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Abstract 
 

The increasing amounts of electricity consumed in everyday life and the well-

known scarceness of fossil-fuel reserves is guiding research towards alternative 

energy sources and it represents one of the main challenges of the 21st century.  

Today, most of the energy used in electrical power generation and 

transportation is lost in the form of heat. For example, around 60% of the energy 

obtained from power plants is lost as waste heat during the generation of domestic 

electric energy. Furthermore, around 40% of the energy generated in a car is wasted 

as heat and another 30% of the total is used for cooling the engine, making a total 

of 70% of wasted energy. In this scenario, thermoelectric materials (TEs) are of 

great interest among technologies aiming for clean energy generation with zero-

emission technologies for direct thermal-to-electrical energy conversion. 

Stability and oxidation resistance over time at high temperature is critical in the 

use of thermoelectric modules for waste heat recovery. In fact, most of the common 

thermoelectric materials are metal alloys and semiconductors which can be easily 

oxidized at high temperature. Consequently, the oxidation of the surface of the 

thermoelectric leads to the degradation of the generated power and significantly 

limits the efficiency of thermoelectric modules.  

This PhD thesis is focused on the development and assessment of new oxidation 

protective coatings for different thermoelectric substrates: higher manganese 

silicide (HMS, MnSi1.74, p-type); magnesium silicide based material (Sb doped 



 
 

Mg2(Si,Sn), Mg2Si0.487Sn0.5Sb0.013, n-type); titanium suboxide (TiOx, n-type) and 

zinc doped tetrahedrite (Zn doped THD, Cu11.5Zn0.5Sb4S13, p-type).   

In the case of HMS, Sb doped Mg2(Si,Sn) and TiOx, a range of silica-based 

compositions were designed, produced and characterized and tested as glass-

ceramic protective coatings for medium-high temperature range thermoelectric 

devices. The sinter-crystallization behaviour of each glass-ceramic was assessed in 

order to choose an appropriate coating thermal treatment. The coated samples 

produced were morphologically and thermo-mechanically characterized before and 

after oxidation tests. The thermoelectric properties of the coated and uncoated TEs 

were measured before and after oxidation tests, both aged and thermal cycled. 

The higher manganese silicide was successfully coated in order to be used at 

temperature higher than 500°C. The thermal cycling stability (from room 

temperature to 600°C in air) of as-sintered and glass-ceramic coated HMS was 

studied, with respect to changes in their chemical composition and thermoelectric 

properties. The formation of a Si-deficient layer on the uncoated HMS, due to the 

reaction between HMS and oxygen at 600°C, led to a higher electrical resistivity as 

well as a reduced power factor. Glass-ceramic coated samples did not show 

variations in electrical properties compared to the as-sintered one, although they 

showed a lower electrical resistivity and a higher power factor in comparison with 

the uncoated ones. Furthermore, the glass-ceramic coating had self-healing 

properties at 600°C, thus enhancing the reliability and durability of the coated 

thermoelectric system.  



 
 

 
 

In the case of Sb doped Mg2(Si,Sn), five new glass-based compositions were 

designed and characterized, and only one was found to be able to protect the 

thermoelectric substrate against oxidation up to 500°C. A very good compatibility 

between the substrate and the coating was demonstrated, with absence of cracks at 

the interface and within the thermoelectric and the glass-ceramic coating, also after 

the oxidation test at 500°C for 120 hrs in air. 

In the case of titanium suboxide, a new silica-based glass-ceramic containing 

titanium oxide was produced in order to protect the substrate against oxidation up 

to 600°C and to match TiOx thermal expansion (CTE ~ 8∙ 10-6K-1). After sinter- 

crystallization treatment, the glass-ceramic coating was thermo-mechanically 

compatible with the substrate and had good wettability on TiOx; its softening point 

was also found to be higher with respect to the parent glass. Preliminary oxidation 

tests at 800°C for 48 hrs on coated and uncoated samples are ongoing, therefore 

they will be published in a follow-up of this PhD thesis.  

For Zn doped THD and Mg2Si0.487Sn0.5Sb0.013 the efficacy of commercial hybrid 

resins was estimated as protective coatings in oxidative atmospheres. 

Two commercial hybrid coatings, cured at low temperature (<300°C), were tested 

and one of them - the water-based coating - was successfully used to protect a zinc 

doped tetrahedrite thermoelectric. The thermoelectric properties of the uncoated 

and coated Zn doped THD, measured after oxidations tests at 350°C and 400°C in 

air, demonstrated the hybrid coating effectiveness in preventing an increase in 

electrical resistivity and preserving the power factor for coated samples. 



 
 

 
 
 

Acknowledgment 

I would like to acknowledge all the people who helped and supported me during 
this research.  

First of all, I would like sincerely to thank my supervisors Prof. Milena Salvo 
and Prof. Federico Smeacetto for their continuous support, motivation and 
knowledge they shared with me. It has been a pleasure to work with them. 

Part of the experimental work was done in collaboration with other universities 
and research groups, as reported in detail in the thesis, thus I would like to thank: 

- Nanoforce Technology Ltd, Queen Mary University of London, and in 
particular Prof. M.J. Reece and his research group (London, UK);  

- Fraunhofer Institute for Ceramic Technologies, IKTS (Dresden, Germany), 
and in particular Dr.-Ing. Hans-Peter Martin and his collaborators; 

- University of Hertfordshire (Hatfield, Hertfordshire, UK), and in particular 
Prof. Andreas Chrysanthou and his PhD students. 

I would like to acknowledge all my colleagues of the Glance research group at 
Politecnico di Torino (“old and new entries”), for sharing with me parts of this path.  

Finally, I would like to acknowledge all my friends, my parents and my partner 
for supporting me for all the last years, especially in the toughest periods.   
  



 
 

 
 

 
 
 
 

 
Contents 

Introduction and aim of the PhD thesis ...................................................... 1 

1. Thermoelectricity: an overview ..................................................................... 5 

1.1 History of thermoelectricity and thermoelectric effects ........................ 5 

1.2 Thermoelectric generators (TEGs) ....................................................... 9 

1.2.1 Analysis of thermoelectric behaviour............................................15 

1.2.1.1 Figure of Merit (zT) and thermoelectric efficiency (ⴄ) ..........15 

1.2.1.2 The Seebeck coefficient (α)...................................................19 

1.2.1.3 The electrical resistivity (ρ) ...................................................20 

1.2.1.4 The thermal conductivity (k) .................................................21 

1.2.2 Thermoelectric materials ..............................................................22 

1.2.2.1 Higher manganese silicide ....................................................24 

1.2.2.2 Sb doped Mg2(Si,Sn) based thermoelectric............................27 

1.2.2.3 Titanium suboxide ................................................................28 

1.2.2.4 Tetrahedrite ..........................................................................28 

2. Oxidation protective coatings: state of art .....................................................31 

2.1 Oxidation protective common methods ...............................................31 

2.2 Oxidation protective glass-ceramic and glass-based coatings ..............36 

3. Experimental ................................................................................................42 

3.1 TE Substrates synthesis and characterization ......................................44 

3.2 Glass production and coating deposition thermal treatment .................46 

3.3 Glass-ceramic and glass coatings ........................................................52 

3.4 Hybrid commercial coatings ...............................................................54 

4. Results and discussion ..................................................................................57 



 
 

4.1 G11 glass-ceramic coated HMS ..........................................................58 

4.1.1 HMS characterization ...................................................................58 

4.1.2 G11 glass-ceramic coated HMS and self-healing properties of the 
coating ........................................................................................................60 

4.1.3 Characterization after thermal cycling ..........................................61 

4.2 M glass coated Sb doped Mg2(Si,Sn) ..................................................68 

4.2.1 Sb doped Mg2(Si,Sn) characterization ..........................................68 

4.2.2 Glass-ceramic and glass-based coatings for Sb doped Mg2(Si,Sn) 71 

4.2.2.1 Glasses thermal characterization: sintering and crystallization 
behaviour ................................................................................................71 

4.2.2.2 Glasses thermo-mechanical characterization: dilatometric 
analyses ..................................................................................................79 

4.2.2.3 Glass-ceramic and glass-based coatings characterization: XRD 
and dilatometry .......................................................................................80 

4.2.2.4 M glass-based coated Sb doped Mg2(Si,Sn): morphological and 
chemical characterization after deposition treatment ...............................83 

4.2.2.5 M3 and M5 glasses coated Sb doped Mg2(Si,Sn) after oxidation 
test:  morphological and chemical characterization..................................85 

4.2.2.6 M3 glass coated Sb doped Mg2(Si,Sn) after oxidation test:  XRD 
and dilatometry .......................................................................................87 

4.2.3 Ceramacoat™ 512-N coated Sb doped Mg2(Si,Sn) .......................90 

4.3 T1 glass-ceramic coated TiOx .............................................................93 

4.3.2 T1 glass thermo-mechanical characterization: dilatometric analysis
 ....................................................................................................................96 

4.3.2 Evolution of T1 from glass to glass-ceramic .................................97 

4.3.5 T1 glass-ceramic coated TiOx: morphological and chemical 
characterization after deposition treatment ................................................. 104 

4.4 Hybrid commercial resins coated Zn doped tetrahedrite .................... 110 

4.4.1 Zn doped THD and resins characterization ................................. 110 

4.4.2 Thermal ageing at 350°C for 48hrs ............................................. 116 

4.4.3 Thermal ageing at 400°C for 120hrs ........................................... 120 

5. Conclusions and future perspectives ........................................................... 125 

Dissemination of the results ........................................................................ 130 

References .................................................................................................. 132 



 

 
 

List of Tables 

Table 1.2-1: Waste heat source temperatures provided for mid- and high- 
temperature TEGs applications [31] ...................................................................10 

 

Table 2.2-1: Functions of different oxides constituents a potential oxidation 
protective glass-based coating [165] ...................................................................37 

Table 2.2-2: Common crystalline phases produced during the devitrification of 
alkaline-earth containing silicate glasses and their CTEs [165] ...........................39 

 

Table 3.2-1: Composition in wt and molar% of G11 glass ...........................46 

Table 3.2-2: Composition in wt and mol% of M glasses ..............................48 

Table 3.2-3: Composition in wt and molar% of T1 glass .............................49 

Table 3.2-4: Precursors, brands and purity of the raw materials ...................49 

 

Table 3.4-1: Composition in vol% of Ceramacoat™ 512-N .........................55 

Table 3.4-2: Composition in vol% of CP4040 and CP4040-S1 hybrid resins
 ...........................................................................................................................56 

 

Table 4.1-1: Density of sintered HMS samples ............................................59 

 

Table 4.2-1: Density of as-sintered Mg2Si0.487Sn0.5Sb0.013 samples ...............69 

file:///G:/TESI%20DOTTORATO/CORREZIONI%20DOPO%20REVIEWERS/TESI_def.docx%23_Toc41034708


