermal cycle runs to inves-
tigate and confirm the reliability of Mg,Si -Ni contact.

Kaibe et al. [11], studied cascaded modules made of p-Mn-Si
and n-Mg-Si on the hot side and Bi-Te base alloys on the cold side
with which they achieved 12% efficiency at 550 °C. Their results
were promising, though the stability of the cascaded module
remained an issue due to complex chemical phenomena occurring
overtime, from electrodes (Ni-plated Cu electrodes) to bonding
materials involving oxidation and intermetallic diffusion which
should be investigated. Similarly, Hee Seok Kim et al. [7], studied
a segmented TE module, with MGS(Mg,Si) - HMS (MnSi;.y,
x =0.25-0.273) mounted on top at the high temperature segment
and n- and p- type Bi-Te module on the cold side. Contact elec-
trodes were made from Cu on both the hot side and cold side, with
50nm Ti and 1 pum Ag layers. Under isothermal heat treatment
between 23 and 520 °C for 30 h, they achieved a contact resistance
of 50pQcm? and a contact resistance to total module resistance
ratio of 2%, moreover, they achieved a specific power density of
42.9 W/kg with a 498 °C temperature difference. Among other pos-
sibilities, Ni and Ag electrodes [10,12-15], Cu electrodes [7,14], and
molybdenum (Mo) [6] have been mostly studied. It seems, from
the aforementioned electrodes that Ag was the most reliable fol-
lowed by Ni, with around 10pQcm? vs 25-5010uQcm? specific
resistance on MGS [10,12].

Some of the key factors that affect performance and stability
over time for TE modules are diffusion at the electrode/bonding
material - TEM interface, bonding strength and contact resis-
tance. At module contacts, diffusion is a deteriorative factor, how-
ever, as reported by Liu et al. [16], it is also important to note that
limited diffusion is important for crack free contacts. However,
diffusion during operation should be avoided as, in some cases
diffusion can alter the doping and turn an n-type into a p-type
TEM; this would seriously shorten the in-service lifetime of the
device. Altering the doping would reduce the charge carrier con-
centration and affect the performance of the module by lifetime
shortage or reduction of the mechanical reliability. So apart from
the strong bond through diffusion, a diffusion barrier is also
important to stop further diffusion during operation. Moreover,
a strong and reliable bond requires good matching of the
coefficient of thermal expansion (CTE) of the electrode and the
TEM. In the current study, the CTE for a mixture of phases has
been approximated using a model by Karunaratne M.S.A. et al.
[17] equation 1, where, o, w;, p;,@; stand for the CTE of the

Sample Temperature [°C]

alloy/mixture, the weight fraction of phase i, the density of phase
i, and the CTE of individual phase i.

> o i/ pi}
> {wi/p;}

It is difficult to model thermal contact resistance as it requires
coupling the phonons carrying heat from the heating element
through the interface to the TE leg. Well-known models include
the acoustic mismatch model and the diffusive mismatch model
[18]. However, the modern molecular dynamic simulation [19]
suggested that the phonons at the interface scatters as a mixture
of acoustic scattering and diffusive scattering, so the bond strength
is a deterministic factor of the interface contact resistance. There-
fore, if the coefficients of thermal expansion (CTE) of the materials
is closely matched, a good contact can be achieved by sintering
them together to allow diffusion to take place and therefore a
strong bond developed. However, the materials reactivity level
towards higher temperatures and the stability of the bond over
high thermal stress, operational diffusion passivation, high electri-
cal, chemical and thermal conductivity are the next challenges to
overcome.

o=

(1)

2. Materials and methods
2.1. Materials and modules
The uni-couple modules were assembled using MGS (Mg o1~

Sig.49SN0.5Sboo1) as n-type and HMS (Mng9gM0p 02Si1.73G€p02) as
p-type. The powder materials used in this research are synthesized

[ Alumina sheet (0.25mm)
3 silversheet (0.25mm/0.1mm)
B sjlver paste (50um)

[ Gold layer (50nm)

Cu-Heat sink (water cooler)

Fig. 1. A detailed schematic representation of a unicouple module test-assembly.

Sample Temperature
Reference Temperature

Section  Temperature['C] Time (] Cyecles (%]
A 200-400 u? 19

B 25-400 714 us
L L c 200-400 127 187

Fig. 2. An illustration of full thermocycle tests setup (the uni-couple, the homemade rig for stability tests and the temperature range the thermal cycles were conducted).
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Fig. 3. The thermal open circuit voltage (Seebeck voltage) recorded over time (module 2), plotted against the number of cycles (in black), the red curve shows the “adjacent
averaged Vocy,” trend, which shows the decrease of Vocy, over time, for the voltage recorded: a) at 200 °C and b) at 400 °C. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

and sintered by different partners (Elkem, Sintef, and UiO) in Ther-
moelectric Silicides (TESil) project. HMS was synthesized by melt-
ing (in an induction furnace) and casting in a graphite mould. From
the cast ingots, powder was produced by ball milling down to
micro-size powder, using a Herzog HSM 100 vibratory mill and a
Planetary Ball mill 100. Furthermore, the powder was consolidated
into pellets by Spark Plasma Sintering (SPS) (Dr. Sinter, SPS-825).
However, MGS was synthesized through solid state route and pel-
letized by conventional Hot Pressing (HP) (home made at the
University of Oslo-Norway). Further thorough details from materi-
als modelling, powder synthesis and pellet consolidation are not
yet public as it is still an ongoing project. Pellets of 20-36[mm]
diameter and 5 mm height, for the HMS and MGS were cut using
a Minitom (Struers) equipped with a diamond saw (Diamond
Cut-off Wheel MOD13, 127 mm (5”) dia. x 0.4 mm x 12.7 mm
dia.) into legs of 4x4x3[mm] (+50um dimensions after cutting,
grinding and polishing steps). Finally, all cubes were ground by sil-
icon carbide up to 2400grit grinding papers and polished in 3 steps
using 6um,3um and 1um diamond suspensions (Struers).

As illustrated by Fig. 1, the thermoelectric modules were assem-
bles using silver (Ag) sheet (Sigma Aldrich) of 0.25 mm thick elec-
trode on the hot side and Ag sheet (Sigma Aldrich) of 0.1 mm thick
on the cold side. A layer of a conductive silver paste (Sigma
Aldrich) was painted at the interface of the electrode-TE leg as
bonding material both on the hot side and cold side. For module
one, the n- and p-type unicouples were not metallized, while for
module two the legs were metallized by 50 nm sputtered Au layer
(on both the cold and hot side) using a turbomolecular pumped
coater (Q150T, Quorum). Finally, on the hot and cold side alumina
(Al,03) sheet was utilized as an electric insulator (to avoid over-
load) between the heat source and heat sink.

2.2. Performance tests

The Performance and stability tests were conducted on a home-
made rig, as shown in Fig. 2 equipped with a DC powered 100 W
heater Inconel block (Dalton WattFlex, USA) on the hot side and
a water-cooled copper block, with Minichiller 280 (Huber Kalten-
maschinenbau AG, Germany) as an external cooler on the cold side.
On the rig, one uni-couple is clamped, and pressure applied from
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top using two springs at both HMS and MGS sides, which respec-
tive temperatures are monitored by K-type thermocouples. The
Seebeck (thermal) voltage and temperature are acquired using a
National Instruments Data Acquisition Module (NI9210), and, the
system is equipped with an electronic load form Array (3721A
80 V/40A 400 W), as a current load which also act as a Current-
Voltage (IV) data acquisition system. All appliances are automati-
cally controlled virtually via a LabVIEW control system. Skomedal
thesis [20] has provided more details on the rig and experimental
set-up.

The TE elements’ performance is tested under isothermal
(isothermal sections are shown in the full temperature program,
supplementary S9) and thermal cycle conditions (following the
temperature program shown on Fig. 2 above) under ambient con-
ditions. The whole temperature program presented in the supple-
mentary section S9, consists of one isothermal section recorded
from 200 °C-400 °C with 50 °C step size and 3 thermocycle sec-
tions followed in the test as detailed on the table on the right-
hand bottom corner with 3 h holding time per half cycle. The aging
tests were recorded in the isothermal sections with 24 h retention
time at each temperature on the hot side and the cold side fixed at
20 °C.

2.3. Post-characterization

After the long-term tests, further studies were conducted on the
tested legs to investigate the effects of long-term operation on the
legs under thermal stresses. The carried-out tests were the Seebeck
coefficient and resistivity (where the homemade rigs was used),
Vickers microhardness tests (using FutureTech FM-700 with a load
of 200 g) and cross-section microstructure analysis (using a Field
Emission Scanning Electron Microscope (FE-SEM) equipped with
an Electron Dispersive Spectrometer (EDS) detector from JEOL
(JSM-7200F)). Particularly, the electrode -TE leg contact regions
(both n- and p-types) were the focus of the study. After disassem-
bling the modules, the legs were clipped with metal clips (fixation
clips from Struers) and hot mounted in a conductive resin (Polyfast
from Struers). The resin cast legs were ground using a similar
recipe as in section 2.1, and polished using polycrystalline dia-
mond suspension up to 1um (DP-Suspension, alcohol based
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<0.5%water content — Struers). At the end of every grinding step
and polishing step, the pellets (the hot mounted specimen) were
cleaned in ethanol and dried using a low-pressure warm air by a
hair drier.

3. Results

Performance and stability tests were conducted on two mod-
ules for over 25thermocycles in 200 h (on module 1) and over
300 thermocycles in 2200 h (on module 2). At the same time, the
thermally generated open circuit voltage (Vocs)) was monitored
along the stability tests. Fig. 3 a) and b) shows the Voc plotted
against the number of thermocycles in the temperature range of
200 °C-400 °C (module 2), where the Vocy) is presented as sepa-
rate reading at 200 °C and 400 °C. The uni-couple experienced
16.5% Vocn gradual decrease in the 200 °C-400 °C temperature
range after more than 180cycles. Moreover, 115 thermocycles
were run at 25 °C-400 °C temperature range, the thermal stress
resulted in a reduction of 24.5% of the initial Voc) as also repre-
sented in supplementary results (S1). The reduction of the open
circuit voltage, as reported by other research on HMS and MGS
based modules [6] is mostly a result of the module inner resistance
increase (with 20% contact resistance share) especially at the inter-
face of the TEM and electrode. Unfortunately, the internal resis-
tance was not measured in this study due to high contact
resistance (12Q initially), which lead to failure to record meaning-
ful current-voltage (IV) data. To reduce the initial contact resis-
tance, extra pressure was exercised on the unicouple, however
the resistance could not be further decreased, due to the possibility
of breakage of the brittle MGS leg (as it was sintered by hot press).
At the end of the tests on module 2, the contact resistance had
increased to more than double the initial value up to 26.76Q, but
this was mainly due to mechanical failure, especially on the n-
type leg.

Fig. 4 a) and b) represents a cross section of the module one’s
MGS hot side and cold side interfaces, respectively, after 25 ther-
mocycles from 200 to 400 °C. After the tests, the MGS leg-
electrode had a more solid bond at the hot side than on the cold
side. The SEM picture of the cross-section in Fig. 4 a) shows that
the MGS had a better bond at the electrode-MGS interface, by
the visible formation of an interdiffusion layer from diffusion of
Sn from the TE alloy and In from the paste. However on the cold
side the bond looks decent, though the Sn diffusion is not homoge-
neous along the interface as it can be noticed on Fig. 4 b). It is pos-
sible that the latter lack of homogeneity caused a solid bond in
some regions but looser contacts in regions with more Ag. For fur-
ther understanding, full composition/phase EDS maps can be
consulted in the supplementary results on both the hot (supple-
mentary S2) and cold side (supplementary S3) interfaces. It is,
important to note (check the S2 and S3 supplementary) that the
MGS leg had more physical damages (though anticipated) and oxi-
dation along the grain boundaries which was the major cause of
degradation.

In contrast to MGS, the HMS (module 1) contact regions on both
hot and cold sides were mechanically weaker after 25cycles. Fig. 4
¢) represents the hot side region of the HMS-Ag paste interface and
the EDS compositional map (right hand side image) which the back
scattered SEM image reveals a thin gap and a thin oxide layer at the
interface, respectively. The observed gap is a result of weak adher-
ence of the paste to HMS possibly due to lack of Ag wetting on the
HMS surface, which would explain the weak mechanical properties
of the bond. In addition, the Ag wetting on the cold side of the p-
type leg was far worse than on the hot side (which makes sense).
For post-analysis, the contact at the HMS-Ag cold side interface
was non-existent which would be justified as an unbalance

between the cohesive and adhesive force of the paste, or non-
optimal cure conditions (between 140 °C and 150°C for 30 to
60 min). More EDS analysis are posted in supplementary results
(S4), where individual elements are mapped separately.

Fig. 5 shows the module 2, which differs from module 1 by an
Au metallization layer of 50 nm to improve the electrical conduc-
tivity, increasing the bond wetting and acting as a diffusion barrier
at the interface. Stability evaluation was conducted for over 300
thermocycles in 2200 h. On HMS, Fig. 5 a), it can be seen that the
metallization layer improved the contact, more on the hot side (left
hand side image) than on the cold side (right hand side image). The
line scan through the cold side interface reveals a gap that sets the
metallization material apart from the TE alloy, however no Au
layer could be seen at or across the alloy. This is because at the cold
side, the temperature was held at 20 °C and would rise to around
34 °C (as shown on the supplementary results S9) at higher tem-
peratures; hence not enough to prompt diffusion on either side.
Moreover, the EDS phase to element ratio and elemental maps
(supplementary S5) reveals that at the TE alloy surface a silica
oxide is formed at the interface. Though coated and covered by
the Ag electrode, the gap at the interface had exposed the HMS sur-
face to an oxidizing agent, where the oxide growth was an addi-
tional stress factor that inhibited any chance to bond over time.
Similarly, Fig. 5 b) represents the MGS leg from Module 2, with
the right and left hand side images representing the hot and cold
side interfaces. Apparently, the contact at the hot side looks good,
however the Au layer was not seen at the MGS-Ag interface, the
main question is, where is the Au layer? The temperature at which
the experiments were carried at was too low to melt Au, neverthe-
less Au has a higher affinity to Ag relative to any phases of the MGS
alloy, therefore there is a high probability that Au may have dif-
fused in the Ag paste, and was not detected by the EDS mapping
or line scan due to the concentration being below the detection
limit.