 
 

 
 

Table 4.2-2: Characteristic temperatures and thermal stability of glass powders 
from M1 to M5, collected at 10°C/min ...............................................................72 

Table 4.2-3: Characteristic fixed viscosity points (Tfs, Tms, DT, ST, HT and 
FT) and related temperatures of glasses from M1 to M5 .....................................77 

Table 4.2-4: Equations and R-square values obtained through fitting  of glasses 
from M1 to M5 ...................................................................................................78 

Table 4.2-5: Characteristic temperatures and coefficient of thermal expansion 
of the glasses from M1 to M5, calculated with SciGlass software (Priven-98 model) 
and experimental measured by means of the dilatometry ....................................80 

Table 4.2-6: Characteristic temperatures and coefficient of thermal expansion 
of the glass-ceramics from M1 to M5 .................................................................83 

 

Table 4.3-1: Characteristic temperatures and coefficient of thermal expansion 
of the T1 glass and T1 glass-ceramic, calculated with SciGlass software and 
experimental measured .......................................................................................96 

Table 4.3-2: Characteristic temperatures of T1 glass powders collected at 
10°C/min ............................................................................................................98 

 

Table 4.4-1: Density of sintered Zn doped THD samples ........................... 112 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
 

List of Figures 

Figure 1.1-1: Diagram showing the Seebeck effect [18] ............................... 6 

Figure 1.1-2: General operative configuration for (a) solid-state power 
generators and (b) solid- state refrigerators [18] ................................................... 8 

Figure 1.1-3: Third RTG installed in the Saturn probe Cassini. Source: Nasa 8 

 

Figure 1.2-1: Design and operative scheme of a thermoelectric generator....11 

Figure 1.2-2: Scheme of the architecture of a single thermocouple [34] .......11 

Figure 1.2-3: Thermoelectric sensor. Source: Fraunhofer IPM, Kai- Uwe 
Wudtke...............................................................................................................12 

Figure 1.2-4: Multi-Mission Radioisotope Thermoelectric Generator [46] ...13 

Figure 1.2-5: Peltier elements can keep drinks fresh in thermal cup holders.13 

Figure 1.2-6: Cooler for the front seats of a car. Source: General Motors ....14 

Figure 1.2-7: Peltier cooler in PC enable optimal processor performance. ...14 

Figure 1.2-8: CAD model of a TEG component (on the left) for an integrated 
exhaust system of a combustion engine-powered vehicle (on the right). Source: 
DLR- FK ............................................................................................................15 

Figure 1.2-9: Figure of Merit maximization of a thermoelectric, which 
involves a compromise of thermal conductivity (k) and Seebeck coefficient (α) with 
electrical conductivity (σ) [7] .............................................................................16 

Figure 1.2-10: Thermoelectric energy conversion as a function of zT [64] ..18 

Figure 1.2-11: Figure of merit zT of commercial materials for thermoelectric 
power generation: n-type on the left and p-type on the right [7] ..........................19 

Figure 1.2-12: Mn-Si binary phase diagram [92] .........................................25 

Figure 1.2-13: (a) Structural model for Mn and Si subsystem and (b) complete 
modulated structure for MnSiγ at 295K [94] . .....................................................26 

Figure 1.2-14: (a) Tetrahedrite crystal structure and polyhedrons with S atom 
at the center: (b) tetrahedral site and (c) octahedral site [129]. ............................29 



 
 

 
 

 

Figure 2.1-1: Cross-section SEM images of Mg2Si thermal treated for 1 hour 
and coated with: (a) alumina, (b) yittria, (c) YSZ, and (d) SDC (samaria-doped 
ceria) [143] .........................................................................................................32 

Figure 2.1-2: Encapsulated TE module (left) in which the SiGe module (right) 
is encased [150] ..................................................................................................33 

Figure 2.1-3: Skutterudite devices  produced by Marlow Industries. The image 
in the lower left corner is a full-sized skutterudite module after encapsulation with 
aerogel [151] ......................................................................................................33 

Figure 2.1-4: A schematic diagram showing how degradation can occur in a 
typical n/p power generation couple [156] ..........................................................35 

 

Figure 2.2-1: A scheme of glass structure showing network formers, 
intermediates, modifiers, additives, bridging and non-bridging oxygen [165] .....36 

Figure 2.2-2: Example of the complete self-healing of a glass sealant [167] .39 

 

Figure 3.0-1: Schematic illustration of the experimental process carried out 
during the PhD work ..........................................................................................43 

  

Figure 4.1-1: SEM images of (a, b) HMS powder synthesised by solid-state 
reaction and ........................................................................................................58 

Figure 4.1-2: XRD pattern of (a) as-sintered HMS, (b) uncoated HMS after 
thermal cycling from room temperature to 600°C, dwelling time 1h, for 10 cycles, 
(c) glass-ceramic coated HMS (coating removed) after thermal cycling from room 
temperature to 600°C, dwelling time 1h, for 10 cycles, (d) PDF card (number: 00-
026-1251) of Mn27Si47. The peak indicated with the black arrow can be attributed 
to Mn2O3 (PDF card number: 01-073-1826). ......................................................59 

Figure 4.1-3: Healing of (a, b) a scratch on the G11 glass-ceramic coating and 
(c, d) of an indentation mark and cracks, after thermal treatment at 600°C, for 
30min, under flowing Ar ....................................................................................60 

file:///G:/TESI%20DOTTORATO/CORREZIONI%20DOPO%20REVIEWERS/TESI_def.docx%23_Toc41034763
file:///G:/TESI%20DOTTORATO/CORREZIONI%20DOPO%20REVIEWERS/TESI_def.docx%23_Toc41034763


 
 

Figure 4.1-4: SEM image of the cross section of G11 glass-ceramic coated 
HMS (deposited at 700° C, 1h, under Ar flow) and EDS analysis of the area 
indicated with the arrow .....................................................................................61 

Figure 4.1-5: SEM images of uncoated HMS surface after thermal cycling 
from room temperature to 600°C, for 10 cycles, dwelling time 1h, in air ............62 

Figure 4.1-6: SEM image of the cross section of uncoated HMS surface after 
thermal cycling from room temperature to 600°C, for 10 cycles, dwelling time 1h, 
in air and corresponding elemental maps (EDS) .................................................63 

Figure 4.1-7: SEM image of the cross section of G11 glass-ceramic coated 
HMS after thermal cycling from room temperature to 600°C, dwelling time 1h, for 
10 cycles, in air and corresponding elemental maps ............................................64 

Figure 4.1-8: XRD analysis of the G11 glass-ceramic coating before (red 
curve) and after (blu curve) the thermal cycling. The black curve represents the PDF 
card of monoclinic barium silicate ......................................................................65 

Figure 4.1-9: DSC analysis of the as-casted glass (black curve) and the as-
deposited glass-ceramic coating (red curve). The characteristic temperature 
indicated is: Tg (glass transition temperature). .....................................................65 

Figure 4.1-10: Temperature dependence of the (a) Seebeck coefficient, (b) 
electrical resistivity, (c) power factor and (d) zT of the as-sintered HMS (black 
curve), coated (blu curve) and uncoated HMS (red curve) after thermal cycling from 
room temperature to 400°C, dwelling time 1h, for 10 cycles ...............................67 

 

Figure 4.2-1: XRD pattern of Mg2Si0.487Sn0.5Sb0.013 (a) after ball milling, (b) 
as-sintered, (c) after the oxidation test at 500°C for 120 hrs in air without coating, 
(d) PDF card (number: 01-089-4254) of Mg2Si0.4Sn0.6 ........................................68 

Figure 4.2-2: SEM images (a, b) and EDS analysis (c, d) of a cross- section of 
as-sintered Mg2Si0.487Sn0.5Sb0.013 ........................................................................69 

Figure 4.2-3: Dilatometric analysis carried out at 5°C/min on as-sintered 
Mg2Si0.487Sn0.5Sb0.013 ..........................................................................................70 

Figure 4.2-4: Mg2Si0.487Sn0.5Sb0.013 after oxidation test at 500°C for 120 hrs in 
air without coating ..............................................................................................70 

Figure 4.2-5: DTA analyses carried out at 10°C/min of M1 glass (black curve), 
M2 glass (red curve), M3 glass (blu curve), M4 glass (violet curve) and M5 glass 
(green curve). The characteristic temperatures indicated are: Tg (glass transition 
temperature) and Tp (crystallization peak temperature). ......................................71 

Figure 4.2-6: DTA (black curve) and HSM (blu curve) analyses with 
characteristic temperatures for M1 glass powders (≤ 38 µm), recorded both at 



 
 

 
 

10°C/min. The characteristic temperatures indicated with the black arrows in the 
DTA plot are: Tg (glass transition temperature), Tx (onset crystallization 
temperature) and Tp (crystallization peak temperature). ......................................74 

Figure 4.2-7: DTA (black curve) and HSM (blu curve) analyses with 
characteristic temperatures for M2 glass powders (≤ 38 µm), recorded both at 

10°C/min. The characteristic temperatures indicated with the black arrows in the 
DTA plot are: Tg (glass transition temperature), Tx (onset crystallization 
temperature) and Tp (crystallization peak temperature). ......................................74 

Figure 4.2-8: DTA and HSM analyses with characteristic temperatures for M3 
glass powders (≤ 38 µm), recorded both at 10°C/min. The characteristic 

temperature indicated with the black arrow in the DTA plot is the Tg (glass transition 
temperature). ......................................................................................................75 

Figure 4.2-9: DTA (black curve) and HSM (blu curve) analyses with 
characteristic temperatures for M4 glass powders (≤ 38 µm), recorded both at 

10°C/min. The characteristic temperature indicated with the black arrow in the 
DTA plot is the Tg (glass transition temperature). ...............................................75 

Figure 4.2-10: DTA (black curve) and HSM (blu curve) analyses with 
characteristic temperatures for M5 glass powders (≤ 38 µm), recorded both at 

10°C/min. The characteristic temperature indicated with the black arrow in the 
DTA plot is the Tg (glass transition temperature). ...............................................76 

Figure 4.2-11: Viscosity-Temperature curves for M1 glass (black curve), M2 
glass (red curve), M3 glass (blu curve), M4 glass (violet curve) and M5 glass (green 
curve), obtained fitting the characteristic fixed viscosity points and related 
temperatures. The black arrow in the figure indicates the SiO2 wt% increase versus
 ...........................................................................................................................77 

Figure 4.2-12: Dilatometric curves of M1 glass (black curve), M2 glass (red 
curve), M3 glass (blu curve), M4 glass (violet curve) and M5 glass (green curve), 
carried out at 5 °C/min. The characteristic temperatures, shown in the in-set and 
indicated with the arrows, are: Tg (glass transition temperature) and Td (dilatometric 
softening point). .................................................................................................79 