The cold side interfaces for both legs show poor contact on HMS
and mechanical plastic degradation along the MGS-Ag paste inter-
face, cracks were also observed all over the MGS leg. One of the
major causes, especially on the electrode-leg interfaces, was the
mismatch in coefficients of thermal expansion (CTE), between
the components at the interface between the hot side and the legs.
The estimated linear thermal expansion for Ag is 19.5 and for Au is
14.2 (um/mK)) [21], while the estimates for CTEs of the TE legs
were computed using a theoretical model for mixtures/alloys by
Karunaratne et al. [17] as HMS is 7.89 (um/mK)), a value which
is in accordance to the value published on Mn,Si; by [22] taking
dopants under consideration, and MGS is 21.05 (um/mK) by equa-
tion 1-1 using parameters shown in Table 1, the experimental
result is nearly the same to the values reported on Mg; 0sSig.4-
xSnoeSby (0 < x < 0.072) by [23].

The Seebeck coefficient and the microhardness were measured
on the legs with Au metallization. The Seebeck coefficient of HMS
was found to be 517.5uv/K and that of MGS was +42.3uv/K. It was
expected to have a negative Seebeck coefficient for MGS as an n-
type semiconductor, but it also had positive regions of the leg.
The inhomogeneity of n- and p-type layers in the MGS, at first
thought had to be due to the diffusion of Ag and/or Gold in the
alloy based on their electronic configurations ([Kr] 4d'° 5s! and
[Xe] 4f14 5d10 6 s1, respectively), but the EDS could not prove
the presence of Ag or Au based phases in the MGS. However, diffu-
sion of the Sn and Sb from the alloy mainly from the area close to
the bonding interface, was the possible cause of the n- and p-type
phases in the MGS leg. Furthermore, the Vickers microhardness
tests were measured on both metallized legs before and after tests.
The microhardness was found to be 556HV and 1000HV before the
tests on the n-type leg and p-type legs, respectively. In comparison
to the values obtained after the stability tests (322 + 39HV and
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SiK AgL SnL SbL InL

2um

Fig. 4. SEM-EDS line scan and element overlay map of the Ag paste-TE legs (module 1) interfaces, visualized from cross-sections after 25cycles a) MGS-Ag cross-section,
where clearly 2 um visible interdiffusion layer was formed mainly composed of Ag, In, Sn, and Mg corresponding to 34 wt%, 22 wt%, 9 wt%, and 9 wt%, respectively; b) MGS-
Ag interface (module 1) at the cold side, where no reaction layer was formed, c) the p-type TE leg (HMS) in module 1, which only a thin layer of silica can be noticed at the
interface.

920 + 37HV, respectively), the MGS experiences 42% reduction, the MGS legs (non-metalized and metalized) degraded consider-
while the HMS was not mechanically affected, and this was con- ably. As discussed in the previous paragraph, the CTE mismatch
firmed by the back scattered electrons images on SEM. may have played a role in the degradation, however the density/-

To summarize, module 1 and module 2 were comparatively dis- porosity of the MGS legs also facilitated and promoted oxidation
cussed, mainly based on the post-stability tests. On both modules of the legs. Based on the second module the metallization reduced
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Fig. 5. SEM-EDS representation of the module 2, HMS and MGS legs after more than 300cycles: a) A line scan across the Ag paste -HMS interface at the hot side of the module.
The SEM back scattered image shows a long bright strip of Au and a homogeneous Ag paste on the left surface and an unreacted HMS on the left-hand side is the cold side of
HMS which shows poor contact and no metallization layer. b) EDS line scan analysis across the hot and cold side of the MGS leg revealing that no Au was still present at the

hot side region, though present at the cold side.

Table 1
The parameters used to approximate the CTE of the MGS and HMS alloys.
Phases Mg2.05Sn0.5510.4855b0.015 Mn 98M00,02Si1.73G€0.02 CTE [um/mK]
wt% Density [g/cm?] CTE [um/mK] wt% Density [g/cm?] CTE [um/mK] Ref.
Mg 43 1.74 25 - - - 21.05
Si 14 232 3 - - - [21]
Sn 42 7.31 234 - - -
Sb 14 6.68 10.4 - - -
Mn - - - 51.148 7.43 22 7.89
Mo - - - 1.805 1028 5 [21]
Si - - - 45.682 2.32 3
Ge - - - 1.366 5.323 6.1

diffusion of Sn and Sb as no interdiffusion layer was noticed after
more than 2000 h, however the leg still showed mechanical degra-
dation and mixed phases of n- and p-type regions. Meanwhile the
HMS legs were mechanically robust. The main drawback was the
bonding technique, the legs were expected to form the bond at
the beginning of the tests and the method worked for the hot side,
though the cold side was badly affected by very low temperatures.
The lack of good contact led to oxidation of the TE legs surfaces
which weakened the interfaces hindered the bonding possibility.
The current research did not examine the extent of oxidation of
the MGS (it was discussed based on Skomedal et al. [24] study),
but oxidation is believed to be one of the major contributors to
degradation of the TE material.

4. Discussion
The Ag bonding material on the non-metalized module (module

1) did not withstand the thermal stresses it was subjected to. This
was mainly caused by the wetting of the bonding material and/or

the CTE mismatch at the bonding area. The source of less adher-
ence was mainly due to bonding surface oxidation preventing
any possible contact between the bonding surface and bonding
material. MgO was the main oxide species formed on MGS and
Si0; (quartz) on HMS; These oxides inhibited the wetting of the
bonding material, creating stress related to CTE mismatch (with
CTEs, MgO=10.8 x 107K~ [25,26]and SiO,=12.38 x 107 5K™!
[27]). As discussed in section 3 and represented by EDS map in
the supplementary S2, a 2pum layer of Mg-Ag-In-Sn-Sb-O with a
70% In-Sn-Sb rich phase can be seen on the hot side, the CTE of
the intermetallic layer formed at the interface ranges between 21
and 22.5 x 107K~ approximated based on CTEs of alloys pub-
lished by [28]. It matches well with the CTE of both the silver paste
and the TE alloy. However, there has been lack of control of diffu-
sion which could predominantly lead to reducing the CTE in the
case of presence of silicon rich phases close to the interface. Simi-
larly, based on the supplementary S3, the cold side followed a sim-
ilar process trend, though slowly due to temperature difference
relative to the hot side. Lastly, both supplementary S2 and S3 show
oxide phases across the MGS leg, most of the oxidation is along
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cracks and grain boundaries which led to plastic deformation pre-
sumably during thermal cycles.

Conversely, with the metallized unicouple subjected to over
300 thermal cycles, the thermal stress after 2200 h had improved
electrode-TE leg interface strength both for HMS and MGS. The
contact at the hot side of the Au-HMS interface was improved by
the increased wettability by Au, though the bond was not mechan-
ically solid, which was caused by lack of intermetallic layer forma-
tion between Au, Ag, and HMS. With MGS, the Au metallization
slowed down diffusion relative to the module 1 at the hot side of
MGS leg interface and had a stronger mechanical bond than
HMS. However, the Au layer could not be visualized at the interface
as revealed by the SEM images. The disappearance of the Au layer
may have been caused by the fact that the MGS leg degraded catas-
trophically, as it presented deep cracks all over the surface. It is
believed that poor mechanical stability was due to the initial con-
solidation effect on MGS legs. Initially the MGS legs were consoli-
dated by hot press (HP) techniques and was more porous than the
SPS compacted HMS, which led to oxidation more on the grain
boundaries and ensuing high mechanical degradation. Consolida-
tion by SPS would be much recommended to reduce porosity and
increase hardness of the TEM, additionally, based on the HMS hot
side bond, it could be seen that the Au wets best at temperature
higher than room temperatures for silicides.

The main outcome has been that that the bonding material fits
well with the n-type TE material, but not as good with the p-type
due to the CTEs mismatch between the two materials. Moreover, it
would be better to apply relatively high temperature bonding as is
possible with Solid-Liquid interdiffusion (SLID) bonding methods
[29] or plasma bonding of the electrodes prior to mounting the sta-
bility experiments. The latter would increase mechanical strengths
of the bond prior to subjecting the unicouples to mechanical and
thermal stresses. On the other hand, it is recommended that the
MGS requires consolidation by SPS as hot pressing promotes oxida-
tion of the legs, due to high porosity and brittleness of the legs
exposed to thermal stresses.

5. Conclusion

The current study investigated the performance and stability of
HMS and MGS based uni-couples with similar electrodes (Ag) and
bonding material (Ag) on both hot and cold sides, though distinct
from the metallization (Au) on one of the modules. After the stabil-
ity tests, the HMS legs endured mechanical stress and had
improved contact interface with Au metallization relative to the
Ag paste alone. However, the MGS leg — module 1, had formed a
solid bond with the Ag paste with a reaction layer of 2 um on
the hot side made of Ag-In-Sn ternary phase. The contrary was
observed on MGS - module 2; there was no reaction layer
observed, but this could have been the difference in exposure time
between both modules. Moreover, all MGS legs (module 1 and 2)
endured mechanical damages (cracks), which were related to the
porosity of the hot-pressed MGS bulk material that promoted oxi-
dation and led to plastic deformation. This work recommends fur-
ther studies to investigate a combination with SPS consolidated
MGS, and finally to find a better bonding material for the HMS with
matching CTE.
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Supplementary (S) results

The supplementary results (figure S1), shows the Vocn) on module 2 in three thermal cycle regions recorded at
200°C. As mentioned in the main manuscript, the recoded Seebeck voltage does not change at high temperatures
(400°C). However, thermal cycles between 25-400°C, showed very large loss due to the temperature gap which was
24.5% and with the 200-400°C the loss was 16.5%.

28
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S1. Seebeck effect voltage recorded at 2000C for the whole test period

SEM - EDS Maps

The maps represented by S2 — S8 supplementary results, provide more information on the state of the legs
disassembled from module 1 and module 2. Moreover, they all show the interface after the tests and are comprised
of back scattered image, elemental overlay map or element to phase ratio map, a line scan through the contact area
interface, and specific individual element maps, respectively.
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S4. EDS map of the non-metallized HMS cross sectlon showing the electrode HMS interface at the hot side
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S7.EDS map of Au metallized MGS cross section, showing the electrode-MGS interface at the cold side
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Full temperature program

Finally, the supplementary S9, represents the full temperature program for the module two test, and also represent

S8.EDS map of the metallized MGS cross section, showing the electrode-MGS interface at the hot side

the module one though with reduced thermal cycles.
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S9. Full temperature program on the hot side(black) and cold side (light green), run on module 2
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The oxidation kinetics and mechanisms of higher manganese silicides (HMS) MnSij 75, MnSi (1.75.x)Gex, MnSi(; 75
Al (with x = 0.005 and 0.01)were studied and the effects of densification methods and dopant concentration
discussed. Oxidation experiments were conducted using thermogravimetry (TGA), while post characterization
with X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscope (SEM) showed that spark
plasma sintering (SPS) is a better densification method than hot pressing (HP). Except for undoped HMS, HMS

doped with 0.5at% Ge had the lowest oxidation rate. Stable formation of a SiO5 protective layer was the main
reason for improved oxidation resistance in air in the temperature range 200 °C-500 °C.

1. Introduction

Stochiometric MnSiy (with 1.71 < x < 1.75) alloys [1,2] are among
the most promising p-type silicide thermal electric materials. The in-
terest stems mainly from the relatively high abundance of the main
constituent elements (with Si 24 and Mn 12th), low cost, mechanical
and chemical stability, low toxicity, and ease of production [3]. How-
ever, pure HMS has a relatively low thermoelectric figure of merit (zT),
ranging from 0.3—0.5 at temperatures below 500 °C [3,4]. For decades,
researchers have been working to improve the zT values by optimizing
the electrical transport properties and decreasing the lattice thermal
conductivity [5]. In particular Biernert and Gillen [6], a decent
improvement has been reached through optimization of synthesis and
consolidation parameters [7,8], Nanostructuring [2,9], phase engi-
neering, and electronic engineering.

Among HMS dopants candidates, aluminium (Al) [10], and germa-
nium (Ge) [11,12] have been reported as the most effective substitutes
of Si on the silicon site. Dharmaiah et al. [13] reported a thermal con-
ductivity decrease by 25 %, with Ge as a substitution on the Si site
(MnSi; 75.x Gey), which attributed to increased phonon scattering by
pores and voids, and the figure of merit (zT) increased up to 0.6 [12] and
0.62 at 560 °C [14]. Moreover, Luo et al. [10] studied the MnSi; gg.xAlx
alloys with 0 < x < 0.009, where an optimal and increased charge
carrier concentration was observed at x = 0,0015 with 0.65 (zT) at 527
°C. However, adding impurities can make the alloy more prone to

* Corresponding author.

oxidation [15] or oxidation resistant [16,17].