Figure 4.2-13: XRD pattern of (a, b) M1 and M2 glass-ceramic coatings, (c, d, 
e) M3, M4 and M5 glass-based coatings .............................................................81 

Figure 4.2-14: Dilatometric curves carried out at 5 °C/min of M1 and M2 
glass-ceramic coatings (black and red curves), M3, M4 and M5 glass-based 
coatings (blu, violet and green curves). The characteristic temperatures indicated 
with the arrows are: Tg (glass transition temperature) and Td (dilatometric softening 
point)..................................................................................................................82 



 
 

Figure 4.2-15: SEM images of the cross-section of (a, b) M3 glass coated 

Mg2Si0.487Sn0.5Sb0.013, of (c, d) M4 glass coated Mg2Si0.487Sn0.5Sb0.013 and of (e, f) 
M5 glass coated Mg2Si0.487Sn0.5Sb0.013, all after deposition heat treatment under 
flowing Ar. .........................................................................................................84 

Figure 4.2-16: Uncoated Mg2Si0.487Sn0.5Sb0.013 and M3 glass coated 
Mg2Si0.487Sn0.5Sb0.013 before and after the oxidation test in oxidative atmosphere at 
500°C for 120 hrs. ..............................................................................................85 

Figure 4.2-17: SEM images and EDS analysis of the cross-section of M3 glass 
coated Mg2Si0.487Sn0.5Sb0.013 after oxidation test at 500°C for 120 hrs in air ........86 

Figure 4.2-18: M5 glass coated Mg2Si0.487Sn0.5Sb0.013 before and after the 
ageing test in oxidative atmosphere at 500°C. After only 8 hrs the sample was 
exploded .............................................................................................................87 

Figure 4.2-19: XRD pattern of (a) aged Mg2Si0.487Sn0.5Sb0.013 at 500°C for 120 
hrs in air with coating (removing of the outer layers before doing XRD analysis), 
(b) PDF card (number: 01-089-4254) of Mg2Si0.4Sn0.6 ........................................87 

Figure 4.2- 20: XRD pattern of M3 glass-based coating (a) before and (b) after 
oxidation test at 500°C for 120 hrs in air ............................................................88 

Figure 4.2-21: Dilatometric curves carried out at 5 °C/min of (a) M3 glass-
based coating obtained at 550°C for 1h and (b) M3 glass-based coating after the 
oxidation test at 500°C for 120hrs. The characteristic temperatures indicated with 
the arrows are: Tg (glass transition temperature) and Td (dilatometric softening 
point)..................................................................................................................89 

Figure 4.2-22: SEM images and EDS analysis of the cross-section of 
Ceramacoat™512-N coated Mg2Si0.487Sn0.5Sb0.013 after curing at different steps of 
temperature ........................................................................................................91 

Figure 4.2-23: Ceramacoat™ 512-N coated Mg2Si0.487Sn0.5Sb0.013 before and 
after the ageing test in oxidative atmosphere at 500°C for 120 hrs ......................92 

 

Figure 4.3-1: Schematic illustration of the T1 glass and glass-ceramic 
characterization ..................................................................................................93 

Figure 4.3-2: SEM images of T1 glass powders ..........................................94 

Figure 4.3-3:(a) SEM image of T1 glass as cast and polished and (b) EDS 
analysis ..............................................................................................................94 

Figure 4.3-4: XRD pattern of (a) T1 as-cast glass, (b) T1 as-cast glass 
thermally treated at 1300°C for 10 minutes + 855°C for 30 minutes (1st route), (c) 
T1 glass-ceramic (2nd route) and (d) Y2Ti2O7 PDF card n.00-042-0413. .............95 



 
 

 
 

Figure 4.3-5: Dilatometric curves carried out at 5 °C/min of (a) T1 glass and 
(b) T1 glass-ceramic obtained after curing at 1300°C for 10 minutes+ 855°C for 30 
minutes. The characteristic temperatures indicated with the arrows are: Tg (glass 
transition temperature) and Td (dilatometric softening point). .............................96 

Figure 4.3-6: DTA (black curve) and HSM (blu curve) analyses carried out at 
10°C/min on the T1 glass powder. The characteristic temperatures indicated with 
the black arrows in the DTA plot are: Tg (glass transition temperature), Tx (onset 
crystallization temperature), Tp (crystallization peak temperature) and Tm (melting 
temperature). ......................................................................................................97 

Figure 4.3-7: (a, b) SEM images of T1 glass bulk heat treated at 1300°C for 10 
min+ 855°C for 30 min and (c, d) EDS analysis .................................................99 

Figure 4.3-8: DTA analysis of (a) as-cast T1 glass and (b) T1 glass-ceramic 
obtained with a heat treatment at 1300°C for 10 minutes and s at 855°C for 30 
minutes, under flowing Ar. The characteristic temperatures indicated with the 
arrows are: Tg (glass transition temperature) and Tp (crystallization peak 
temperature). .................................................................................................... 100 

Figure 4.3-9: SEM image of the cross-section of T1 glass-ceramic (obtained at 
1300°C for 10 min+ 855°C for 30 min) and EDS analysis on the all the area .... 101 

Figure 4.3-10: SEM image of the cross- section of T1 glass-ceramic (obtained 
at 1300°C for 10 min+ 855°C for 30 min) with the related EDS elemental maps
 ......................................................................................................................... 102 

Figure 4.3-11: SEM image at higher magnification of the cross- section of T1 
glass-ceramic (obtained at 1300°C for 10 min+ 855°C for 30 min) and EDS analysis 
on the all the area ............................................................................................. 103 

Figure 4.3-12: SEM image at higher magnification of the cross-section of T1 
glass-ceramic (obtained at 1300°C for 10 min+ 855°C for 30 min) with the related 
EDS elemental maps ........................................................................................ 103 

Figure 4.3-13: (a, b) SEM images of the cross-section of T1 glass-ceramic 
(obtained at 1300°C for 10 min+ 855°C for 30 min), respectively in secondary and 
back scattered electrons and (c, d, e) EDS analysis ........................................... 105 

Figure 4.3-14: SEM image at the T1 glass-ceramic/TiOx interface substrate 
with the related EDS elemental maps................................................................ 106 

Figure 4.3-15:  SEM image collected at the TiOx/T1 glass-ceramic interface 
after the coating deposition at 1300°C for 10 min+ 855°C for 30 min, under flowing 
Ar ..................................................................................................................... 107 



 
 

Figure 4.3-16: EDS line-scan results, collected at the TiOx/T1 glass-ceramic 
interface after the coating deposition at 1300°C for 10 min+ 855°C for 30 min, 
under flowing Ar .............................................................................................. 108 

 

Figure 4.4-1: SEM images of (a, b) Zn doped THD ball milled powders (c) 
EDS analysis .................................................................................................... 110 

Figure 4.4-2: XRD pattern of (a) Zn doped THD powders after ball milling, 
(b) as-sintered Zn doped THD, (c) PDF card (number: 00-024-1318) of Cu12Sb4S13

 ......................................................................................................................... 111 

Figure 4.4-3: SEM images of (a) polished surface and (b, c, d) fracture surfaces 
of Zn doped THD samples sintered by SPS ...................................................... 111 

Figure 4.4-4: Images of water- and solvent-based resins (a) after curing at 
250°C for 45min and (b) after curing and subsequently ageing at 590°C for 4 hrs
 ......................................................................................................................... 112 

Figure 4.4-5: XRD pattern of (a) CP4040 after curing at 250°C for 45 min, (b) 
CP4040 after curing and ageing at 580°C for 4 h (c) PDF card (number: 01-088-
1172) of Ti2O ................................................................................................... 113 

Figure 4.4-6: XRD pattern of (a) CP4040- S1 after curing at 250°C for 45 min, 
(b) CP4040- S1 after curing and ageing at 580°C for 4 h (c) PDF card (number: 01-
088-1172) of Ti2O ............................................................................................ 114 

Figure 4.4-7: Photo of the water-based resin coated Zn doped THD (on the 
left) and the solvent-based resin coated Zn doped THD (on the right) after curing at 
250°C for 45 min .............................................................................................. 114 

Figure 4.4-8: SEM images and EDS analysis of the cross-section of (a, c) 
water-based resin coated Zn doped THD and (b, d) solvent-based resin coated Zn 
doped THD after curing at 250°C for 45 min .................................................... 115 

Figure 4.4-9: SEM images and EDS analysis of top view (a, b) and SEM 
images of the cross- section (c, d) of aged Zn doped THD 350°C 48hrs without 
coating ............................................................................................................. 116 

Figure 4.4-10: XRD pattern of (a) aged Zn doped THD at 350°C for 48h 
without coating, (b) aged Zn doped THD at 350°C for 48h with coating and (c) PDF 
card (number: 00-024-1318) of Cu12Sb4S13 ....................................................... 117 

Figure 4.4-11: SEM images (a, b) and EDS analysis (c, d) of the cross-section 
of water-based resin coated Zn doped THD after ageing at 350°C, dwelling time 48 
hrs, in air .......................................................................................................... 117 

Figure 4.4-12: Temperature dependence of the (a) electrical resistivity, (b) 
Seebeck coefficient, (c) power factor of the as-sintered Zn doped THD (black 



 
 

 
 

curve), coated (blu curve) and uncoated Zn doped THD (red curve) after thermal 
ageing at 350°C, dwelling time 48hrs, in air ..................................................... 119 

Figure 4.4-13: SEM images (a, b) and EDS analysis (c, d) of the cross-section 
of aged Zn doped Zn doped THD 400°C 120 hrs without coating ..................... 120 

Figure 4.4-14: XRD pattern of (a) aged Zn doped THD at 400°C for 120 hrs 
without coating, (b) aged Zn doped THD at 400°C for 120 hrs with coating and (c) 
PDF card (number: 00-024-1318) of Cu12Sb4S13 ............................................... 121 

Figure 4.4-15: SEM images (a, b) and EDS analysis (c, d) of the cross-section 
of aged Zn doped THD 400°C 120 hrs with coating.......................................... 121 

Figure 4.4-16: Temperature dependence of the (a) electrical resistivity, (b) 
Seebeck coefficient, (c) power factor of the as-sintered Zn doped THD (black 
curve), coated (blu curve) and uncoated Zn doped THD (red curve) after thermal 
ageing at 400°C, dwelling time 120hrs, in air ................................................... 123 

  
 



 

1 
 

 

 
Introduction and aim of the PhD thesis 
Historically, the development and the use of energy always benefits the 

progress of human society and civilization. Continuous economic growth, industrial 
development and social stability are affected by the supply of energy, in particular 
fossil fuels[1]. Since they constitute the most important source of energy, actually 
fossil fuels are consumed quickly and they will be exhausted within 100 years if 
exploited at the current rate[2]. The depletion of natural energy sources, as well as 
negative environmental effects such as pollution, greenhouse gases emission and 
global warming have stimulated researchers to study advances renewable off- grid 
energy technologies: solar, wind, water and many others[3].  

In October 2014, the European Union member countries signed the 2030 
Climate and Energy Framework Agreement. This framework  
inevitably requests variations in the habitudes of consumers and energy producers, 
and opens new perspectives of research. In order to prevent dangerous climate 
change, three key targets have been proclaimed by the EU as a strategic priority to 
be achieved by 2030[4]:  

 to reduce gas emissions in the EU territory by at least 40% (compared 
to 1990 levels) 

 to bring the share of energy consumption satisfied by renewable 
sources to at least 27% 

 an improvement of at least 27% in energy production efficiency 

In the last decades, the thermoelectricity gained much interest in terms of 
sustainability and reliability on power generation technology. Research and 
development have been encouraged on thermoelectric (TE) modules which convert 
heat energy directly into electrical energy. These devices have the ability to either 
generate a voltage when exposed to a temperature gradient thanks to Seebeck effect, 
or produce a temperature gradient when supplied by electricity, thanks to Peltier 
effect [5].   

About 70% of energy in the world is wasted as heat and it is released into the 
environment with a significant influence on global warming [6]. The waste heat 
produced in all the areas of daily life (e.g. in industry, homes and transport) is one 
of the most significant sources of clean, fuel-free, available and cheap energy. 
Thermoelectric generators (TEGs) can take advantage of this huge energy reservoir 
and transform it into a higher form of energy. In the last decade, thermoelectric 
generators have been used in an increasing number of fields to provide electrical 
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power in medical, military, and space applications, where combination of their 
interesting properties outweigh their high production cost. “Energy harvesting” 

with thermoelectric generators is based on the use of solid-state devices 
characterized by no moving parts, absence of noise, reliability and scalability [7], 
and is an ideal solution for small power generation [8]. Home heating, combustion 
exhausts, process exhausts, hot gases from drying ovens, cooling tower water and 
automotive exhaust all generate a huge amount of waste and unused heat [9] that 
can be converted into electricity by employing thermoelectric devices. Recent 
improvements are reported to replace the alternator in cars with a thermoelectric 
generator placed on the exhaust steam, aimed to increase the efficiency [10]. Other 
TE devices are employed in jet engines [11] or oil and gas pipelines[12].  

Researchers and manufacturers are working to increase the efficiency of 
thermoelectric generators and to develop appropriate processes for mass 
production. The first thermoelectric materials were very expensive and could 
generate only a few watts. Actually available systems are able to produce up to 1000 
watts. New materials and manufacturing methods enable greater temperature 
differences to be utilised, and therefore the power output will also continue to rise. 

Motivation 

The thermoelectric energy conversion system has great appeal in terms of 
silence, simplicity and reliability if compared to the traditional power generation 
and refrigeration. The last two decades have seen a significant increase in academic 
activities and industrial interests in thermoelectric materials. A crucial issue in the 
application of thermoelectric substrates in waste heat recovery is their stability and 
oxidation resistance over time at high temperatures. In fact, most of the high- 
performance TEs, such as tellurides and silicides, can be oxidized at high 
temperature in air [13]. Therefore, currently thermoelectric devices work at 
relatively low temperatures (<500°C) to avoid this degradation, but if they could be 
used at high temperatures, their efficiency would increase. There is an important 
number of publications that described the several attempts actuated to solve this 
critical aspect, such as employing vacuum- tight stainless steel containers or inert 
atmosphere, but obviously this increases considerably the cost of the building 
devices.  

Glass and glass-ceramic based coatings are potential candidates for protecting 
thermoelectric substrates against oxidative atmosphere. As widely and 
subsequently discussed in the thesis, they are inexpensive and thermally stable, they 
have versatile compositions and therefore, their properties can be tailored to make 
them suitable for coating a large variety of metals and alloys. Although some glass-
ceramic systems could be decisive in reducing oxidation, their effectiveness for 
maintaining transport and electric properties has not been reported yet. To the best 
of the author’s knowledge, silica-based glassy systems have been already studied 
in the past as protective coatings on tellurides and skutterudites, but not on silicides, 
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which are involved in this research. Furthermore, the majority of the research 
presented in literature focuses on the physical characterizations of the coatings, but 
only in a few, electrical properties of the substrate were measured, especially after 
oxidation or thermal cycling tests, as discussed in this thesis. Furthermore, the large 
amount of residual glassy phase belonged to these glass- based coatings could be 
beneficial by acting as a crack sealant and conferring self-sealing properties.  

Preliminary experiments on the glass-ceramic oxidation protective systems 
developed during this thesis have shown promising results to reach high electrical 
performances. This is particularly important because thermoelectric modules that 
could operate at high temperature and therefore generate more energy per module 
are not yet available on the market.  

Objective 

The objective of this study has been the design and the development of 
innovative oxidation protective coatings for different types of thermoelectric 
substrates. Glasses and glass-ceramic coatings were produced to protect 
manganese- and magnesium- based silicide thermoelectrics, with the composition 
MnSi1.74 and Mg2Si0.487Sn0.5Sb0.013, up to 600°C and 500°C respectively. 
Futhermore, a new silica-based glass ceramic was developed for the titanium 
suboxide (TiOx), employed as both thermoelectric and electrode for high 
temperature (T > 600°C).   Concerning the zinc doped tetrahedrite, the effectiveness 
of hybrid commercial coatings was investigated as oxidation protective systems 
(Cu11.5Zn0.5Sb4S13) working at 400°C.  

In this perspective, the PhD thesis is organized in five chapters. Chapter 1 
gives an introducing overview on thermoelectricity and thermoelectric effects, the 
thermopower generation technology through the application of thermogenerators 
(TEGs) and the materials used to produce the thermoelectric substrates involved in 
this study. Particular attention is focused on their oxidation stability over time at 
high temperature.  

Chapter 2 deals with the state of art of oxidation protective methods for 
thermoelectric power generation materials. The importance and the rising interest 
in new glass and glass-ceramic based coating technologies is underlined. Several 
solutions have been proposed and investigated in literature to solve the oxidation 
problem in this direction, but almost all of them didn’t consider the effectiveness of 

an oxidation resistant coating respect to the thermoelectric properties. 

In Chapter 3, the experimental approach used in the present thesis is 
summarized. The techniques and the instruments employed to design, produce and 
characterize both the oxidation protective coatings and the thermoelectric substrates 
are described. This chapter deals with the experimental procedures and 
methodology used in accomplishing this work.  
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In Chapter 4, the results and the discussions concerning the effectiveness of 
the using of oxidation protective coating (commercial hybrid resins or innovative 
glass-ceramics, depending on the thermoelectric substrate) are presented.  

Research on oxidation protective coatings for thermoelectric materials is an 
important task, which helps to understand limitations and opportunities of this 
technology for future energy conversion systems. Many efforts in this field should 
be focused on the coating deposition technique, on the increasing of durability and 
efficiency as well as on the lowering of the production cost. These aspects are 
fundamental to transfer the production of reliable oxidation protective coatings 
from the laboratory scale to an industrial one. 

The results, obtained and discussed in the present work, represent a promising 
solution to some critical issues in the thermoelectric devices technology. Useful 
information about the compatibility between different materials, in complex 
conditions, are collected and discussed constituting a precious contribute to the 
actual state of the art in this field. In the final part of the thesis the results are 
summarized and possible future perspective are discussed. 
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Chapter 1 

Thermoelectricity: an overview 

Thermoelectricity is a field of physics that concerns and studies the different 
phenomena of heat conversion into electricity and vice versa, correlating the heat 
flow passing through the materials to the electric current that flows through them. 
This can occur in particular conductive or semiconductor materials called 
“thermoelectric materials” where these phenomena become appreciable and 
exploitable. 

This chapter represents an overview of the thermoelectric technologies 
developed since the discovery of the physical phenomena, related to the generation 
of thermoelectric energy and thermoelectric cooling, respectively the Seebeck and 
Peltier effects. In the past decades a fast increase in thermoelectric research 
occurred, followed by alternating periods of poor improvement up to the last years 
when, due to different technologies, social and environmental factors, the demand 
for new methods of energy production and management began to increase faster 
and faster. Thermoelectric effects refer to electronic and thermal properties of a 
system. For this reason, the objective of this paragraph is to provide an overview 
about the principles that give rise to the thermoelectric phenomena. 

1.1 History of thermoelectricity and thermoelectric effects 

The birth of thermoelectricity dates back to the late 1700s, when Alessandro 
Volta discovered the connection between heat and electricity observing how, by 
heating the ends of a metal arc, an "electrical voltage" was obtained which would 
disappear with its cooling [14]. 

During the 1800s thermoelectricity took on increasingly defined contours 
thanks to the discovery of its main effects, due to the studies of Thomas Johann 
Seebeck, Jean Charles Athanase Peltier and William Thomson (Lord Kelvin). 
These effects are explained by the phenomena of diffusion of charge carriers 
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(electrons and holes) due to the thermal effect in the conductors (or 
semiconductors), and in the phenomena of contact between the junctions 
connecting conductors of different material [15]. 
The first thermoelectric phenomenon studied was the Seebeck effect [16,17]. In 
1821, during an experiment, the physicist T.J. Seebeck, noted that, in a circuit 
consisting of metal conductors or different semiconductors (copper and bismuth) 
but connected together, a temperature gradient generated a deviation of the 
magnetic needle of a compass. Seebeck thought that this phenomenon was 
correlated with terrestrial magnetism. 
A few years later, the Danish physicist Hans Christian Ørsted, understood that the 
effect had electrical origin, officially decreeing the discovery of that known to us 
today as Seebeck effect. In fact, the experimental studies of Seebeck led to 
formulate a relation between heat and electricity. He considered a simple 
thermocouple junction (Figure 1.1-1) consisting of two dissimilar materials 
indicated as “A” and “B” electrically connected in series and thermally in parallel. 

The Seebeck effect is related to a voltage generated at the materials’ edges indicated 
as “cold junction” which is kept at temperature T and “hot junction” which is at T+ 
∆T, creating a temperature gradient ∆T.  

 
Figure 1.1-1: Diagram showing the Seebeck effect [18] 

Under these conditions the electromotive force (∆V, voltage difference) 
generated in the circuit is directly linked to ΔT by a proportionality coefficient α, 
which is an intrinsic property of the material and it is known as Seebeck coefficient 
or thermopower [18]. It is expressed in μVK-1 and is given by the equation (1): 

 

 ∆𝑉 = 𝛼∆𝑇 (1) 

The temperature difference causes the movement of the mobile charge 
carriers (electrons or holes) towards the cold junction, while the opposite immobile 
charged carriers remain behind the at the hot junction. Charge movement 
determines the increment of a thermoelectric voltage V, given by equation (2):  
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 V = ( 𝛼A - 𝛼 B ) ∆𝑇 (2) 

 
where 𝛼A and 𝛼B are the Seebeck coefficients of the materials A and B 

respectively, and ∆T is the temperature difference between the junctions. 
 