Along with improving the thermoelectric properties of HMS alloys, a
parallel oxidation study is important while designing the thermoelectric
material. MnSiy are relatively stable up to 600 °C in oxidative atmo-
spheres [18], however doping or alloying with reactive elements, causes
the oxidation state to vary with the dopant type and concentration [19].
Few HMS oxidation studies have been carried out at temperatures above
1000 °C, and even fewer below 600 °C. Ning et al. [20], studied the
oxidation of uncoated and glass ceramic coated MnSi; 74 at 600 °C for
500 h in air. The uncoated samples grew a SiO; layer of 5 pm with a Si
depleted region (MnSi) of the same thickness and the same trend was
observed by Funahashi et al. [21], although they had carried out their
tests for a short period of 10 h. Likewise, they also observed that their
uncoated sample showed a decrease in the Seebeck coefficient as well as
a decrease in the electronic conductivity both of which implied a lower
power factor compared to “as-sintered” samples. However, coated
samples showed resistance to oxidation and retained the same power
factor after heat treatment.

Similarly, M. Salvo et al. [22], studied the thermal oxidation of HMS
and included thermal cycling in their testing procedures comprising of
10 cycles with 1 h dwell time from ambient to 600 °C in air. With XRD
they observed MnyO3 and some SiO,(cristobalite)in the sub-surface. Si
has a high affinity to oxygen relative to Mn, however the silicon con-
centration in the depleted region at the alloy-oxide may reach a mini-
mum, thus Mn contributes to the oxide formation. This was discussed by
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X. j.Liu et al. [23] regarding the oxidation of Fe-Si alloys, where they
revealed the effect of the silicon content and temperature on oxidation of
Fe-Si and confirmed Wagner’s theory of oxide structure between two
oxidation-prone elements.

For further and better understanding of the oxidation robustness of
HMS and its alloys, thermal oxidation of MnSij 75Xy (X: Ge or Al) alloys
was studied in the intermediate (300 °C —500 °C) and high (600 °C)
temperature ranges. This study mainly discusses the effect of tempera-
ture, optimal dopant concentration, and consolidation methods on
oxidation of the investigated compounds. Moreover, the dopants being
reactive to oxygen, the so-called “third element effect” [24] is discussed
based on SiO, — GeO,/Al>,03 oxides coexistence.

2. Experimental
2.1. Material and bulk specimen preparation

HMS alloys synthesized from different compositions of Silicon and
Manganese, doped with Al and Ge at the silicon site (see Table 2 for
nominal composition) were synthesized by Elkem ASA [25]. The raw
materials were mixed, melted in an induction furnace under argon at-
mosphere, and then cast in a graphite mould. The ingots were crushed,
and ball milled down to micron-sized powder, using a Herzog HSM 100
vibratory mill. Sample pellets were then made from the powder and
sintered by Spark Plasma Sintering (SPS) (Dr. Sinter, SPS-825 -
NTNU-Trondheim) and conventional Hot Pressing (HP) (homemade
vertical HP — University of Oslo) to produce 30—36 mm diameter x5 mm
discs. These were cut to size (1 x 3 x 4 [mm]) with a diamond cut-off
wheel (Struers), mechanically ground and polished using SiC paper
(up to 2400grit paper), and diamond suspensions (from 9 pm to 1 pm),
respectively. Finally, the samples were ultrasonically cleaned in acetone
for 3 min and rinsed in acetone before carrying out the analytical work.

2.2. Thermal treatment

The thermal oxidation experiments were conducted using a ther-
mogravimetric analyzer (TGA/DSC 1, Mettler Toledo) in both ambient
air and dry air. The powder samples (before densification) were put in
150 pL alumina crucibles for iso-conversion tests from 25—1000 °C, with
5 °C/min constant heating rate, and 50 mL/min reaction gas purging
rate. For isothermal experiments, the pressed discs of HMS were heat-
treated at 300 °C, 350 °C, 400 °C, 450 °C/500 °C, and 600 °C for 15
h/24 h, 72 h, and 200 h.

2.3. Characterization and micro-structure

2.3.1. Oxidation kinetics

To determine the kinetic behaviour, the empirical model derived by
Pilling and Bedworth was used, in which the experimental weight gain
per unit area of the sample is plotted against time during a constant
heating rate supplied to the apparatus (Eq. (1)) [26]. From this analysis,
the parabolic oxidation rate can be determined.

(mz)xu[e/ A)

t =k

(€]
Where: myyq - stand for the mass of oxide, A — the surface area of the
specimen, t — time, and k;, is the oxidation rate. Similarly, following the
Arrhenius oxidation model [27,28], the relationship between the
oxidation rate and the temperature is expressed by Eq. 2 which enables
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Table 1
Overview of all raw materials feedstock used in synthesis (wt%).

ESS Silgrain HQ Mn LC-

SiMn

Source REC Solar Elkem Alfa Aeser Eramet

Shape ~1 mm 0.2—0.8 mm 1-10 mm

powder powder flakes

Si >99.999 >99.8 1.3 29.47

Mn - - >98.5 59.25

Fe <0.0001 0.04 - 10.55

Al <0.0001 0.09 - -

Ti <0.0001 0.001 - 0.293

Ca <0.001 - 0.005

P <0.0001 0.002 - 0.096

B <0.0001 0.003 - -

C - - 0.007 0.036

Cr + Co + Ni + ~0.2

Cu
Table 2
List of samples ID, nominal composition, and synthesis routes.

Sample ID Nominal composition Synthesis

HMS a MnSi; 75 a0, T

HMS_b MnSi; 75 o

HMS ¢ MnSi; 75 v

Ge0.5¢ MnSi; 745Geo.005 v, 0

Gel_c MnSi; 74Geo 01 v

Al0.5_¢ Mny.99Si1.745Al0.005 Y

All ¢ Mny.99Si1.74Al0.01 Y

Ge0.5 b MnSi; 745Ge.005 a T

Gel b MnSi; 74Geg 01 a, 6

Al0.5 b Mnyg 99Si1.745A10.005 a, T

All b Mng.99Si1.74Al0.01 a

a: Melting (1450 °C) + casting; y: Melting (1600 °C) + casting; o: hot pressing
(850 and/or 950 °C); t: SPS (850 °C).

the sample oxidation activation energy (E;) to be calculated (see
Fig. A3).

5,
k, = k0€< /RT>

Where: kj — is the pre-exponential factor; R and T: the gas constant and
temperature, respectively; and E;, — is the oxidation activation energy.
Finally, the oxide thickness (Xoxiqe) iS approximated by Eq. 3, where
Poxide Tepresent the oxide density (with SiO, assumed to be the sole
oxide).

(2

moxide/ A
Poxide

3

Xoxide =

2.3.2. Composition

The residues of the oxidized powder samples were experimentally
characterized by X-ray photoelectron spectroscopy (XPS). The data were
collected with a Kratos Axis UltraP™® spectrometer using a mono-
chromatic Al KaX-ray source (1486.6 eV) operated at 10 A and 15 kV.
Pass-energies of 160 eV and 40 eV were used for the survey spectra and
the detailed core-level spectra, respectively. The energy step sizes of 1
eV and 0.1 eV were chosen for the survey and the detailed core-level
spectra, respectively. Binding energies were referenced to the C 1s
photoemission peak centred at 284.8 eV for adventitious carbon
absorbed on the sample surface. A detailed analysis of the XPS data was
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Fig. 1. Top: Thermogravimetric weight change of HMS alloys (powder sam-
ples) oxidized in air from 25 °C -1000 °C by TGA/DSC 1, Bottom: Differential
scanning calorimetric (DSC) representation of the alloys presented on top,
respectively.

performed using the least square fitting program Winspec developed at
the LISE, University of Namur, Belgium. Peak fitting of the XPS spectra
involved the subtraction of a Shirley type background and peak
deconvolution using a linear combination of Gaussian and Lorentzian
functions. The spectra were deconvoluted into the least number of
components, which gives a good fit of the experimental data.

2.3.3. Microstructure analysis

The microstructures of the oxidized and non-oxidized specimen were
imaged using a scanning electron microscope (SEM, Zeiss Merlin)
equipped with an energy dispersive X-ray spectrometer (EDS). The mi-
croscope was operated at 15 kV (accelerating voltage), and the working
distance ranging from 5 to 5.6 mm. From backscattered images, oxide
phase composition was detected by EDS and analysed by elemental
mapping and line scan using ESPRIT software from BRUKER.

3. Results
3.1. Constant heating rate

3.1.1. Thermogravimetric analysis

In the beginning, all powder samples (Table 2 ) were oxidised in the
air from 25 °C -1000 °C at 5 °C/min using TGA. Fig. 1 shows that in
general, the weight gain of all samples begins in the temperature range
between 200—400 °C with a very slow oxidation rate. Undoped HMS (a,
b, and c) show more robustness to oxidation relative to doped HMS, with
total weight gain averaging between 0.35 % and 1.75 % corresponding
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to HMS_a and HMS_b, respectively.

Furthermore, the HMS alloys investigated were Ge and Al-doped
with 0.5-1 at% dopant concentration, represented by subscript “b”
and “c”. The TGA weight change Fig. 1, shows that all alloys of batch “c”
oxidized at a much higher rate than the ones in “b”. From the synthesis
route presented in Table 2, the two batches are distinct only from the
melting temperature. The microstructure of the compounds (see Fig. 2)
revealed that batch c had a high amount of SiC precipitates and a sub-
stantial amount of MnSi secondary phase, conversely batch b has a high
amount of MnSi phase, and less SiC precipitates. The SiC formation
during melting and casting originates from the reaction of the melt and
the graphite crucible. Moreover, it is seen how the samples with higher
Ge and Al amount results in a more heterogeneous microstructure. With
increasing Al or Ge, the amount of MnSi phases (light grey) increases
substantially. In addition, Ge doped samples have Ge precipitate phases
with the amount increasing with higher dopant concentration. Also,
slight amounts of SiC in samples batch a, and c — e are seen, while sample
b shows Si phase around the grain boundaries.

Between 600 °C and 800 °C, the Ge and Al-doped powders oxidised
much faster than undoped HMS, the increase in oxidation rate is asso-
ciated with the reactivity of the dopant towards oxidation. The results
revealed that the doped HMS compounds oxidation kinetics depends on
the dopant type and concentration, where Al-doped alloys have the
highest oxidation rate, hence higher weight gain of 5.33 % (1 at% Al)
and 4.2 % (0.5 at% Al). A similar trend can be seen on Ge doped alloys,
though the oxidation rate is around half that of Al-doped alloys.

3.1.2. Oxide composition

The composition of the oxidised powder at 1000 °C was carried out
using XPS to investigate the different species that were formed as a result
of the oxidation process in the undoped and the doped samples. Fig. 3
displays the high-resolution spectra of Mn 2p, Si 2p, O 1s, Al 2p, and Ge
2p core lines. The Mn 2p spectra showed two distinct peaks at ~ 642 eV
and ~ 654 eV assigned to the 3/2 and 1/2 spin-orbit splitting compo-
nents, respectively. The binding energy of the main peaks is indicative of
the manganese in the higher-oxidation state Mn*H) [29]. Manganese
forms oxide species in at least three oxidation states, Mn2+, Mn3+, and
Mn** which exhibit significant multiplet splitting [30,31]. These
multiplet splitting structures have overlapping binding energies that
make it challenging for quantitative analysis. However, Mn 2p spectra
also showed a shoulder at the higher binding energy side at ~ 646 eV,
characteristic of Mn®" [30,32]. This suggests that the Mn-oxide also
contains MnO, besides MnO,. However, the quantification of each type
is not straightforward due to similar binding energies [31].

The Si 2p XPS spectra showed an intense peak centred at 103.7 eV
and a small feature at the low binding energy side (~ 102 eV) as indi-
cated by an arrow. The main peak is assigned to Si*" while low binding
energy is indicative of Si in the low-oxidation state (3+) [33]. The O 1s
spectra also displayed two main features where a high binding energy
component is consistent with Si-oxide [33], while low binding energy
component is representative of Mn-oxide [34]. The observed binding
energies of Al 2p and Ge 2p core-level spectra identify the presence of
Al,03 [35] and GeO [36].

A more detailed analysis of Si 2p and O 1s core-level spectra is dis-
played in Figs. 4 and 5 respectively. These results show that oxidation
results in the formation of SiO, as the main phase. In Fig. 4, the inte-
grated area under the peak for the low binding energy component (Si>*)
is 3.7 % (for undoped compound) that of the total spectrum and in-
creases with Al doping (up to 8.0 %). However, this component is not
present in a Ge doped sample where Si exists in 4+ oxidation state only.
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For the O 1s core-level spectrum Fig. 5, four components were needed to
obtain the best fitting. Two components on the low binding energy side
were assigned to Mn-oxide while the most intense peak is arising from
the SiO; phase. The component with the highest binding energy could be
associated with physi-sorbed water [34]. In Al-doped samples, compo-
nents corresponding to Al-O could not be resolved due to very proximate
binding energy with Mn-oxide components [37]. Ge doped sample
revealed the presence of another component at 532.1 eV due to GeO2
[36]. Deconvoluted O 1s spectra were evidence of an increase in the
Mn-oxide phase with Al doping while a decrease with Ge doping.
Analysis of Al 2p and Ge 2p3/» core level region evidenced the presence
of Al,O3 and GeO; in Al-doped and Ge-doped samples, respectively
Fig. 6.