In 1834 J. C. A. Peltier observed that an electric current flowing in a conductor 
consisting of two different metals generated a temperature difference that cannot be 
connected to the Joule effect, discovering the Peltier effect [19], [20].  

Peltier effect is the opposite of the Seebeck effect. In fact, if an electrical current 
flows through the junction of two different materials, heat could be generated or 
absorbed, according to the current direction. This is an effect cause by the difference 
in the Fermi energies of the A and B materials. 

The Peltier heat (Q), absorbed or generated by the junction is given by the 
following equation: 
 𝑑𝑄

𝑑𝑇
 = (ΠA - ΠB) (3) 

 
where ΠA and ΠB are the Peltier coefficient of A and B materials respectively, and 
they represent the quantity of heat absorbed by the material when current I passes 
through it. 
Finally, in 1851, the English physicist William Thomson demonstrated that the 
Seebeck and Peltier effects were closely correlated to each other [21]: an electric 
current flowing in the presence of a gradient of temperature gives rise to a heat flow 
proportional to both the current and the thermal gradient. The heat absorbed or 
emitted is called Thomson heat (Q) and it is expressed by the following equation: 
 
 𝑄 =  𝜌𝐽2 - 𝜇∗𝐽

𝑑𝑇

𝑑𝑥
 (4) 

 
where 𝜌 is the resistivity of the material and 𝑑𝑇

𝑑𝑥
  is the temperature gradient along 

the conductor, 𝐽 is the current density and 𝜇∗ is the Thomson coefficient. The first 
term 𝜌𝐽2 is referred to as the Joule heating (irreversible) and the second part is the 
Thomson heating [22]. 
The fundamental difference between the Seebeck and Peltier effect separately 
considered and the Thomson effect is that the latter can manifest itself in a single 
material and therefore does not need of junctions to be detected. 
The first applications of Thomson's theories came only after 1909 thanks to the 
German physicist Edmund Altenkirch [23], [24] who derived the maximum 
efficiency of a thermoelectric generator and of a cooler. In fact, based on the 
thermoelectric effects describes above, two different configuration of 
thermoelectric device can be produced: for power generation (Figure 1.1-2a) 
operating through the Seebeck effect and for cooling systems (Figure 1.1-2b), 
operating through the Peltier effect [18]. 
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Figure 1.1-2: General operative configuration for (a) solid-state power generators and (b) 

solid- state refrigerators [18] 

The development of thermoelectric applications began in the early 1930s, with the 
advent of semiconductor thermoelectric materials, mainly by the Russian school 
[25]. 
The absence of moving parts made these generators silent and reliable, ideal for 
military field devices or sensors; numerous applications have been developed 
essentially for the military and aerospace sector which are still strictly secret. 

In the West, particularly in the U.S.A., the activity of research and 
development of thermoelectricity began immediately after the war, and was intense 
between 1950 and 1960, when numerous materials with rather interesting 
thermoelectric properties have been discovered. This is the case, for example, of 
the bismuth telluride (Bi2Te3), used in Peltier cells on the market (platelets 
refrigerants), or of the silicon and germanium (SiGe) alloys used for feeding the 
space probes in thermoelectric radioisotope generators (RTG), for example for 
Voyager, Galileo and Cassini Missions (Figure 1.1-3). Although until the early 
1960s, over 100 companies were active in the thermoelectric sector, ten years later, 
thermoelectricity saw only a dozen companies involved, up to only two industries, 
Melcor and Marlow, active in the early 1990s. 

 

 

Figure 1.1-3: Third RTG installed in the Saturn probe Cassini. Source: Nasa 
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This progressive disengagement was motivated by the observation that, despite the 
discovery of new materials, the efficiency of thermoelectric generators invariably 
remained an order of magnitude lower than that was erroneously predicted in the 
late 1950s. In 1970 the "International Thermoelectric Society" was born, which 
brings together all the leading thermoelectric experts and promotes it, presenting all 
the technological innovations in an international meeting held annually since 1970 
in the largest capitals of the world. 

Since 1993, interest in thermoelectricity was revived [26] because the research 
activity was driven by a theoretical forecast: the efficiency of thermoelectric 
devices can be significantly increased through the use of low-dimensional systems, 
for example by using nano thermoelectric materials structured. 
At the same time, the production cost of thermoelectric modules continued to fall 
both for physiological reasons of the market and thanks to academic studies, which 
led to the definition of new low-cost construction standards, and will make the use 
of this technology extremely advantageous in the direct conversion of heat into 
electricity. 
Present-day applications, include space and automotive fields, both in cooling and 
electricity generation [25], but several example will be described in the following 
paragraph. 

1.2 Thermoelectric generators (TEGs) 

The increased interest in thermoelectric materials is due to the possibility of 
designing thermoelectric generators (TEGs). These are reliable and promising 
candidates as solid-state devices for converting the huge amount of industry and 
automobile exhausted waste heat into electricity, operating where the use of other 
technologies is not suitable.  

The first thermoelectric devices were confined in military and aerospace 
industries, where reliability and quiet operation of the equipment were more 
important requests than high costs and energy efficiency. In this direction, efforts 
in the automotive market are already underway through the integration of TEGs 
into combustion engines. The goal is to replace the alternator in cars for enhancing 
the overall system efficiency using the exhaust steam heat recovery [27][28][29]. 

TEGs are ideal for small distributed power generation thanks to several 
advantages [7][30][31] respect to traditional energy sources: 

- small size 
- no rotating, vibration or moving parts 
- noise absence 
- high reliability and scalability 
- environmentally- friendly 
- selection of low cost materials 
- gas emission free 

Thermoelectric materials have the potential to revolutionize automotive 
heating, ventilation, and air-conditioning (HVAC) systems[32]. Improving 
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thermoelectric materials can enable the production of HVAC systems with the very 
desirable and unique features above mentioned. 

Almost 70% of world energy is recognized to be waste heat that is dispersed 
into the atmosphere and is considered as one of the main causes leading to global 
warming [33].  

Waste heat is produced in all the areas of daily life and in literature [34] is 
possible to find various sources that generate unused energy. They can be divided 
in three broad categories, depending upon the average temperature generated by 
them: 

 low temperature sources (<250 °C): examples of sources in this range are 
condenser for air conditioning/refrigeration, ovens, air compressors, furnace 
doors and electric circuit; 

 
 mid temperature sources (250–650 °C): for example steam boiler exhaust, 

gas turbine exhaust, drying and baking ovens, automotive exhaust; 
 

 high temperature sources (>650 °C): include metal refining furnaces, steel 
heating furnace, hydrogen plants. The natural decay of the radio-isotopes 
(such as Pu238) is another example for this class of devices. They produce 
high temperature heat (800–1000°C) and TEGs utilizing these heat sources 
are known as radio-isotope thermoelectric power generators (RTG) [35], 
where the heat comes from the nuclear decay of a radioactive isotope which 
is an advantage because highly available, robust and compact. 

TEGs have been mainly proposed for waste heat recovery in mid- and high- 
temperature applications because of the potential for appreciable power 
generation [9,36,37], and heat source temperatures and applications are shown 
in Table 1.2-1. 
 
Table 1.2-1: Waste heat source temperatures provided for mid- and high- temperature TEGs 

applications [31] 

Application Heat source temperature Reference 
Automotive exhaust 400- 700°C [38] 

Diesel generator 
exhaust ~ 500°C [39] 

Primary aluminium 
Hall- Heroult cells 700- 900°C [9,36] 

Glass melting 
regenerative furnace ~ 450°C [9,36] 

 
A thermoelectric power generator module consists of several thermocouples 

electrically connected in series, each of them made of n- and p- type thermoelectric 
materials (Figure 1.2-1). Thermally these thermocouples are connected in parallel 
so that heat is able to flow through the TE materials. Electrical insulation on the hot 
and cold sides stabilizes the thermocouples arranged with this configuration. 
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Figure 1.2-1: Design and operative scheme of a thermoelectric generator.  

Source: Fraunhofer IPM 

The p- and n- legs which constitute each thermocouple are joined by a metal 
interconnect and the series of legs are placed within a heat source and a heat sink. 
The typical and complete architecture of a single p-n thermoelectric couple showing 
electrical and thermal interfaces, is shown in the Figure 1.2-2.  

 

  

Figure 1.2-2: Scheme of the architecture of a single thermocouple [34] 

TEG devices have a very complex structure and present many technical 
challenges and process implementation. For instance, a metallurgical bond should 
be guaranteed between the TE leg and the interconnects. These latter must be 
prepared in a specific and suitable size, in such a way to reduce the total electrical 
and thermal resistance, avoiding that a considerable proportion of the 
thermoelectrically generated energy is lost due to ohmic losses. The soldering / 
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brazing material must not diffuse into the thermoelectric material, in fact sometimes 
a barrier is required. The substrate must be electrically insulating but thermally 
conductive. 

 
TEGs can operate at several different temperature ranges, so the application 

areas are many: communications, healthcare, aerospace, biomedical, military. 
Waste heat recovery is the main and also the more attractive because in this field 
TEGs can help to reduce the adverse effects of global warming. In fact, generating 
the electricity by harvesting waste heat which is a by-product of industries, 
automobile engines and solar power, TE devices can meet the environmental issues 
as already widely discussed in the introductory chapter. Other interesting areas are 
considering TEG as an alternative to their usual configuration.  
For example the communication and health care body-mounted electronic devices 
require a portable and autonomous energy source having an electrical power 
between 5 µW and 1W with a life expectancy of ~ 5 years [40–42]. Nowadays these 
medical devices use batteries usually containing toxic substances (such as sulfuric 
acid, mercury, zinc, lithium, lead, nickel and cadmium) which are not human 
friendly and so, in some cases, TEGs represent a valid option. Furthermore, TEGs 
can be used as sensors (Figure 1.2-3), because of their ability to convert heat into 
electrical signals, such as cryogenic heat-flux sensors, water- condensation 
detectors, fluid-flow sensors, and infrared sensors[43,44]. However, concerning 
size and light weight, the most effective structure for thermoelectric sensors are 
based on thin-films [45]. 
 

 

Figure 1.2-3: Thermoelectric sensor. Source: Fraunhofer IPM, Kai- Uwe Wudtke 

In space missions (from mars and beyond it), radio isotope thermoelectric 
generators (RTGs) have been used by the United States NASA to provide electrical 
power for spacecraft since 1961[46]. RTG technology has been used during the last 
four decades to convert the thermal power generated by a radioisotope heat source 
to electricity for many planetary exploration missions. The radioisotope 
thermoelectric generator can operate continuously and independently from the sun. 
That property suits well with the long time (7–10 years) missions which use either 
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a radioactive or a nuclear reactor heat source to provide a wide range of electrical 
power levels [35]. The last generator launched is the Radioisotope Thermoelectric 
Generator MMRTG [47], built in Mars Science Laboratory (Figure 1.2-4). It 
consisted of PbTe/TAGS TE materials, where the TAGS incorporates Tellurium 
(Te), Silver (Ag), Germanium (Ge) and Antimony (Sb), and with a mass of 45 Kg 
produced ~121W, with an efficiency of 6.0%.  
 

 

Figure 1.2-4: Multi-Mission Radioisotope Thermoelectric Generator [46] 

The main markets are connected with cooling powers below 200 W: small 
refrigerator and beer tender [25], wine cabinets, ice cream makers, yogurt maker 
and others. There are today also many applications in the automotive sector, for 
example to keep drinks fresh in thermal cup holders (Figure 1.2-5), or for climate 
controlled seat (Figure 1.2-6). 
 

 

Figure 1.2-5: Peltier elements can keep drinks fresh in thermal cup holders.  

Source: Dometic Group 
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Figure 1.2-6: Cooler for the front seats of a car. Source: General Motors 

More commonly, TEGS are used in electronic devices. Heat flux of 
microprocessor is gradually higher for the increasing of the microprocessor power 
and the reduction of the microprocessors sizes, with several difficulties related to 
cooling of the system. Hence, harvesting thermoelectric energy from the wasted 
heat leveraging on the temperature gradient between the processor surface and the 
environment (Figure 1.2-7), it is possible to meet the resolution of these issues [48]. 

 

 

Figure 1.2-7: Peltier cooler in PC enable optimal processor performance.  

Source: pcgameshardware 

One of the interesting applications of TEGs is in producing electrical power 
from the heat generated by concentrating the solar energy in buildings and houses 



15 
 

heating and cooling systems [49–51]. In summer, utilizing the electrical power 
generated by photovoltaic/thermal modules, the TE device works as a cooler. In 
winter, the voltage applied on thermoelectric device is reversed. Thus, the 
thermoelectric device could release heat to increase the temperature of the room. 

Automotive field needs to enhance the energy efficiency of vehicle engines in 
order to comply with severe CO2 targets for 2020. Most of the energy is currently 
lost in the cooling and exhaust systems, and especially that contained in the hot 
exhaust gas can be transformed using TEGs into electrical energy in order to 
partially replace alternators and charge batteries (Figure 1.2-8). This is able to 
decrease the fuel consumption and consequently CO2 emissions. Some years ago, 
different multinational car companies like BMW [52], Ford [53], Renault [54] and 
Honda [55] demonstrated their interest in exhaust heat recovery developing systems 
based on TEGs. Generally, the TEGs are placed on the exhaust pipe surface (shaped 
as a rectangle, hexagon, etc.) and they are cooled with cold blocks using engine 
coolant. This technology has not yet been installed in present production cars and 
is still in the concept stages. Most studies reported that converting unused waste 
heat would enable fuel savings of 3-5% [55–57], but more recently different number 
of project results showed that these values cannot be implemented, reaching in 
reality only ~1% of efficiency [58]. Therefore, more research is needed in particular 
towards materials, topological and electronic optimization in order to improve 
TEGs performances. 

  

Figure 1.2-8: CAD model of a TEG component (on the left) for an integrated exhaust system 

of a combustion engine-powered vehicle (on the right). Source: DLR- FK 

All the above applications are just some of the possible employments of 
thermoelectric modules and a lot of other perspectives still have to be studied and 
discovered.  

1.2.1 Analysis of thermoelectric behaviour 

1.2.1.1 Figure of Merit (zT) and thermoelectric efficiency (ⴄ) 

In 1911, Altenkirch introduced the concept of the dimensionless unit called 
“Figure of Merit” to assess the performance of thermoelectric materials [59] and it 
is defined by the following equation: 
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𝑧𝑇 =  

𝛼2𝜎 𝑇

𝑘
 (5) 

 
where: 
𝛼 = Seebeck coefficient [µVK-1] 
σ = electrical conductivity [Sm-1] 
k = thermal conductivity [Wm-1K-1] 

 
These three transport parameters 𝛼, σ e k depend on each other as a function of 

different factors such as the band structure and the carrier concentration. Figure 1.2-
9 shows how the figure of merit varies depending on the three thermoelectric 
properties through carrier concentration tuning [7]. In particular, 𝛼 and σ 
reciprocally vary, making improvements in the figure of merit more difficult. 
Furthermore, σ and α are inversely related, so it is not possible to rise the 
thermoelectric power factor upon an ideal value for a bulk material. However, a 
good thermoelectric material must have a high merit index. This implies that for a 
given temperature, the material would have very high values for both electrical 
conductivity (to allow the conduction of electricity which would create a potential 
difference across the sample) and Seebeck coefficient, but needs to have a very low 
thermal conductivity (to maintain the temperature gradient between the hot and the 
cold side). The high electrical conductivity decreases the joule heating and 
increases the thermoelectric voltage produced, on the other side the low thermal 
conductivity reduces the heat transfer between the junctions. Good performing 
thermoelectric materials are typically heavily doped semiconductors with a carrier 
concentration between 1019 and 1021 carriers per cm3. 

 

Figure 1.2-9: Figure of Merit maximization of a thermoelectric, which involves a 

compromise of thermal conductivity (k) and Seebeck coefficient (α) with electrical conductivity 

(σ) [7] 
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Since TE devices are constructed from several couples of p- type and n- type 
legs, the Figure of Merit of such devices is given by the equation (6): 

 
zT = 

(𝛼𝑝 −𝛼𝑛)2 𝑇

[(𝜌𝑛𝑘𝑛)1/2 +  (𝜌𝑝𝑘𝑝)
1/2

]2
 (6) 

 
where 𝛼p, ρp, and kp are the Seebeck coefficient, the resistivity, and the thermal 

conductivity of the p-type material, respectively, while 𝛼n, ρn, and kn are the 
Seebeck coefficient, the resistivity, and the thermal conductivity of the n-type 
material, respectively. 

The equation (7) defines the device’s efficiency[7,31,34,60]: 
 
 

𝜂 =  
𝑇ℎ− 𝑇𝑐

𝑇ℎ
 (

√1 +  𝑧𝑇𝑎𝑣𝑔 − 1

√1 +  𝑧𝑇𝑎𝑣𝑔 +  
𝑇𝑐

𝑇ℎ
⁄

) 
(7) 

 
where TC is the temperature in correspondence of the cold side, Th is the hot 

side temperature and zTavg is the average figure-of-merit for each thermoelement in 
the module temperature range. According to this relation, when zT is infinite, the 
efficiency is equal to the ideal Carnot. For this reason, thermoelectric generators 
can be considered Carnot hot engines [61]. 

In addition to the intrinsic properties of the TE materials, many factors 
determine the device efficiency. The efficiency of the TEG is much lower than the 
efficiency of the thermoelectric material itself since energy could also be required 
for the working operations of the system, for example in pumping the cooling fluid 
through the cold side of heat exchangers. Therefore, the net power of TEGs must 
take into account these parasitic power losses. 

All the electrical contacts have to be characterized by the lowest value of 
contact resistance (i.e. the value of contact resistance should be far less than the 
bulk resistance of the thermoelement). Analogously, thermal contact should be as 
close to ideal value as possible, so that almost all the heat is able to flow through 
the thermoelements and the heat flowing through the shunt-path is nearly zero. 
Coefficient of thermal expansion (CTE) is another very important parameter to be 
considered especially in high temperature or thermal cycling conditions. TE legs 
are rigidly held in place by a solder joint to the electrical interconnect and substrate, 
so a CTE mismatch between the different materials, would determine stresses 
concentration causing cracks and efficiency lose. Certainly, this is an aspect which 
limits the choice of the set of materials involved.   

Consequently, one of the main challenges in the power generation field through 
the application of thermoelectrics is certainly the choice of efficient materials. The 
selection standard to identify n- and p-type thermoelectric materials are the 
following: 

- stable and high zTavg in the temperature range of the application for 
several years. The stability of zT is linked to σ, α and k. Formation of 
voids, pores, cracks or sublimation (also partial) of the material and 



 

18 
 

chemical reactions of the thermoelectric with the metallic interconnects 
or with undesirable atmospheric gases could carry out to the 
thermoelement degradation.  

- TE materials should be low cost and consisted of earth-abundant 
elements 

- p- and n-type semiconductors should have zTavg of nearly similar value 
at the operating temperature 

Since the Figure of Merit is a temperature dependent parameter, using the same 
material in a broad range of temperature gradient is not possible. To make this 
technology more efficient, it is advised to utilize different materials, so that a 
thermoelectric element with high zT at high temperature is coupled with a material 
with high zT at low T. 

However, a certain compatibility between the two materials involved in this 
large temperature range must be guaranteed. Compatibility is related to both heat 
and electricity which have to flow without difficulties in this two materials 
connected in series. For a specific material the compatibility factor “c” is calculated 
with the following equation [62,63]: 

 
 

𝑐 =  
[(1 + 𝑧𝑇)2 − 1]

𝛼 𝑇
 

(8) 

 
This parameter should not differ more than 2, otherwise the segments will not 

function with the maximum efficiency and the overall power produced by the TEG 
will be lower than expected. 

One of the most important requirements in order to have highly efficient TEG, 
is that p- and n-type thermoelements material should have high zTavg of nearly 
similar value at the operating temperature. The maximum theoretical efficiency 
expected for TEG as a function of temperature difference between hot and cold 
sides (assuming the cold end is around 300 K) for materials having different zTavg 
is shown in Figure 1.2-10.   

 

Figure 1.2-10: Thermoelectric energy conversion as a function of zT [64] 
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The commercial thermoelectric materials have a relatively low zT of ~1 and the 
average thermoelectric generators on the market have a conversion efficiency of 
approximately 5%. As it can be seen, there is a great potential to seek new materials 
with zT values of 2–3 to provide the desired conversion efficiencies in order to be 
competitive with traditional mechanical energy conversion systems [64]. 
Theoretically, for a material of zTavg ~ 5 a conversion efficiency of ~ 30% with ∆T 
of 500 K can be reached. However, it is critical to synthesize thermoelectric 
materials with high zT with the aim to promote the practical applications of 
thermoelectric materials. In this direction, the major activities in thermoelectric 
materials have been focused on the increase of the Seebeck coefficient and the 
reduction of the thermal conductivity. Despite this, on the experimental side the 
situation for high zT materials is quite different. The temperature dependence of zT 
for various n- and p-type thermoelectric materials is shown in Figure 1.2-11 [7], 
where the highest zT of most of the materials is contained in the range of 0.8–1.2.  