3.2. Isothermal oxidation

3.2.1. Effect of consolidation techniques
To investigate the effect of different consolidation techniques on the
oxidation resistance, as-cast, HP sintered, and SPS MnSi; 74Gey o1 alloys

Corrosion Science 185 (2021) 109327

Fig. 2. SEM - backscattered electron images on
cross-section of alloys (a) MnSijzs, (b)
MnSi; 745Ge0.005,  ()MnSiy 745Al0.005, ()
MnSi1,74Ge0_01, and (e)MnSi1_74Alo_01, ShOWil'lg
large variation in microstructure with different

additions of Ge and Al. With increasing Al or
Ge, the amount of MnSi phases (light grey) in-
creases substantially. Ge doped samples present
Ge precipitate phases which increase propor-
tionally to the dopant concentration. Also,
slight amounts of SiC in samples a, and ¢ - e,
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while sample b shows Si phase (green arrows)
around the grain boundaries.

were oxidized at 300 °C, 350 °C, 400 °C, 450 °C, and 600 °C; isother-
mally treated in ambient air for 24 h, see Fig. 7. All samples had insig-
nificant scale growth at low temperatures (<400 °C). For temperatures
above 400 °C, the weight gradually increased. The as-cast specimens
Fig. 7(a) showed an irregular weight gain for all temperatures with a
total weight gain of 7.5 ug/mm2 after 24 h at 600 °C. The HP sampled
showed the highest weight increase for all temperatures, with a total
weight gain of 29 ug/mm? after 24 h at 600 °C, while the SPS sample had
much lower oxidation rates, with only a weight increase of 1.8 pg/mm?
for the same test conditions. A slow weight loss was noticed for some of
the samples oxidised at lower temperatures (Fig. 8(a)) especially below
450 °C. The weight loss is possibly due to adsorption/desorption of
humidity, volatile compound CO, or CO5 [38,39], due to variation in the
humidity of the laboratory air used for the tests.

The effect of densification methods on oxidation was further inves-
tigated on pure HMS synthesized using “siligrain HQ Table 1” (a low
purity 99.8 wt% Si feedstock) and densified by SPS and HP. Fig. 8(a)
shows the weight gain of the SPS samples, with very small weight gains
for all temperatures, with a total weight gain of 4.8 ug/mm2 after 24 h at
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Fig. 3. X-ray photoemission spectra of the Mn 2p, Si 2p, O 1s, Al 2p, and Ge 2p core level regions.
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Fig. 4. Left panel: X-ray photoemission spectra of the Si 2p core level region with peak fitting results. Right panel: Integrated area for the SiO, component for

undoped and doped samples.

600 °C, slightly higher than the SPS sample with a higher purity feed-
stock. However, for the HP sintered specimens (see Fig. 8(b)), the
samples oxidized catastrophically at high temperatures up to two orders
of magnitude higher than the SPS compounds. The catastrophic oxida-
tion process occurred after initial cubic growth from 300 to 400 °C
followed by linear growth at 450 °C and finally catastrophic oxidation
above 600 °C. The latter was discussed by Branco N. P. [27], who defines
cubic oxidation as a combination of linear and parabolic oxidation,
which at higher temperatures becomes only linear and at further
increased temperature the material oxidizes catastrophically.
Similarly, the cast and HP sintered specimen Fig. Al, presents the
TGA data for the 0.5 at% Ge doped HMS (MnSi; 745Geg.0os) samples. The
immediate observation is that this compound was more resilient towards
oxidation than the 1 at% Ge doped HMS and pure HMS, and the scale
growth (especially at low temperatures) was negligible below 500 °C.
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3.2.2. Composition effect

The alloy composition has a major impact on oxidation kinetics, both
due to the direct effect of dopants on the oxidation mechanisms, but also
due to the effect of composition on the microstructure development and
phase composition achieved during processing. Fig. Al(c) and Fig. 7(c)
shows the 0.5 at% Ge and 1 at% Ge HMS doped HMS alloys, respec-
tively, consolidated by SPS and heat-treated using a similar method. At
temperatures below 400 °C, no significant effects of dopant type or
concentration are seen. However, at 600 °C both the weight gain and the
oxide thickness were much higher for the 1 at% Ge sample than the one
containing 0.5 at% (see Fig. 9), corresponding to around 0.65 pg/mm?>
(or 248 nm thickness) and 1.7 pg/mm2 (0.6 pm thickness). The same
trend was noticed for HP samples and better confirmed by the low purity
Si-based HMS Fig. 8. Unlike the Ge doped compounds, the siligrain-
based alloys oxidized at low (300 °C) and high temperatures, the
latter oxidized following parabolic model with rate constants of 0.616
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pg?/mm*h and 2 pg?/mm®*h, respectively. At high temperature, the
compound based on less pure silicon oxidized with two orders of
magnitude higher rate than the 0.5 at% Ge HMS (5.44 pgZ/mm*h
oxidation rate). Thus, the higher the impurities/dopant the higher the
oxidation potential and the behaviour agrees with the isoconversion
results.

3.2.3. Effect of humidity
Long-term oxidation experiments were carried out on Ge doped
specimens in ambient air for up to 200 h retention time, to investigate
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the oxidation mechanisms over time. Fig. 10(a), shows the weight
change and relative heat flux of the Ge doped specimens in ambient air
for up to 200 h retention time. The TGA curve reveals that the sample’s
oxidation occurs in periodic steps of 11 h weight gain and 13 h weight
loss per cycle, while from the relative heat flux graph, the exothermic
and endothermic behaviour alternates in line with the weight loss and
gain, respectively. The weight gain and loss cyclic trend was identified
over the entire period and reflected the difference in vapor pressure over
the day (24 h). Where the observations showed that the mass gain
occurred during the night and mass loss during the day with a very high
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temperature drop during the night (~11 °C on average), and the level
was even higher on one rainy evening where the relative humidity in the
room was much higher than for a dry day. Finally, the weight gain
segments occurred in two steps, the first consisting of the adsorption of
oxygen at the alloy surface which initiates the diffusion of metal cations
and formation of SiO; (« — quartz) oxide with a parabolic diffusion
constant of 0.732 pg2/mm*h. While the second is characterized by a
reduced diffusion rate of 0.21 pg?/mm*h diffusion constant. The same
trend was observed for all the cycles, though, with time the oxidizing
agent diffusion constant gradually decreases, this is consistent with the
notion that the scale grows slowly, and the oxidation rate decreases with
time.

At higher temperature (600 °C), the reaction follows the same trend,
though with longer weight gain segments than weight loss, as shown by
Fig. 10(b). The exothermic reaction lasted 16 h, while the endothermic
reaction lasted 8 h, which is contrary to the specimen run in ambient air,
this time the mass gain lasted longer. On the other hand, the alloy was
also heat treated in dry air at 400 °C Fig. 10(c), to investigate the oxygen
partial pressure or humidity contribution on the oxidation of the 0.5 %
Ge doped alloy. The TGA and DSC curves show a completely different
trend in dry air compared to that in ambient air, and the scale size
attained at 47 h in dry air is thicker than that reached in ambient air.
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Therefore, the heat treatment in dry air reveals that the weight losses are
possibly due to physi-sorbed water (also seen by XPS) which forms in
H20 contained atmosphere with high vapor pressure.

3.3. Oxide scale crystal structure, morphology, and composition

SEM images of the cross section of the oxidised surface of the 0.5at%
Ge doped sample is seen in Fig. 11 (400 °C, 200 h) and Fig. 12 (600 °C,
50 h). A thin layer of SiO, is visible for both samples, uniformly covering
the entire surface. The thickness is around 340 nm for the sample oxi-
dised at 400 °C for 200 h and 250 nm for the sample oxidised at 600 °C
for 50 h. For the latter sample, also a 280 nm Mn-depleted layer is visible
directly below the SiO; layer. Some cracks are also visible both between
the layers and within the SiO, layer.

Moreover, Fig. 13 presents SEM micrographs of the cross-sections of
MnSi; 745Geg 005, heat-treated in the air for 24 h at 300 °C, 400 °C, and
600 °C. At 300 °C no trace of oxide scale was visualized even with high
resolution. At 400 °C a SiO, scale was observed; however, the silicon
depletion layer was smaller, and the scale was not uniform along the
surface of the sample. Above 600 °C, both the Si depleted region and the
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scale could be distinguished, with more than half a micrometre oxide
(0.5 pm) width. The oxide scale contained trace of Si-, Mn- and Ge-oxide
based phases Fig. 13(c).

Fig. 14(a) shows the SEM/EDS elemental map (far right) of the HMS
(based on low purity Si-feedstock) oxidized at 600 °C. The oxide is
noticed on the grain boundaries, and some of the grains were fully
oxidized. The oxide is mainly SiO5 and partially Mn, and Fe-based.
Fig. 14(b) presents a sample with similar composition densified by
SPS. The EDS analysis shows that the oxidation robustness is improved
with consolidation by SPS relative to the HP densification method,
however, a long strip of MnO can also be noticed in the middle of the
oxide. The diffusion of Mn?* and Mn** cations through the scale-alloy
interface, promoting the formation of MnO and MnO, oxides was a
result of a nonprotective SiO; scale.

4. Discussion
4.1. Oxidation of pure HMS

HMS (MnSi; 75) compounds synthesized from the more purified Si
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feedstock (see Table 1) were more robust to oxidation among all studied
alloys. The alloy selectively grew SiOy(a-quartz above 300 °C and
B-quartz above 575 °C), where the silica oxide coexisted with a silicon
depleted layer (see Fig. 16(1)). The alloy provides sufficient and gradual
flux of Si to the specimen surface, developing an external silica oxide at
the Alloy-Oxide interface. Carl Wagner [40], provided a necessary but
not sufficient condition for the formation of an exclusive formation of
one oxide in the case of metal “A” alloyed with “B”, as shown by Eq. 4.

o 1/2
D

Where: Np(min) — Minimum concentration of the alloying element, Zp -

1
T 16Zgc

NB(min) (4)
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Atomic number, ¢ — number of gram-atoms of the metal per unit volume,
n — the dissociation pressure of the oxide “BO”, k,p — the oxidation rate
constant of the parabolic rate law and D - the interdiffusion coefficient.

Ning H. et al. [20] conducted oxidation experiments on MnSi; 74, the
specimen edge cross-section was composed of mainly SiO, and MnSi
phases at 600 °C after 500 h, however, in the current study, XPS revealed
that the oxide layer was also composed of minor Mn-oxide that originate
from Mn?* and Mn>" oxidation states, though only at high temperature.
In the initial stages of oxidation, Si preferentially oxidises and form a
relatively dense and stable SiO,. If the molar fraction of Si at the
alloy-SiO, is close to minimum, the diffusion of 0%~ ions through the
SiO; layer will cause some oxidation of Mn at the interface, but due to
the low diffusivity of 02~ in Mn-oxides this layer will not grow further.
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Fig. 14. Cross-sectional EDS composition analysis of pure HMS synthesized based on siligrain HQ (Si feedstock) and consolidated by a) Hot Press at 950 °C and b)

SPS, both TGA oxidised at 600 °C for 24 h.
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Fig. 15. Optimized Phase diagram of MnO-SiO, oxide phases [42].

Furthermore, the long-term coexistence of the formed oxides is a
crucial stability deterministic factor. This was not thoroughly investi-
gated by the current study, nevertheless, it was experimentally investi-
gated by Robie R.A. et al. [41] and revealed that the MnSiOs(rhodonite)
crystalline phase was grown at 890 °C for 20 h thermal exposure. A
similar observation was made using theoretic models (factsage.com [42]
and FISHER model [43]) under MnO-SiO, phase equilibrium simula-
tions as a minor phase, however, the manganese silicate (MnSiO3) was
not observed both at low and high (600 °C) temperatures in this study
(Fig. 15).

155

4.2. Oxidation of doped HMS

Based on the kinetics of oxidation results (chapter 3), the doped al-
loys showed high potential to oxidation in comparison to the pure HMS.
Comparatively, Ge-doped alloys were marginally distinct from the pure
HMS than the Al-doped compounds as by the isoconversion (Fig. 1) and
isothermal oxidation results. “Al” and “Si” were reported to be two
among three elements that, by selective oxidation form a slow-growing
and protective scale [44] together with chromium. From the high molar
concentration of silicon (Si) in the alloys, Si preferentially has higher
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thermodynamic activity or higher affinity to oxidation relative to other
elements. As schematically illustrated in Fig. 16 , initially, the oxidant
(air) is adsorbed at the alloy surface; with temperature, high energy
electrons on the silicon atom are knocked out and creates a Si>* cation
defect, as a result, the silica layer nucleates and grows continuously at a
very slow rate (0.23pgZ/mm®*h at 400 °GC). The scale coexists with a
silicon depleted layer, with which as silicon is consumed close to the
oxide alloy interface, Ge relative activity increases inversely propor-
tional to the Si diffusion rate, preferentially above 600 °C. As a result, a
Ge based oxide nucleates a GeO5 oxide. Similar mechanisms apply to the
Al-doped compound which exhibited Al,O3 among oxides, though at a
distinct rate. Moreover, it was noticed (by the XPS analysis) that at high
temperature the stability of the Al-doped alloy is compromised as the
level of Mn-oxide increase relative to the Ge doped or pure HMS. This
reveals and confirms that Ge along with Si oxides is more protective than
with alumina, where Fig. 4 (right panel) shows that with Ge-doping the
oxide scale is almost solely SiOa.

The thermal oxidation robustness of HMS is unquestionable below
600 °C and this study has proven the case. However, it was also revealed
that the oxidation resistance of HMS does not rely only on the stoichi-
ometry but also depends on the densification method, the dopant type,
and the purity of the raw materials feedstock. This was seen when
comparing the oxidation rate of as-cast, HP, and SPS material. With HP
the specimen oxidised at a very high rate, especially at high
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temperature. The main cause is the weak mechanical strength between
particles such that oxidation can occur easily along grain boundaries of
non-completely sintered grains, as evident from Fig. 14(a) and Fig. A4,
and also seen from physical images of the samples Fig. A2 thermally
oxidized for 24 h, where the oxides increased the volume of the spec-
imen till it disintegrated. In contrast, the SPS consolidated specimen
Fig. 14(b) at 600 °C shows that the internal oxidation is greatly reduced,
and all oxidation occurs at the surface following more standard scale
growth diffusion kinetics. Hence, the mechanical integrity of the sample
showed huge advantages in reducing the oxidation of the compounds,
mainly because of reduced surface to volume ratio exposed to heat and
oxidation agent(s).