 

Figure 1.2-11: Figure of merit zT of commercial materials for thermoelectric power 

generation: n-type on the left and p-type on the right [7] 

1.2.1.2 The Seebeck coefficient (α)  

As reported in the 1.1 paragraph, the thermoelectric effect manifests when a 
temperature difference between two points in a conductor or semiconductor causes 
a voltage difference between these two points. In a different way, a temperature 
gradient in a conductor or semiconductor generates a built-in electric field [65]. The 
Seebeck coefficient, or also called thermopower, measures the magnitude of this 
effect and it is the ratio of the induced thermoelectric voltage to the temperature 
difference across the material. It expresses the thermoelectric voltage developed per 
unit of temperature difference in a semiconductor. Only the Seebeck voltage 
difference between different metals can be measured [18]. In effect, thermoelectric 
devices are able to act as electricity generators just through this effect. 

The Seebeck coefficient is expressed in V/K or more commonly in µV/K and 
it is given by the equation (9): 
 

𝛼 =  
8𝜋2𝐾𝐵

2

3𝑒ℎ2
𝑚 ∗ 𝑇(

𝜋

3𝑛
)2/3 

 

(9) 

where KB is the Boltzmann’s constant, 𝑒 is the electronic charge, h is the Plunck’s 

constant, T is the temperature, m* is the effective mass of the carrier and n is the 
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carrier concentration. The equation (10) shows that, at a specific temperature, 
Seebeck coefficient is proportional to the effective mass and to the inverse of the 
carrier concentration. 
 𝛼 ∝  

𝑚 ∗

𝑛2/3
 

 

(10) 

Therefore, to have a large Seebeck coefficient, the material should have low carrier 
concentration and a high effective mass. This is the reason why semiconductors 
have higher thermopower than metals have.  

The Seebeck coefficient for semiconductors materials, based on the band model 
for finely grained material, is given by the following equation [66]: 

 
 

𝛼 =  ± 
𝐾𝐵 

𝑒
[ (2+ r ) +ln 

2(2𝜋𝑚𝑝(𝑛)
∗ 𝑘𝐵)3/2

ℎ3𝑝(𝑛)
] 

 

(11) 

where r is the scattering factor, m*p(n) is the effective mass of holes (electrons) and 
p(n) is the carrier concentration. From this equation, it can be deduced that Seebeck 
coefficient is inversely proportional to the carrier concentration, as explained 
before. 

 
It was discovered that only the use of different materials, linked together in a 

so-called thermocouple, shows the Seebeck effect. For two legs of the same 
material, no Seebeck effect occurs, although both derivations intrinsically possess 
a Seebeck coefficient, for reasons of symmetry. However, it is present because the 
Seebeck effect is a mass property and depends neither on the specific arrangement 
of cables or material nor on the specific method of joining them [67]. 

 
Generally, most metals have Seebeck coefficients of 10 μV/K or less, but 

semiconductor materials are promising for thermocouple manufacturing because 
they have Seebeck coefficients higher than 100 μV/ K. It should be underlined that 
the relationship between the voltage of Seebeck and the temperature is linear only 
for small temperature changes (Hamid Elsheikh et al., 2014), because in the 
contrary case, this relationship becomes non-linear. Therefore, it is important to 
work the temperature at which the Seebeck coefficient is specified. 

1.2.1.3 The electrical resistivity (ρ) 

Electrical resistivity is the reciprocal of the electrical conductivity (σ), which 

represents the measure of the material’s ability to conduct electric current, as given 

by equation (12): 
 

𝜎 =
1

𝜌
= 𝑛𝑒𝜇 (12) 

 
where 𝜇 is the mobility of the charge carriers, and it is obtained from the 

equation (13): 
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 𝜇 =  
𝑒𝜏

𝑚∗
 (13) 

 
where 𝜏 is the mean scattering time between the collisions for the carriers. It 

can be said that the electrical conductivity is directly proportional to the carrier 
concentration. 

Electrical resistivity and conductivity are both important material– dependent 
properties that usually are function of temperature. In fact, the ρ value at room 
temperature indicates whether a material is an insulator (ρ is on the order of 106 
Ω∙m or more) or a metal (ρ is on the order of 10-6 Ω∙m or less)[68]. The resistivity 
of a semiconductor material falls between the metal and insulator values. The 
optimum range of electrical resistivity for a thermoelectric material is in the range 
10-3- 10-2 Ω∙m [69]. Eventual variations in the electrical resistivity depend on 
changes in the carrier concentration and the mean free path of the charge carriers. 
When the charge carriers reach the material are reflected/scattered by its 
surface[70]. In order to obtain a low electrical resistivity in semiconductors, the 
lattice should have almost infinite conductance at low temperatures, but in reality, 
the conductivity of semiconductors is very low at low temperatures due to the 
limited number of free electrons[68]. Information about the intrinsic properties of 
the materials involved can be acquired by the analysis of the temperature 
dependence of the electrical resistivity. 

1.2.1.4 The thermal conductivity (k) 

The thermal conductivity is the ability of the material to transfer heat under the 
effect of temperature gradient. It is given by the sum of two contributes , k = ke + 

kL, where ke is related to electrons and holes transporting heat, while kL is defined 
by phonons traveling across the lattice[66]. Therefore, the figure of merit can be 
optimized by maximizing the electrical conductivity and minimizing the thermal 
conductivity. Nevertheless, there is a relation between these two thermoelectric 
properties known as Wiedemann- Franz law and it is valid for electrons that obeys 
to degenerate and non- degenerate statistics:  

ke = L0 σ T, 
L0 = (𝜋2/3)(𝐾𝐵 /e)2 = 2.44∙10-8 (K2/V2), 
L0 = 2(𝐾𝐵 /e)2 = 1.48∙10-8 (K2/V2) 
 

where L0 is a constant called Lorentz’s number and 𝐾𝐵 is the Boltzman constant. 
Subsequently the increasing of the electrical conductivity, not only electronic 
thermal conductivity raises, but also decrease the thermopower. Therefore, zT 
optimization becomes a challenge, because while the power factor can in some 
cases be increased by changing the concentration of charge carriers, decreasing k 
and kL is more difficult, especially for kL, which depends on the structure, rigidity 
and other properties which characterize the lattice [71]. 
The ideal thermoelectric material would have regions of its structure composed of 
a high- mobility semiconductor, which supplies the electron- crystal electronic 
structure, crossed with a phonon glass. This last region would be ideal for hosting 
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dopants and disordered structure without damaging the carrier mobility in the 
electron- crystal region[72]. 

1.2.2 Thermoelectric materials 

During last sixty years of research, numerous thermoelectric materials have 
been studied and employed. In order to identify the most efficient TE materials to 
be used in a specific application an appropriate analysis of costs and performances 
is necessary [65]. Elements not so abundant on earth could be utilized to make high-
impact discoveries and obtain better understanding of materials trends [34], but 
when materials are employed for commercial application, scarcity is an important 
and decisive point to consider in design phase. 

Presence in the nature, facility of transport, assembly and number of 
technologies using the same material are factor which influence the device cost that 
has to be considered. 

In this section a brief overview on the most important categories of 
thermoelectric materials will be given [31,73–75], focusing on the state of art of the 
thermoelectric substrates involved in this research. 
 

Chalcogenides, like Bi2Te3, Bi2Se3, PbTe, PbSe, SnTe, have a long history as 
thermoelectric materials especially bismuth telluride and lead telluride, which were 
investigated since the 1950s. They showed promising and potential characteristics 
for mid and low temperature application. Many new compounds derived from 
traditional tellurides, and their solid solutions with selenium and antimony are 
employed, for instance Se doped HfTe5 and ZrTe5. Since Tellurium is quite 
expensive due its low abundance in earth, a lot of companies working in 
photovoltaic area already considered a recovery and recycle program, so in most 
chalcogenides it has been replaced by S and Se.  
New families have been studied following the concepts above mentioned, such as 
nanostructuring and looking for a PGEC (phonon glass electronic crystal) 
material[76]. New approaches have been investigated in TE materials such as 
clatherates, sulfides and selenides, oxides, half-Heuslers and skutterudites [77][78]. 

Sulfides and selenides, like SnSe, AgCrSe2, CuCrSe2, TiSe2, AgSbTe2, PbS, 
are the most used substitutes for Te-chalcogenides because the small variation in 
electronegativity between Se, S and Te makes possible to design and manifacture 
semiconductor with appropriate band gap for TE application over a wide range of 
T. 

Half-Heuslers (HH) are intermetallic compounds showing very interesting 
thermoelectric properties in the mid and high T range. They are formulated as XYZ 
where X and Y are transition metals (X = Ti, Zr, Hf, V, Mn, Nb and Y = Fe, Co, 
Ni, Pt) and Z represents generally Sn or Sb. 

The three filled sublattices are independently subject to chemical manipulation 
to optimize the thermoelectric properties of the compounds. They are promising for 
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commercial application for their easy synthesis, environmental friendly nature and 
low cost. 

Moreover, they have high melting points of 1100–1300°C and a high chemical 
stability with essentially zero sublimation at temperatures near 1000°C. 

Skutterudites The typical binary skutteridites are MX3 families where M is a 
transition metal (M = Co, Rh, Ir) and X represents elements as P, As or Sb. These 
compounds are known for their high electron mobility, high Seebeck but also high 
lattice thermal conductivity. One successful chemical approach to correct this 
negative effect was to fill vacant space in the structure with many different elements 
including lanthanide, actinide, alkaline-earth, alkali, thallium, and Group IV 
elements [79]. Skutterudite antimonides possess the largest voids and are thus of 
interest for thermoelectric applications.  

Clatherates represent another class of compounds which has open structures; 
they are able to host tetrahedrally coordinate bounded atoms, such as Al, Ga, Si, 
Ge, or Sn. Some examples are Sr8Ga16 Ge30, Ba8 In16 Sn30, Ba8Ga16Ge30, 
Ba8Ga16Si30, Ba8Ga16Sn30, Sr8Ga16Ge30. 

This really complex structure leads to a very low thermal conductivity but is 
not enough to be suitable for TE application. Even if the power factor does not yet 
match that of bismuth telluride, at room T at 300 K equal to 0.34 for a Ge clatherate 
and it’s sufficient.  

Silicides are in general compounds that contain silicon and generate interest 
because of its abundance on the earth. In fact, although silicon is not a so good TE 
material, its high thermal conductivity, low cost and the possibility of enhancement 
of favourable TE properties, make compounds based on silicon some of the most 
common TE substrates.  

Alloying Ge, already creates point defects sufficient to decrease sensibly the κt 
and gain a zT ~1. Furthermore, zT >>1 are achieved by nanostructuring approach 
with both p- and n-type Si80Ge20 compound. Ge can be replaced by another low-
cost material, so other silicon compounds are actually under development. 

Very promising results have been obtained with n-type magnesium silicide 
(Mg2Si) compounds [80], which are low cost and non-toxic and p-type high 
manganese silicide (Mn27Si47) [81], both involved in this thesis. 