The effect of dopants and impurities on the oxidation rate is also
clearly seen and the mechanisms underlaying this is summarised in
Fig. 16, dividing it roughly into three different groups: (1) Pure HMS
oxidation for short and long retention time, or low dopant/impurity
concentration for short retention time, (2) higher temperature or longer
exposure at low dopant/impurity concentration, and (3) high dopant/
impurity concentration leading to non-protective oxide scale growth.

Case (1) was seen mainly for undoped HMS samples, where the
mechanism of oxidation is governed by “Si” selective oxidation to SiO3
and further details were discussed in section 4.1 above.

Case (2) was observed for doped HMS alloys. With Ge and Al as
dopants, transient GeO3 and Al,O3 oxides grow at the same time as SiO;
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(though relatively faster). As shown in Fig. 16(2), overtime a continuous
silica layer is formed with respective Ge- and Al-oxides at the SiO; - Air
interface. At temperature below 400 °C (see Fig. 11), the depletion layer
is very small after 200 h of oxidation time, revealing the SiO, passivity at
this temperature and justifying the lack of Mn oxide with XPS charac-
terisation. However, at 600 °C a wide silicon depleted layer is witnessed
on the alloy side of the interface (see Fig. 12), and the alloy presented
crucks at the alloy-oxide interface. With reduced Si molar fraction at the
alloy side, the stresses were a result of compositional changes at the
alloy-oxide interface and can also be linked to compressive stress be-
tween MnSi and SiO, phases. Over time, the alloy oxidation mechanisms
could shift to as represented by Fig. 16(3). The latter would lead to the
formation of Mn-based oxide(s) and compromise the SiOy
protectiveness.

Case (3) was seen mainly on alloys with high dopant/impurity
concentration. HMS sample synthesized from more impure silicon
feedstock showed slow (cubic) oxidation at temperatures below 400 °C,
at 450 °C temperature the compound oxidizes linearly, and finally, at
high temperature, it oxidizes catastrophically (see Fig. 8(b)). This ki-
netics of oxidation is a result of nucleation of a conglomerate of oxides
that form based on the impurities (Fe, Al, B, etc) and nucleate in parallel
with silica, therefore compromising the protectiveness of silica. Though
the mechanisms leading to catastrophic oxidation was out of the article’s
scope, it is represented in the same angle as the high temperature
oxidation by scenario three (see equations of both oxide interfaces
Fig. 16).

The three cases presented above are only valid for atmospheres
where 0(g) is the dominant oxidation species. However, after long term
oxidation tests in laboratory (humid) air Fig. 10(a), it was noticed that
the effect of humidity should also be considered. In a water contained
atmosphere, HoO is adsorbed on SiO and react to form silicon hy-
droxide (Si(OH)4s) Eq. 5, also reported by Copland E. et al. [45] in the
temperature range of 300 °C-600 °C. The nucleated hydroxide will
reach an equilibrium concentration “K” (Eq. 6) where it slows down both
Si%* and 0%~ diffusion (meanwhile the oxidation rate). The stability of Si
(OH)4 (also reported by [46]) is reached under certain HoO partial
pressure (pH20) in the atmosphere. Simultaneously due to varying
PpH20, some Si(OH)4(s) dissociates following Eq. 5 and H,O vaporises,
which is witnessed in the weight loss sections, see Fig. 10(a). Towards
the night, the silica formation is again resumed under reduced pH20 and
the cycle continues.

SiOy() + 2H, 0y < Si(OH)4(S) 5)
dsi(OH),

= s 6

pH>O X agjo, ©)

Where agj(on) , — is the local (oxide-air interface) molar fraction of
Si(OH),, asio, — is the local molar fraction of SiO,. Further studies could
extensively investigate the effect of HoO on the stability of SiO,, per-
taining to oxidation of HMS.

5. Conclusion

High temperature oxidation of MnSi; 75X, was investigated in this
article. The alloys showed robustness to oxidation at temperatures
below 500 °C forming a SiO; protective layer. However, the formation of
SiO4 layer mechanisms was studied and the level of protectiveness was
discussed.

At temperature above 600 °C, the rate of outward diffusion of Si ions
at the alloy-oxide interface is higher than that from the core. That affects
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much the oxidation kinetics, with the formation of third element-based
oxides (Al,O3 and GeOs) and Mn-oxides, which coexist with the main
oxide (SiO,) and reduce its protectiveness.

At temperature below 500 °C, the oxidation rate is reduced and with
time (as seen after 200 h of isothermal exposure), a compact and
continuous layer of SiO, is formed at the alloy edges with GeO3 (for Ge
doped HMS) at the oxide-gas interface. Moreover, all other oxides were
found to be quantitatively minor to SiOy for alloys with pure Si-
feedstock (purity >99.999 wt%).

XPS composition analysis revealed that with Ge doping the Mn-oxide
was quantitatively reduced than with Al doping by a difference of almost
8% (considering 1at% doping on both sides). Therefore, GeO, — SiO, was
a more protective combination than with Al,O3. Moreover, this study
found that alloys with 0.5at% dopant concentration were more resistant
to oxidation, and in case of excessive doping, both the kinetics and
mechanisms of oxidation of HMS alloys are considerably affected.

The oxidation kinetics and mechanisms are also dependent on the
mechanical integrity of the alloys. The samples densified by hot pressing
had 3 times more weight gain than as-cast samples, while with SPS the
oxidation resistance was much better than the others.

Finally, at worst scenario coupling excessive doping (or more im-
purities) with HP consolidation method, the alloys oxidized at the grain
boundaries, and lead to catastrophic oxidation. Therefore revealing the
important relationship between oxidation potential, impurities optimi-
sation, and density of alloys.
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Higher manganese silicide (HMS) alloys (Mny.,Mo,Siy.Geg (x = 0.99-1.011, o = 0.005-0.02, y = 1.75, p =
0.005-0.01)) were studied to elucidate the effect of Mo and Ge pertaining to oxidation. Oxidation experiments
were conducted using thermogravimetry and characterized using x-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM). Isoconversion experiments below 450 °C, shows that doping (up to 2 at%)

raises the oxidation potential of HMS. Isothermally, the oxidation rate reduces buy one order of magnitude by
doping on Mn and/or Si sites from 0.5 to 2 at%, revealing that the dopants-based oxides do not lessen the

robustness of SiO5 oxide.

1. Introduction

Thermal oxidation robustness in thermoelectricity is an important
facet to consider while studying the stability of thermoelectric materials
and modules. D.P. Whittle and J. Stringer [1] defines two essential re-
quirements for alloys to withstand thermal oxidation, first to grow an
oxide that thickens at a slow rate, and second that the oxide adheres to
the alloy surface at any condition (thermal or environmental). Similarly,
higher manganese silicide (HMS) as a binary alloy oxidises selectively
forming a stable and protective silicon dioxide (SiO). As discussed in
our recent publication [2], oxidation stability concerns stem from the
level of impurities/dopants and the synthesis route including densifi-
cation. In this article, much focus is put on the effect of dopants, and
doping sites in the HMS matrix.

The benefits of “Al” and “Ge” doping on HMS were observed in our
recent article [2], and thoroughly reviewed by Y. Miyazaki [3]. The
common interest with HMS doping as a semiconductor is improved
electrical conductivity of the thermoelectric (TE) materials, through
increased charge carrier concentration. Moreover, particularly with Ge
doping on the Si-site, a considerable reduction of MnSi striation was
reported [4,5], the latter being another factor that lowers the electrical
conductivity of the materials due to lack of crystallographic relationship
between HMS and MnSi polycrystalline phases [6]. A similar effect

* Corresponding author.

(reduced striation) was also reported in case of doping on the Mn-site
with Cr and Co ([7,8] and [9], respectively).

The effect of doping on the oxidation of alloys has been investigated
on several compounds or systems, mostly on alumina and chromia scale
adhesion [1,10-12], though not much was done on HMS. The main
outcome of the studies was that the reactive elements (RE) additives,
improved the oxide scale adhesion, interfacial diffusion, mechanical and
chemical potential in the alloys or oxide scales. However, D. Naumenko
et.al. [11], showed that another important aspect to consider is the level
of interactions between RE and other elemental constituents of the alloy,
since these reactions may complicate the optimisation of RE-dopant type
and content.

The current study is a continuation of [2], we empirically discuss the
oxidation kinetics/mechanisms of HMS (and its alloys), and qualita-
tively present the effect of dopant on the oxidation of HMS. A deviation
in the oxidation kinetics of the pure HMS due to dopants and a thorough
discussion of the mechanism is reported in this article. Finally, the
coexistence of resultant Mo- and Ge-oxide species with the protective
SiO9 is presented, and an outlook towards further improvement is
provided.
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Table 2
List of samples, nominal composition, and maximum isoconversion weight gain.

Table 1
Elemental composition by EDS of alloys in Fig. 1.
Alloy Spot  Si Mn Ge Mo Tentative
[at [at [at [at phases
%] %] %] %]
Mng 97Mo0.02Si1.75 1 62 38 MnSi; 75
2 64 36 MnSi; 75
3 52 47 1 MnSi
4 51 48 1 MnSi
5 65 12 23 Mo rich
6 66 13 21 Mo rich
Mng.99M0o,025i1.73G€0.02 1 63 37 MnSiy 75
2 64 13 23 Mo rich
3 50 50 MnSi
4 54 19 22 Ge rich

2. Materials and methods
2.1. Powder and pellet production

HMS alloys Mny_q Mo, Siy_p Gep (x = 0.99-1.011, o = 0.005 — 0.02,
y = 1.75, p = 0.005 — 0.01) were synthesized (check Table 2), an over-
view of raw material type and composition can be found in Table 1 of
reference [2]. The elemental powder of Mn and Si were pre-alloyed with
Mo and Ge, respectively. The pre-alloyed mixtures (Mn-Mo and/or
Si-Ge) were mixed in a lid covered graphite crucible and heated fast
(heating rate 100 °C/min) up to 1400 °C backfilling with Argon. The
process was held for 10 min and then further heated up to above silicon
melting temperature (specifically at 1450 °C). This temperature was
then held for around 30 min to ensure all material melted and then
poured into a graphite mould with a thickness of approximately 5 mm.
To produce micron-sized powder, a Herzog HSM 100 vibratory mill with
Tungsten Carbide (WC) vessel was used milling casted material pieces in
batches of ~200 g running at 1400 rpm for 30s. In addition, A
RETSCH® Planetary Ball Mill PM 100 was used to mill the ingots down
to nanosized powder. 20 g ingot were loaded together with stainless
steel balls into a WC milling jar in an inert atmosphere (Ar). The ratio of
milling ball, sample, and free space is 1/3: 1/3: 1/3 in volume. The
powder was milled at 300 rmp with 2 min milling time and 1 min break
to release the local heat, alternatively. The particle size distribution of
the micron-sized powder was measured with a Malvern Mastersizer
2000, the D50 is around 5 um, and a relatively broad range of particle
sizes between 1 and 20 um.

To consolidate the powder into ingots, Spark Plasma Sintering (Dr
Sinter, SPS-825) was used. The powder was enfolded in graphite paper,
loaded into a crucible (in an inert environment), and then cold-pressed
using a manual hydraulic press at ~0.5 MPa. The cold-pressed pellet
was then loaded in the SPS machine, pressure and temperature increased
to 90 MPa and 850 °C (at 100 K/min heating rate), respectively. This
temperature and pressure were held for a dwell time of 2 min.
Furthermore, the temperature was reduced to 800 °C and pressure to
30 MPa. From then on, the pressure was released, and the pellets cooled
naturally to room temperature.

2.2. Oxidation and microstructure analysis

The oxidation experiments were conducted using a TGA/DSC 1
(Mettler Toledo) on both powder and bulk samples. For isoconversion
experiments, the powder samples were oxidised from room temperature
to 1100 °C, with a constant heating rate of 5 °C/min in synthetic/dry air
(5.0) with 50 ml/min purging rate. Isothermal experiments were carried
out on bulk specimens, at temperatures from 250 °C to 600 °C for 24 h.
Moreover, long-term oxidation experiments were conducted using an
electric kiln SQ11 (KITTEC®) for 200 h in ambient air at 300 °C and
400 °C.

The oxidation residue was studied using Powder diffraction x-ray
spectroscopy (XRD) for powder samples and X-ray photoelectron
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Sample ID? Nominal composition Powder - Total Weight gain [%]
MnSi; 75 MnSiy 75 12.673
Mo0.5_a Mn; 005M00.005Si1.75 8.878
Mo2_p Mny.97M00,025i1.75 5.32
Ge0.5_a Mn; 015i1.745G€0.005 5.671
Gel B Mng.90Si1.74Geo.01 7.726
Mo00.5- Ge0.5.p  MnoossM0o.00sSi1 745Geo00s  19.116
Mo0.5- Gel y Mny.995M0g,005511.74G€0.01 5.543
Mo2- Ge0.5_y Mng.08M0g.02Si1.745G€0.005 7.86
Mo2- Ge2_a Mng 99MO0g 02Si1.73Ge€0.02 6.663
Mo0.5-a Mn10095M00,0055i1.75 7.762
Mol-a Mn1.0090M0o.010Si1.75 8.352
Mol.5-a Mnj.0085M00.015511.75 8.658
Mo0.5-b Mn,0105sMO0o.0055i1.75 7.455
Mol-b Mn1.0100M00.010811.75 8.038
Mol.5-b Mn1.00905M00.015511.75 8.075
Mo0.5-c Mnj.0115M00.005511.75 8.649
Mol-c Mn; 0110M00.010Si1.75 8.531
Mol.5-c Mn,0105M0o.0155i1.75 8.221

4Greek letters and a to ¢ denote distinct Mn concentration in HMS before doping.

spectroscopy (XPS) on bulk samples. The XRD powder diffraction
spectroscopy was carried out using a D8 Advance XRD instrument (from
BRUKER). The instrument was set at 40 kV and 40 mA with a Cu X-ray
tube. A continuous diffraction pattern was collected in locked coupled
scan mode with a step size of 0.02° in the 20 range of 10-80°. Moreover,
the phases were qualitatively identified using the Bruker software EVA
using the ICDD PDF-2 database.

The XPS surface analysis was conducted using a Kratos Axis Ultra
spectrometer with Al Ko X-ray monochromatic source (hv=1486.6 eV,
at 10 A and 15kV). The survey and high-resolution spectra were
collected using step sizes of 1 eV and 0.1 eV, respectively. Similarly, the
pass-energies used were 160 eV (survey spectra) and 40 eV (high-reso-
lution core-level spectra). The spectra analysis was conducted using
CasaXPS software, while the binding energy axis was calibrated using
adventitious carbon (C-C) C 1 s photoemission peak centred at 284.8 eV.
Further details and analysis of the XPS data are detailed in [2]. On bulk
specimen, the microstructure images were taken using SEM (JEOL 772),
the microscope was operated at a working distance of 10 mm and
accelerating voltage of 15 kV. Based on backscattered images, the oxide
phase composition was detected using an energy dispersive X-ray
spectrometer (EDS) detector and analysed through line scan, spot
analysis, and phase mapping using TEAM™  software
(EDAX®-AMETEK®).

DLD

3. Results
3.1. Microstructure of the alloys

Among the alloys in Table 2, Mo2_§ and Mo2- Ge2_a were selected to
investigate the phase composition of the respective compounds, the
selection is based on that is doped on the Mn site only while the other on
both Mn and Si sites. Fig. 1 shows bulk Mngg7Mo0q 2Si1.75 and
Mng 99Mo0g 02Si1.73Geg.02 SEM - backscattered electron (BE) micro-
graphs, and Table 1 contains the EDS elemental compositions of spots
shown on (a) and (b), respectively. The micrographs show that both
compounds are multiphase alloys. Mng 97Mo0g 02Si1.75 is composed of a
heterogeneous mixture of MnSi; 75, MnSi, and a ternary Mn-Mo-Si
phase. HMS is the majority phase and is composed of relatively bigger
grains, while the other two phases are minor especially MnSi, which is
mainly found at the MnSi; 75 grain boundaries. As discussed in our
recent publication on oxidation of HMS [2], increasing the dopant (Al or
Ge on the Si site) concentration from 0.5 at% towards 2 at% substan-
tially increased the amount of MnSi striation in the compound. How-
ever, as shown by Fig. 1 substituting Mn with Mo relatively reduced the
concentration of the one-to-one Mn-Si phase in the bulk.
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Fig. 1. As consolidated alloys’ EDS spot analysis (see nominal composition in Table 1), (a) Mng.97M0g.02Si1.75, (b) Mng.99M0g 02Si1.73G€0.02-

Similarly, doping on both Mn and Si sites exhibited non-
homogeneous microstructures, mostly composed of the MnSi; 7s,
MnSi, and two ternary phases (Mn-Mo-Si and Mn-Si-Ge). As a general
remark, it is evident that with doping on both sites the MnSi phase in-
creases and the grains are bigger than doping on Mn Site only. There is
no quaternary phase (Mn-Mo-Si-Ge) achieved, as a result of non-
resolved “Ge” and “Mo” dopants as thoroughly described by J.S. Graff
[13].

3.2. Isoconversion

The isoconversion was conducted on powder samples from 25 °C -
1100 °C with a 5 °C/min constant heating rate. Fig. 2 represents (a) three
batches (a, B, and y) of HMS with Ge and Mo dopants on the Si and Mn
sites, respectively, and (b) batches (a, b and c¢) of HMS with Mo as dopant
on the Mn site only. The zoomed images (upper right conners) show the
oxidation at low temperatures (25 °C - 450 °C). All powders lost weight
below 100 °C which is linked to humidity evaporation, while significant
weight gain(oxidation) begins between 200 °C - 300 °C. The oxidation
onset temperature varies with the dopant(s) concentration, where the
higher the dopant concentration, the lower the onset temperature. In
addition, the HMS alloys with low dopant concentration are more robust
to oxidation relative to high doped compounds Fig. 3(a). However, at
high-temperature oxidation (up to 1100 °C), the alloys are more robust
with high dopant concentration Fig. 3(b).

Based on the XRD spectrum Fig. 4, silica (S5iO3) is the dominant and
stable oxide phase among other present oxide phases. This is witnessed
through Differential Scanning Calorimetry (DSC) Fig. 4(b), where the
silica scale crystalizes at 420 °C, 540 °C, and 960 °C to form alpha quartz,
beta quartz, and beta tridymite, respectively. The alloys’ oxidation ki-
netics remain steady till 900 °C for most of the samples Fig. 2(a), except
for those with higher Ge impurities which the weight gain rate was
steeper at around 600 °C associated with germanium oxidation.
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Meanwhile, manganese- and molybdenum-based oxides were also pre-
sent, which could be noticed by the endothermic reaction at 665 °C in
Fig. 2(a) and (b).

3.3. Isothermal oxidation

The isothermal oxidation experiments were conducted to investigate
the effect of doping HMS (on the Mn and/or Si sites) based on the
thermal oxidation kinetics from 250 °C to 600 °C. Fig. 5 shows (a) the
final relative weight gain of HMS alloys (with different dopant con-
centrations) after 24 h of isothermal oxidation in dry air. The magnified
plot in the upper left corner shows that the weight gain of most of the
alloys is below 1 pg/mm? up until 450 °C. Though the doping effect is
minimal at low temperatures, the trend indicates that increasing Mo or
Ge concentration translates into an increase in weight gain during
oxidation. The doping effect was more pronounced on alloys with
doping on both Mn and Si sites, where varying doping concentrations
from 0.5 at% to 2 at% increased around ten times the weight gain, even
at low temperatures (<450 °C).

Fig. 6 are maps of weight gain data per unit area of, three among
studied compounds with different dopant concentrations, (a)
Mn; 005M0g.005Si1.75, (b)  Mng.985M0g.0055i1.745Geg.00s and  (c)
Mng.99Mo0y.02Si1.73Geg.02. The data were recorded every hour during
isothermal treatment at respective temperatures (250 °C - 600 °C), and as
the compound in (c¢) had the most weight gain, (a) and (b) data were
mapped on (c) scale for comparison purpose. The dopant effect is shown
by the trend of weight gain over time. With both Mo and Ge doping
(0.5 at% each), the oxidation rate is reduced relative to the compound
with Mo doping only, however with increased dopant concentration
(2 at% on both Mo and Ge), the weight gain is substantially increased by
one order of magnitude especially at higher temperature.

From 250 °C to around 450 °C, the oxidation kinetics fit well both
linear and logarithmic oxidation laws (oxidation rates per model
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Fig. 2. TGA representation of HMS powder samples (a) Compounds with Ge and Mo dopants on the Si and Mn sites, respectively, (b) Only with Mo doping on the Mn
site oxidized in Dry air from room temperature to 1100° C. Zoomed areas show oxidation at low temperatures 25 °C - 450 °C.

summarized in Table 3), however, as from the studies conducted on
oxidation of Si [14,15], logarithmic law is considered the right model to
represent the Si oxidation kinetics. Similarly, the logarithmic model was
empirically found to better describe the HMS alloys oxidation in this
study (mostly at 400 °C). That is simply because, Si is the major oxida-
tion reactive element for all alloys and despite the well-known dif-
fusion-controlled model (parabolic rate law), at low temperature, the
oxidation reactions are much more reaction controlled than diffusion
controlled.

On the other hand, Fig. 5(a) shows that at 600 °C for all alloys the

weight gain course substantially deviated to a higher oxidation rate
regime. The deviation is also shown for example on the TGA oxidation
weight gain graph of Mo2-Ge2 Fig. 5(b), where the major factor is the
weight gain at 600 °C where the oxidation followed a parabolic model.
Therefore, in contrast to low temperature, HMS alloys above 500 °C
oxidised parabolically. Table 3 tabulates the oxidation rates “kp”
(approximated using Arrhenius model) of the studied alloys and ad-
dresses the composition effects on oxidation of the alloys (summarized
in Table 3) as follows:
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Isoconversion oxidation experiment
25°C-400°C in Air

Weigh gain [%]
Wafer (a)

0,022
0,020
0,018
0,016
0,014
0,012
0,010
0,008
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0,004
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0,000

Molat%]
Mn site

-0,002
-0,002

Mo[at%)]
Mn Site

M >035
Il <031

0,002 0,006 0,010 0,014 0,018 0,022 B <0.26
0,000 0,004 0,008 0,012 0,016 0,020 1 <0.21
Ge[at%] I <016

Si site <01

-0,002
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Isoconversion oxidation experiment
25%C-1100°C in Air

Weight Gain (%) (b)
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18

<18

M <16
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0,000 0,004 0,008 0,012 0,016 0,020 <38

Gelat%] Il <6
Si site <4

Fig. 3. Three-dimensional wafer map of the oxide weight gain after thermal oxidation in Dry air in the temperature range (a) 25 °C - 400 °C and (b) 25 °C - 1100 °C.
Round and square spots represent the plotted data position.
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a. For all alloys at low temperatures (250 °C — 350 °C), the thermog-

ravimetric behaviour is similar, with oxidation rates of around
0.12 ug/mm?>. Moreover, the weight gain during oxidation follows
the linear kinetics model or logarithmic model (especially for alloys
with low dopant concentration). Empirically, the weight gain data
following linear or logarithmic rate laws cannot be distinguished
numerically (kp) or by looking at the TGA curves. However, as will
be discussed in later sections, logarithmic rates have numerically
lower kp values than linear rates. For example, in Table 3,
Mn; gpsMo0g.005Si1 75 if both at 250 °C and 300 °C are fitted linearly,
the growth rate at the higher temperature is lower than at lower
temperature. Therefore, at 300 °C the oxidation kinetics follows
logarithmic model.

b. Between 350 °C - 450 °C, most of the alloys followed logarithmic
model, especially at 400 °C. Another common trend among all alloys
is that the lower the dopant the more the alloys follow logarithmic

. . . o mesi, law. The latter can be seen on alloys with Mo doping or Mo and Ge
. : . : : : doped alloys, which means that it would take longer for compounds
20 30 40 50 60 70 80 with higher Mo dol?ant to grow a prot.ectlve scale than for those with
less Mo concentration. However, at higher temperatures (> 450 °C),
20 the alloys oxidise following parabolic law and logarithmic low.
1 - 0,
Fig. 4. X-ray powder diffraction spectrum showing the composition of the Table 3, shows th.at the alloys with low dopant 0.5-1 at% .follow
. S . parabolic law, while from and above 2 at% dopant concentration the
powder residue after oxidation at 1100 °C of the alloys marked by the samples N . .
ID as in Table 1. alloys still follow logarithmic law.
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Table 3

Oxidation kinetics approximated by the Arrhenius model, the reaction rates are
tabulated at specific temperatures and the model that the data fit symbolized by
the superscript letter a to c.

Alloys Weight gain - rate (kp) and law
250 300 350 400 450 600
Mn; 005sM0g,005Si1.75 0.13*  0.08 - 0.7¢ 0.9¢ 2.5¢
b
Mn.005sM0o.02Si1.75 0.11* 0.12* 0.02 0.46 -
b b
MnSi; 74Geg.00s 011" - 0.114*  0.23 291c -

b

- 0.07 0.02¢  0.2¢
b

Mno,985M00,005511.745G€0.005 - 0.16" - 0.2¢ 0.22

MnSiy 74Geg.01[2] -

Mnyg.99M0g 02Si1.73G€0.02 - 0.12° 1 0.4° 0.6° 12¢

" Linear law[ug/mm2],
* Logarithmic law[pg/mm2],
¢ Parabolic law [ug2/mm4].

c. Finally, around 600 °C, the growth rate follows parabolic law for all
compounds.

3.4. Oxide scale micrographs and composition

3.4.1. XPS analysis

To acquire XPS data, samples were flooded with low-energy elec-
trons to compensate for the charging effects. Fig. 7 shows the Mn 2p, Si
2p, and O 1 s high-resolution spectra core lines. For Mn 2p spectra, peaks
at ~ 642 eV and ~ 654 eV were ascribed to the 3/2 and 1/2 spin-orbit
splitting components, respectively, and are indicative of the Mn-oxide
phases. However, the Mn; oosMog 02Si1.75 (at 400 °C) showed the pres-
ence of another component at low binding energy as indicated by an
arrow in Fig. 7. Compared to the Mn 2p3,, (638.8 eV) for manganese

silicide, this component appears at high binding energy. In case of a
sample that consists of phases with different electrical properties, charge
compensation may lead to differential charging. As a result, the relative
position of the peaks coming from different phases may shift. To confirm
if this chemical shift is due to differential charging, data was collected
without and with flooded low energy electrons for charge compensation.
After calibration of the binding energy axis using adventitious carbon
(284.8 eV), the oxide component lines up. However, this is not the case
for the silicide component.

Stable manganese oxide grows at different oxidation states (Mn?*,
Mn®*, and Mn*"), exhibiting many multiplet splitting [16]. It is, how-
ever, challenging to conduct a quantitative analysis due to the coin-
ciding binging energies of the multiplet splitting structures [16,17].
However, manganese oxidation states can be identified from the Mn 2p
peak features and the magnitude of the Mn3s peak splitting. The absence
of the satellite feature on the higher binding energy side of the Mn 2p3,>
peak rules out the presence of MnO [16,18]. Mn 3 s peak splitting of
~5.5 eV (not shown here) evidence the presence of manganese as Mn3t.
The Si 2p XPS spectra for Mnj g9sMo0g 2Si1 75 (at 400 °C) Fig. 7, showed
an intense peak (~103.7 eV) corresponding to Si** oxidation state and a
small feature at the low binding energy core indicative of Si in the
low-oxidation state(s) [19]. Similarly, the O 1 s spectra exhibited two
features which components 1 and 2 are characteristic of Si-oxide and
Mn-oxide, respectively [20]. The relative amount of Si-oxide to that of
Mn-oxide increases with the oxidation temperature as evidenced in
Fig. 7.

Furthermore, Fig. 8 shows that higher oxidation temperature pro-
motes the formation of SiO5 phase. Sample Mnj gpsMog 02Si1.75 (at 400
°C) showed the presence of Si;O3 and Si;O phases apart from SiO».
Nevertheless, the Si;O phase is not present in sample Mng .g9Mog g2-
Si;.73Geg o2 (at 400 °C).(Fig. 9).

Analysis of Mo3d core level region evidenced the presence of two
phases, MoO3 and MoO [21]. At higher oxidation temperatures, the
only phase observed is MoOs. Fig. 10 shows the presence of the GeOy
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Fig. 7. X-ray photoemission spectra of the Mn 2p, Si 2p and O 1 s core-level regions.
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Fig. 8. X-ray photoemission spectra of the Si 2p core level region with peak fitting results.

phase in the Ge-doped samples [22]. However, at lower oxidation
temperature (sample Mng g9Mog 02Si1.73Geg o2 at 400 °C), another
component at the lower binding energy side is present that is assigned to
the elemental germanium.

3.4.2. SEM-EDS analysis

HMS alloys are robust to oxidation especially at low temperatures
and short exposure to air, therefore, long-term exposure is key to
enabling a microscopic visual analysis of the oxide scale. Figs. 11 and 12
present the SEM-EDS micrographs and phase maps of
Mn1_gg95M0g.0055i1.75 oxidation in air for 200 h at 300 °C and 400 °C,
respectively. At 300 °C, a 150 nm non-uniform and coarse oxide layer
can be seen. Much of the scale is SiO, as shown by the EDS phase maps,
however, the lack of the other oxide species is attributed to the low
detection level of the EDS detector. XPS as a more effective technique
revealed the presence of Mn- oxides and Mo-based oxides (or Ge-based
oxides for alloys with Ge dopant). Moreover, Fig. 11 shows that the
oxide is thicker (around 250 nm) at the grain boundaries and thinner at
the surface of the grains. This lack of scale uniformity at the alloy surface
is due to the low phase homogeneity that leads to the presence of a
conglomerate of oxides, especially at the grain boundaries. Fig. 12 on
the other hand, shows that at 400 °C the oxide scale is more compact and
thicker than at 300 °C. The oxide thickness is around 270 nm and is
similarly composed mainly of SiOs.

4. Discussion
4.1. The oxidation kinetic regimes

HMS alloys follow different oxidation models at respective

temperatures as stated in the result section above, therefore it makes it
difficult to experimentally approximate the energies of formation (for
the alloys). Moreover, the alloys are robust to oxidation that in case of
isothermal test carried out at short dwell time (24 h), it is difficult to
accurately obtain reliable oxidation reaction rate using ideal cases
Wagner theory since it does not consider some complicating factors
including effects of impurities [23]. It is in that regard that, a new
representation was adopted to discuss the mixed rate of oxidation per
temperature as shown in Table 3. The technique used in this study
employed the notion of Time-Temperature-Transform (TTT) diagram, to
draw an oxidation map based on the thermogravimetric weight gain per
unit area data of the actual alloys Fig. 6. The contour lines plots are not
frequently used to interpret the oxidation kinetics of alloys. However, in
this article, we adopted contour plots to recreate the oxidation weight
gain profiles by projecting the elevations on the y-axis and distance on
the x-axis (of the cartesian coordinate system) as in [24]. From the
weight gain and oxidation rate profiles, the TTT diagram can be drawn
in a simplified diagram, as in Fig. 13. The green and red curves are
drawn based on TGA weight gain data of Mng g9Mog 02Si1.73Geo 02, they
represent the isothermal oxidation onset time and an approximate of the
oxidation offset time, respectively. Further analysis and discussions are
based on where you would land on the map if you projected data of a
different alloy (among the studied compounds).

The TTT diagram, Table 3, and Table 4 combined reveal that the
oxidation occurs through 4 different kinetic regimes.

1. Below 250 °C (represented by dashed area), the weight gain after
24 h was little to none, implying that the alloys were resistant to
oxidation at low temperatures.

167



A. de Padoue Shyikira et al.

Corrosion Science 194 (2022) 109920

Mo3 ——Mo2 @ 400°C 4 Mo3 Mo®* —— Mo2 @ 600°C
] —— Peak fit O\  ——Peakfit
Mo®
. M°4+ . -
3 3
s l s
7] 7]
c c
S ]
£ £
1 Y
240 238 236 234 232 230 228 226 240 2:;8 2:‘36 2;34 252 22;0 258 256
B.E (eV) B.E (eV)
Mo3 —— Mo2-Ge2 @ 400°C Mo3 Mo®* —— Mo2-Ge2 @ 600°C
" 6+ .. e .
Mo . — Peak fit ~ i — Peakfit
5 Mo** _
s z
> | s
D \ 3 2
- { 7}
E 2R £
- J £
1 f ] LA ooy sn o
) \Jv" \ U T 5
T T T T T T T T T T T T T T
240 238 236 234 232 230 228 226 240 238 236 234 232 230 228 226
B.E (eV) B.E (eV)
Fig. 9. X-ray photoemission spectra of the Mo 3d core level region with peak fitting results.
uezp Ge?* —— Mo2-Ge2 @ 400°C e2p Ge* —o— Mo2-Ge2 @ 600°C
n AN — Peak fit T G — Peak fit
E) E)
L) s
> Ge >
c c
£ £
£

12l18
B.E (eV)

T T
1224 1221

12'18
B.E (eV)

T T
1224 1221

Fig. 10. X-ray photoemission spectra of the Ge 2p3/2 core level region with peak fitting results.

2. At temperature < 300 °C, the thermal gravimetric weight gain per

unit area is low and fits the linear rate low (see the Byzantium colour
area at the TTT diagram) as mentioned in Section 3.3. The linear rate
law pertains to that, initially, the oxidant agent is adsorbed on the
alloy surface at a constant rate(linear) until the whole surface is
covered (monolayer) of adsorbate [25], therefore chemical reactions
being the rate-determining process in this temperature range. By
consulting Table 3, the linear regime extends up until 300 °C for
alloys with high doping concentration and 350 °C for alloys with less
doping. The same pattern is followed even at temperature > 400 °C,
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though, the gas adsorbate is quite fast and short (less than 1 h). The
fast chemisorbed oxidant species at the oxide-gas interface, attract
cations from the thin oxide scale to grow further the scale, though
leaving hole defects in the old oxide phase. The latter creates cation
defects gradient at the alloy-oxide phase that leads to con-
sumption/transport of cations from the alloy across the alloy-oxide
interface. At this point the scale is still too thin (hundreds of Ang-
stroms ~1000) [26] and follows a logarithmic rate law (represented
by the light and dark blue of the TTT diagram) for compounds with
2 at% dopant, while with less dopant the respective compounds fall
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Fig. 11. SEM/EDS representation of Mnj 009sM0g.005Si1.75 oxidized at 300°C for 200 h in ambient conditions. (a) Backscattered electron (BE) image, (b) EDS Phase
map image showing the cross-section of the interface between alloy and oxide scale layers, and (c) elemental composition illustrative of phases in (b), red - alloy
phase and yellow — oxide phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. SEM/EDS representation of Mn; o995sM0¢.0055i1.75 oxidized at 400°C for 200 h in ambient conditions. (a) Backscattered electron (BE) image, (b) EDS Phase
map image showing the cross-section of the interface between alloy and oxide scale layers, and (c) elemental composition illustrative of phases in (b), red - alloy
phase and yellow — oxide phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the parabolic regime in this temperature range (the latter will be
discussed at point 4 below).

. The logarithmic law extends to higher temperatures of 500 °C and
600 °C for the respective compounds, though for a very short dura-
tion. The logarithmic regime is described as a state at which the
reactive species adsorbed at the alloy surface (linearly), creates a
diffusion of anions towards the alloy core and cations in the opposite
direction that creates an electric field across the oxide-alloy interface
[26]. As it can be seen from Fig. 13, in the first 24 h of isothermal
experiments, logarithmic law would be the main rate law for the
studied alloys especially at temperatures from ~300-400 °C. How-
ever, considering the long-term experiments at 300 °C and 400 °C, it
was empirically concluded that the logarithmic regime reduces over
time, as a result of reduced ion diffusion at the alloy-oxide interface.

. Finally, the parabolic regime (represented by dark yellow colour), is
characteristic of a protective layer mainly composed of SiOs.
Empirically the compounds with less dopant, fall in the parabolic
regime earlier than with high dopant concentration. This is simply
because with fewer impurities the alloys would follow a model clause
to that of pure HMS, with which the oxidation is selective with “Si”
being the preferential element. The parabolic regime extends to-
wards 600 °C, and as the colour gets lighter meaning that the scale is
less protective at higher temperatures, though the study was con-
ducted up to 600 °C. In the parabolic regime, interdiffusion across
the oxide scale is the rate-determining process.
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To summarize, the TTT diagram in Fig. 13 in this case used as an
oxidation map, shows that the compounds studied were isothermally
resistant to oxidation below 250 °C in dry air. However, above that
temperature, they follow different oxidation models (linear, logarith-
mic, and parabolic), depending on the isothermal temperature and/or
the composition (impurities concentration). The more impurities the
alloys contained, the longer the alloy oxidised following linear law, and
the lesser the impurities (for example, HMS in an extreme case), the
early the alloy oxidized parabolically, where the oxide is mainly SiO,. It
is worth noting that non-protective oxide below the green curve con-
notes that there is no or non-substantial oxidation reaction in that
temperature range. Nonetheless, non-protective oxide above the red
curve conveys a threat to the stability of the alloys.

4.2. Mechanisms of oxidation

The individual constituents of the Mn,_, Mo, Siy_g Geg alloys have
got a certain affinity to oxygen which tends to create a mixture of oxides,
therefore the need to protect the alloy from all elements to be involved.
Originally the alloys model was designed with oxidation resistance
taken into capital consideration. As illustrated in [2], at the beginning Si
is the preferential element involved in oxidation forming SiO, oxide, and
HMS should theoretically be able to provide sufficient flux of Si until a
compact SiO» layer is formed. In case, Si concentration reduces below
the minimum concentration at the alloy-oxide interface, other reactive
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referred to the web version of this article.)

Table 4
Classification scheme of the oxidation of the studies HMS alloys.

Class  Temperature Oxidation reaction ~ Rate governing  Oxide stability
range factor (Empirical)
1 < 250°C No signification The alloy -
reaction, hard to robustness to
adhere to the alloy  oxidation
surface
2 250-350 °C Oxide scale is Chemical 1. Stable atlow
adherent to the reaction (gas temperature
alloy surface, adsorption) at 2. Stable over
significant weight the alloy time”
gain starts after surface
around 7 — 10 h of
exposure, and fits
a linear model
3 400 °C Fast (1-2 h) gas Wagner 1. Metastable
<T<< adsorption diffusion- for short”
600 °C (usually controlled or exposure
logarithmically), lattice 2. Stable over
followed by a diffusion of time
thickening of the electrons/ions
oxide, mainly SiOy
parabolic growth
and protective.
4 600 °C Fast interdiffusion Interdiffusion 1. Stable for
across the scale, across the short
and oxide alloy-oxide exposure
volatility at higher  interface, and 2. Long-term
temperatures oxide volatility should be
(>700 °C) investigated

? Long-term stand for 200 h;
b Short-term stand for 24 h

elements would be involved in oxidation. However, the coexisting Si,
Mo, and Ge oxides mixture overlay in layers of the respective oxides,
with the oxide with the higher solubility on the top (that being MoOs,
GeO», and SiO- at the alloy interface).

The above scenario is true for a homogeneous/single-phase alloy, but
in case of multiphase or porous alloys, the oxidation mechanisms
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deviate from the ideal situation. The alloy studied being multiphase
alloys, Fig. 14 is a schematic representation of the oxide growth mech-
anisms of Mny_q MoeSiy_g Geg. The map is composed of 4 stages,
starting from the original alloy composition (at the alloy surface — left on
the figure) and progresses over time through stage 4, which is the final
oxide layer studied using different surface characterization techniques
(SEM-EDS and XPS) employed in this study.

Stage 2 of Fig. 14 shows the melt cast compound before oxidation,
the composition of the alloys is as presented by the alloy’s micrograph
(Section 3.1) for further details. From the 3rd stage onward, it is evident
that the alloys’ oxidation mechanisms were a result of the alloy matrix
structure and impurities’ solubility. Therefore, the oxide growth on the
alloy surface is governed by several oxidation processes. For HMS rich
phase, the process follows the classic binary alloy oxidation theory,
where Si is selectively reactive to oxidation and leaves a Si depleted
phase with a composition close to MnSi at the alloy-oxide interface,
where Wagner chemical diffusion (the theory of diffusion in solid oxides
is also discussed by C.A.C. Sequeira [27]) is the rate defining factor.

On the other hand, based on the XRD results Fig. 4, two manganese
silicates were detected as braunite (Mn;SiO;2) and pyroxmangite
(MnSiOs3). Moreover, Fig. 2(a) and (b) shows an endothermic reaction at
665 °C which is interpreted as the formation of a eutectic Mn-Mo oxide
(33 wt% MnMoO4 and 67 wt% MnO3). The reaction occurrence is due to
MnOs, MnMoOj4, and MnyO3 solid oxides mixture as by the Mn-Mo-O
ternary phase diagram Fig. A1 [28] and discussed by K. Ivanov [29].

Above 1000 °C a sudden weight gain is noticed, early for less doped
compounds (as M00.5-Ge0.5_f and MnSi 75). The exothermic reaction is
represented by Eq. (1), and can also be seen in the MnO-SiO2-O»
computed phase diagram (using FactSage) in p(O2)= 21% atm [30].

2 14
5Mn7Si0]2 +48i0, - ?MnSi03 + O, (@D)]
Si+ O, —>Si02(s) 2)

Since none of the silicates was detected with XPS, the two would be
attributed to being internal oxides or located at the alloy-oxide interface.
It is difficult to know the exact mechanisms of formation of the two
compounds, however, there are two possibilities. The first and most
relevant is that the oxidant ions diffuse through the already formed
oxide to react with the “Si” depleted layer, therefore the inner oxygen
anions diffusion being the rate-determining factor. The second is that,
though the presence of silica as protective oxide, the reaction of the
dopants with oxygen may have compromised the level of protectiveness
and lead to the formation of Mn-based oxides as shown in Fig. 14(3).
Consequently, the coexisting Mn oxides and SiO, form a manganese
silicate Mn;SiO15 [31] as by Eq. (3), and the latter would transform into
MnSiOs3 (check phase diagram, Figure) and release oxygen anion as
shown by Eq. (1). Nevertheless, in both cases, the thicker SiO; gets the
more the inner alloy surface will be attained.

2Mn, 05 + Mn304 + SiO,—Mn;Si0O, 3

As represented by Fig. 1, the alloys contain some Mo and Ge rich
phases (MoSiy and possibly GeSi,, respectively). Both phases contribute
to the oxidation of the alloy, though following slightly different mech-
anisms to the classic binary alloy oxidation scheme they would follow if
they were pure phases state. Unlike the case of oxidation of MoSiy [32]
or GeSiy [33] compounds, at low temperature, the growth of MoO,
MoO3, and/or GeO, is much dominated by the growth of SiO, Fig. 14(3),
that a continuous silica layer formation would leave them at the oxi-
de/gas interface. Several studies [34,35] were conducted on the oxida-
tion of Mo and showed that above 500 °C the Mo-oxide volatility
increases, and becomes linear above 650 °C. Moreover, K. Ivanov [29],
found that superficial Mo- oxides are not stable at temperatures above
600 °C.

To summarise, the alloys studied were multiphase alloys, which had
a negative effect on the oxidation mechanisms of the alloys. As described
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Fig. 14. Schematic representation of the evolution of the surface oxide layer of Mn,_,

in a couple of paragraphs above, the overall performance of both short-
term (24 h) and long-term (200 h) experiments showed that the com-
pounds were resistant and resilient to oxidation. However, forasmuch as
the dopants were involved in the early stage of the oxidation process, the
thermoelectric performance (specifically the electrical conductivity)
will much be affected because of reduced charge carrier concentration.
It would highly be recommended to adapt/retune the synthesis
method’s parameters to achieve a more homogeneous compound, or
possibly explore other possible synthesis methods rather than melt
casting.

5. Conclusion

The oxidation of Mn,_, Mo, Si,_s Gey alloys are studied in the
temperature range of 250-600 °C in synthetic air (5.0) for 24 h (for all
alloys) and 200 h (for selected alloys). The study shows that the kinetic
model of oxidation, varies from linear to parabolic at temperature
around 300 °C and above. This is due to increased oxidation rate that
originates from reaction to the oxidant agent of almost all elements that
comprise the alloy. At low temperature (< 300 °C), chemical reactions
at the alloy surface are the reaction rate-controlling factor in this tem-
perature range. While at temperatures higher than 450 °C, diffusion
through the oxide layer is the rate-determining factor, where SiO3 is the
main/dominant oxide phase. In addition, long-term experiments
showed that the layer is protective with only 150 nm thick oxide at
300 °C and 250 nm thickness at 400 °C after 200 h. Therefore, revealing
the potential of HMS alloys in the medium temperature range for ther-
moelectric application. Finally, based on the short-term (24 h) exposure

Si+ 0, —Si0,

2Mn, 05 +Mn; O,4+8i0, — M, SiO;,

Si0,

MoO;

GeO,

Mo,

Siy_; Gey alloy in subsequent time steps from (1—-4).

experiments, all the alloys’ constituents were involved in oxidation,
which is unwanted. Though, this study did not determine how charge
carrier density was affected by the alloy’s oxidation, it is important to
note that there is a level of materials consumption due to oxidation and
take it into consideration during alloys’ modelling stage. At tempera-
tures lower than 400 °C, the alloys are resistant to oxidation even at
longer thermal exposure, revealing the potential of HMS alloys in the
medium temperature range for thermoelectric application.
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Appendix D

Automated point contact measurement

rig design
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D.1 The rig design

A point contact measurement (PCM) apparatus is a kind of electrical characterization equipment
that measures and maps the electrical characteristics of materials with the help of a three-
dimensional (3D) platform with automatic movability. As shown in figure 5.4 (b), by passing a
constant DC current through the test sample, the test rig uses four-point techniques to measure
the voltage drop across a defined area of the test sample. Then the electrical characteristics of the
test area — namely, electrical resistance, and electrical conductivity or resistivity are automatically
computed using a micro-conductive probe (Quad00 [291]). Analog and digital power supplies are

used to pass a current through the sample and to power the rig’s stepper motors, respectively.

A digital multimeter (DMM 34470A — KEYSIGHT) with 4 wire measurement capabilities is
used to measure the voltage drop across the sample. The voltmeter readings are mapped in real
time and saved in a text file for later analysis. The rig’s 3D linear motion, the motor’s power
supplies, and the voltmeter are controlled via a National Instrument (NI) LabVIEW program.
The program allows the user to define a target area (or scan region) and is used for data logging
as well as automatic results mapping. The PCM test rig is composed of three main parts: the
3D linear motion actuator elements, the electronic components, such as DC power suppliers and

multi-meters, and a computer with LabView control program.

D.1.1 Linear motion control

The 3D motion is executed in three stages in the X, Y and Z directions (as shown in figure A.4)
by three stepper motors in combination with aluminum plates, one for each of the three axes.
The plates were designed using SOLIDWORKS® and machined from aluminum blocks using a
computer numerical control (CNC). On all axes, the linear motion is actuated by a combination
of step- per motors, coupled to a leadscrew and nut assemblies. Figure A.1 shows the x-axis
configuration where the stepper motor is attached to the base by a bracket and the middle plate
is assembled with the leadscrew, which connects to the motor by "flexible shaft coupling [292]".
This assembly actuates the x-axis linear motion from the stepper motor’s rotational motion

sliding the middle plate using four carriages on the rail (or linear guide) attached to the base.
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Figure A.1: (a) The base plate mounted with two linear guides, (b) the middle plate,
the anti-backlash leadscrew and four carriages assembly, (c) a stepper motor and bracket

assembly and (d) the full x-axis positioning stage.

Similarly, on the y-axis, the stepper motor is attached to the middle plate by a bracket and the
linear motion is actuated by the sample plate (see figure A.2(b)) and y-axis leadscrew assembly.
The y-axis components are assembled using the same process used for the x-axis above, except
that there are only two carriages (or slides) since the sample plate is not as wide as the middle
plate. The z-axis motion is executed in a similar fashion as on the x and y axes, though in a
vertical direction. However, the probe arm is attached to the carriage by a bracket (see figure

A.2 (a)), which is a slightly different design than the x and y positioning stages.
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Tip @ 2um
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Figure A.2: (a) The full z-axis positioning stage. On the left-hand side, we see how the
probe arm is connected to the carriage by a bracket. (b) A 100x100 [mm]| sample plate.
It has a hexagonal cylinder-shaped hole that holds the top sample holder used in case of

small or special samples. (c) The probe mount model.

Figure A.4 shows the complete 3D model of the PCM test rig, which is 350x350x400 [mm]| in
size and weighs 5 kilograms. The number labels in red show the main parts of the rig. The
motors and the motorized actuators were all purchased from RELIANCE PRECISION™M [292]
(See figure A.3 (b)-(d)). (1) corresponds to the stepper motors.
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Figure A.3: (a) The QUAD-00 Spring Contact Probe and dimensions, (b) the flexible

coupling, (c) the stepper motor, and (d) the miniature linear guide.

Each motor produces up to 18-watt output power and continuous torque of 0.36Nm and can
reach up to 3000rpm maximum speed. (2) is the anti-backlash lead screw (1mm pitch) and nut
assembly that converts the radial to linear motion. One revolution is equivalent to 1lmm linear
travel. (3) and (4) are the miniature linear guide combinations which consist of a stainless steel
rail and a carriage(s) with re-circulation ball bearings. (5) is the flexible shaft coupling, which is
adapted to couple the stepper motor shaft with the leadscrew to transfer kinetic motion, but at
the same time to compensate for any misalignment (angular: £ 3°, axial:+ 0.5mm). (6), (7), (8)
and (10) are the base, middle, sample, and z-axis mast plates, respectively; they are machined
from aluminum blocks. (9) serves as the sample holder (maximum size 20x20 [mm]|); however, in
the case of wider samples of maximum 100x100 [mm|, the samples are mounted on the sample

plate. It is important to note that the sample holder slides in/out of the sample plate by a
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hexagonal prism extension, figure A.2 (b). (11) is the probe arm that serves to both hold the

probe(s) and linearly travel up and down, for point contact purpose.

Finaly, (12) is the QUAD-00 Spring Contact Probe figure A.3 [291] mounted as on figure A.2 (c).
The probe is spring loaded with a working travel distance of 1.7 mm (to suppress the vertical

contact shock) and have a rated current of 0.3 amperes.

Figure A.4: The complete 3D model of the PCM test rig, with all components numbered.

D.1.2 Motion control program

The test rig built shown in figure A.4 operates along three axes, two horizontally interlaced (x &
y) and one vertical platform (z). The main task is to scan a two-dimensional area of length "X"
and width "Y" and at the same time perform point contact motions along the vertical axis "Z".
Moreover, the system should be able to operate at a high resolution of up to 1 pum linear step
size. This means a scan area of 20x20 [mm| with 1pm resolution on both the x- and y-axes would

result in around 1 billion data points, which would without a doubt, take more than 24 hours.
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Therefore, it is important to develop a fast and automated system both for control purposes and
high-resolution linear displacement practicality. Figure A.6 is a control program flowchart that
controls motors, linear actuators, electronic components, and data processing (record, processes,

plotting and storage).

The control program was built using LabView software from National Instruments. Initially, the
program starts by switching on all electronic components (motor’s power supply, DC current
supply, and the voltmeter). Then the user must choose between operating the rig automatically
or manually using scroll bars. Manual operation was adopted, not only to allow manual operation
of the rig but also to be able to set the "home position". After setting the home position, the
desired scan area is inserted on all axes, as well as the respective step sizes (note that the step

size on all axes may differ if desired).

At the start of the automatic area scan and point contact measurement, the y-axis motion is
initiated to the starting position "Y; = 0", then "X; = 0" sequentially. The sequence continues
with the initiation of the motion at the z-axis, where the probe will be carried toward the sample
until full contact between the probe tip and the sample. At this point the control system locks
the linear motion and proceeds to trigger the digital multi meter (DMM) to acquire, process,
display and store data as shown in figure A.5 below. Then the z-axis travel upward to the initial

position.
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Figure A.5: Electronic signals/data flow and hardware connections.

After the probe is off the sample, the x-axis is updated to the next address or position (i.e.
X=X;+Xstepsize); subsequently the z- axis travels back to the sample and data are recorded as in
step one. The same process will be repeated on the x-axis until the full length of "X" is finished.
At that point the y-axis motor updates by one step to the next line scan and the x-axis travels
back to the position parallel to its starting position and so forth until the width of the scan area
"Y" is finished. When the scan area is finished and the last data point written into the data

base, the program is terminated, and all electronic components stop automatically.

Through an internet connection, the test rig (figure A.8) can be safely operated remotely along
with a camera that helps to visualize the test rig live and allows recording a video of the whole
apparatus if needed. It is also important to note that the scan area and step size can be
updated (made shorter or longer) mid-scan, and the apparatus can run for a long period without
supervision. Lastly, since the database is updated at every data point, data can be retrieved

anytime during the scan time without affecting the test.
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Figure A.6: Three-dimensional linear positioning, point contact data acquisition, and 3D

map live display flow chart.

D.2 Sample preparation for PCM

Figure A.2 (b) shows that the sample holder platform can accommodate up to a 100x100 [mm|
sample. Moreover, it has a 20x20 [mm]| circular shaped sample holder, which can also be used

to attach a sample.

However, for specific applications, special sample holders were designed. The first and more
general approach was to design a sample holder system which allows the user to clamp the
sample between two conductive electrodes and acquire the potential difference/voltage drop
across a defined scan area. Figure A.7 shows the components of the whole system, and a video

animation of the assembly process is available on [293].
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Figure A.7: Special sample holder for specific applications.

Another special case involves samples that require special care, such as samples whose electrical
characteristics may be affected by the pressure applied by the probe(s). One example used in our
research, was testing the contact resistance of the TEM—electrode interfaces; the samples had to
be mounted before the test to avoid cracking the contact layer (bond). A detailed description of

sample preparation was provided in the main text section 5.3.2.2.

Finally, the reliability and repeatability of PCM results are directly related to the sample’s
surface characteristics. It is therefore recommended that the sample surface should be polished
to a mirror-like surface. Moreover, since most samples are in bulk state, the denser the samples

are, the higher the result’s repeatability and reliability.
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Appendix E

The full compilation of all line scan recorded

at the HMS-MGS unicouple.
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Figure A.8: All line scan "specific contact resistance spectrum" on the HMS-MGS uni-

couple recorded using the PCM test rig.
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