Oxides are a related new class of materials in the thermoelectric field, because 
their properties have been investigated in detail since ‘90s [34]. Originally, their 
low carrier mobility made oxides poor thermoelectric materials, but they present lot 
of advantages because consisting of simple, abundant and harmless elements. They 
present a good stability at high T in air (a big issue for other TE materials were the 
need for coatings and protection systems). 

Examples of good p-type thermoelectric oxides are the layered cobaltites 
NaCo2O4, Ca4Co3O9 and Bi2Sr2Co2O9 with large Seebeck coefficients, low thermal 
conductivities. The most promising candidates for n-type oxide thermoelectric 
materials include perovskite-type as SrTiO3 and CaMnO3[82],[83] and titania 
based- materials[84]. 

Recently, certain polymers, have also exhibit thermoelectric properties at low 
temperatures. Especially conducting polymers, have shown various advantages 
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related to an easy and low cost of fabrication, light weight, and flexibility [61] [85]. 
Some examples [86] are polyacetylene, polypyrroles, polyanilines, polythiophenes, 
ethyl-enedioxythiophene, carbon fiber polymer-matrix structural composites. 

 
In the following subparagraphs, the state of art of the TE substrates involved in 

this research is reported, with particular focus on the behaviour to oxidation.  

1.2.2.1 Higher manganese silicide 

Silicides are promising candidates for thermoelectric materials due to their 
abundance, chemical stability at operating temperatures and non- toxicity of the 
constituent elements. Since they fulfil these requirements are considered as a very 
promising class of material for power applications [87][88].  

In particular, higher manganese silicide (HMS) represents a family of p-type 
thermoelectric with a generic composition MnSiγ. They are semiconductors, and 
they are employed in the thermoelectric devices in mid temperature range with a zT 
value of ~0.6 at around 800 K[89–91]. 

Commonly HMSs are used in the thermoelectric module construction together 
their compatible n-type counterpart represented by Mg2Si1-xSnx. However, the 
difference of their related coefficient of thermal expansion (n-type silicides have 
CTE around 16-18∙10-6 K-1 whereas p-type HMS around 9-13∙10-6 K-1) can lead to 
a stresses concentration resulting by the high temperature gradient between hot and 
cold side. Consequently, the overall degradation of the legs and a reduction of the 
efficiency of the device is inevitable.  
The γ value can vary between 1.71-1.75. HMSs are the only known compounds in 
which the Si amounts (63-64 at. %) exceeds that of Mn. Synthesis of monophasic 
HMS is difficult due to the not very wide composition range in the phase diagram 
shown in Figure 1.2-12 [92]. 
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Figure 1.2-12: Mn-Si binary phase diagram [92]  

Moreover, the possible evaporation of volatiles elements and the fact that 
solidification is not eutectical are reasons that make the synthesis process 
challenging. The undesired formation of MnSi during processes is the main 
negative effect that influences thermoelectric properties of HMS. MnSi is a good 
thermal conductor and it has a general negative effect on all the thermoelectric 
coefficient and properties[93]. The control of the amount in its bulk is a hot spot for 
researches. 

 Small variations in the composition determine similar phases such as Mn11Si19 
(MnSi1.72), Mn15Si26 (MnSi1.73), Mn27Si47 (MnSi1.74) and Mn4Si7 (MnSi1.75). They 
are a series of crystallographically distinct phases referred to as the Nowtony 
Chimney Ladder phases which consist of a “chimney” subsystem of Si and a 

“ladder” subsystem of Mn. 
All these crystal structures have tetragonal symmetry, as shown in Figure 1.2-13. 
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Figure 1.2-13: (a) Structural model for Mn and Si subsystem and (b) complete modulated 

structure for MnSiγ at 295K [94] . 

Studies on electron diffraction[94]  revealed  that both these subsystems have 
nearly the same lattice parameter a (Figure 1.2- 13a) of ~5.5 Å but length of c axis 
is usually different. Miyazaki et al. [95] reported that γ represents the stoichiometry 
of the phase but also the c-axis ratio γ = cMn / cSi. Figure 1.2- 13b shows the 
modulated structure of MnSiγ at 295 K. The upper right figure illustrates the c-axis 
projection to represent the helical arrangement of the chimney- Si atoms along the 
c-axis. The lower figure describes the atoms within 5 x cMn length. 

This different atomic arrangement, and consequently the difference from one 
stoichiometry to another, affect the magnitude of the band gap (which usually is 
around 0.6 eV in undoped sample) and the density of state near the Fermi level, 
causing a small change in the thermoelectric properties. 

A crucial aspect of the success of thermoelectric silicides is their stability over 
time and the oxidation resistance. Okada et al [96] studied the oxidation process of 
Mn27Si47 crystals in air, and found that the oxidation reaction initiated at about 
760°C, producing MnSi, Mn2O3, and SiO2. More recently, a silicide material, 
Mn3Si4Al2, with good oxidation resistance,  because thanks to a passive layer 
formed on its surface, was found to have constant electrical resistivity for 2 days at 
600°C in air [97]. In the same work, thermoelectric modules developed from n-type 
Mn3Si4Al2 and p-type MnSi1.75 have achieved maximum power generation of 9.4 
W with a heat-source temperature of 600°C in air.  

The formation of a passive layer on higher manganese silicide when thermally 
treated up to 500°C in air was discussed by Funahashi et al.[98]. Furthermore, Ning 
et al.[13] demonstrated that at 600°C, HMS which is not protected, reacts with 
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oxygen, leading to the formation of a silica scale (of about 5 microns) on a Si-
deficient layer (which is MnSi) formed on the top of the TE substrate.  

The critical issue of the instability in HMS at high temperatures was 
investigated very recently by Ghodke et al. [99] using in situ x-ray diffraction, by 
which they observed a phase transformation above 500°C from Mn27Si47 to 
Mn16Si26 accompanied by a small amount of MnSi precipitation. This results are 
consistent with the earlier studies on HMS presented by Allam et al.[100] , who 
reported the same transformation at 800°C and that in the Mn11Si19 at 1000°C. 

 Although these silicide materials have good oxidation resistance, the output 
power of the modules decreases with time at temperatures higher than 500°C in air. 
Therefore, in order to use silicide modules over wide range of the temperatures this 
decrease in the output power must be overcome. 

 

1.2.2.2 Sb doped Mg2(Si,Sn) based thermoelectric 

Magnesium silicide is a n-type semiconductor belonging to the Mg2X (X = Si, 
Ge, Sn and Pb) compounds. Its anti-fluorite structure allows to achieve an energy 
bandgap of 0.784 eV[101]. Commonly it can be doped in order to reach good 
thermoelectric properties as zT of 0.86 at around 870 K through Bi-doping[102] but 
it is quite limited because characterized by its relatively high thermal conductivity. 
N-type solid solutions of Mg2Si with Mg2Sn [103–106] and/or Mg2Ge [107,108] 
have been investigated with the aim to reduce their thermal conductivity and 
consequently increase the thermoelectric performances. One of the best results in 
terms of figure of merit has been reported for Mg2.08Si0.364Sn0.6Sb0.036 with zT of 1.5 
at 723 K[109]. 

The use of the magnesium silicide and its solid solutions is limited because of 
their behaviour inclined to oxidation above ~ 400 °C [110,111]. The first research 
worked on the oxidation of Mg2Si-Mg2Sn solid solutions reported similar results as 
for the pure compounds[112,113]. Although for Mg2Si0.4Sn0.6, the oxidation starts 
at temperature of 400°C in air, materials with lower Sn content are reported to be 
more resistant towards catastrophic oxidation. Recent studies based on X-ray 
diffraction confirmed that Mg2Si1-xSnx starts decomposing in air at 400°C 
producing MgO, Si, Sn and other Mg2Si1-xSnx solid solutions [113]. 

Sondergard et al. [114] investigated the thermal stability in air of Mg2Si0.4Sn0.6 
and Mg2Si0.6Sn0.4 up to 400 °C, reporting the formation of Sn-rich Mg2Si1-xSnx, as 
the major phase, and MgO for powders heated in air, while sintered pellets showed 
an higher stability. Skomedal et al. [115] studied the degradation of Mg2Si1-xSnx 
with 0.1 < x < 0.6, demonstrating a slow oxidation rate for temperatures below 430 
°C, while in the temperature range between 430-500 °C, all of the alloys exhibited 
breakaway oxidation. This study explained that the breakaway behaviour was due 
to a combination of two main mechanisms: firstly, the depletion of Mg at the alloy-
oxide interface leading to the decomposition of the Sn-rich phase forming liquid 
Sn, and secondly, stress build-up between alloy and oxide, causing cracks and non-
protective oxide layers. 
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1.2.2.3 Titanium suboxide 

Titanium oxides belong to a class of materials of specific interest in various 
applications such as tribology, photocatalysis, electrical and elettrochemical fields 
[116]. 

Titanium oxide can exist as different intermediate substoichiometries of the Ti-
O binary system, they are called Magnéli phases and have compositions TinO2n-1 
with n >4 [117]. In particular, Magnéli phases are interesting because of their 
special structural complexity and unusual electrical and thermal properties[118]. 
Since titanium suboxide is able to reach high electrical conductivity, moderate 
Seebeck coefficient and low thermal conductivity, its application as thermoelectric 
materials can be advantageous[119]. Studies concerning the potential of titanium 
suboxide as TE material and for manufacturing of power generation modules were 
reported by an increasing number of publications[84], [120], [121–123]. 

Although TiOx has not a very high Seebeck coefficient, its remarkable 
advantage is the unlimited availability and the low raw material as well as the 
manufacturing costs respect other TE materials. Since titanium suboxide is an 
ordinary ceramic compound, its synthesis can be carried out without difficulties. In 
fact, pressure- less sintering can be conducted easily, without important loss of 
thermoelectric performances. This makes its manufacturing economically 
competitive[123]. 

A drawback related to the use of this ceramic oxide is represented by its 
transformation into TiO2 at temperatures >500°C. In order to avoid this reoxidation, 
oxidation resistant glass- based coating would help to overcome this negative aspect 
expanding the temperature range for titanium suboxides for high- temperature 
application [123]. 

1.2.2.4 Tetrahedrite 

Tetrahedrite (Cu12Sb4S13) is a sulphur semiconductor belonging to the ternary 
I-V-VI group, where I includes Cu and Ag, V represents P, As, Sb, Bi, and VI group 
involved S, Se, Te elements. It can be considered as ternary derivative structure 
from zincblende or wurtzite semiconductors[124]. CAS compound (Cu-Sb-S) 
attracted the interest of many researchers in last years, because of their intrinsically 
low lattice thermal conductivity[125]. One of the reason why tetrahedrite is 
considered a good thermoelectric material is related to its highly symmetric and 
complex crystal structure with a large number of atoms per unit cell, helpful in 
providing low thermal conductivity [126,127] and useful for improving the power 
factor [128]. It has a sphalerite-like structure with 58 atoms arranged in a cubic cell 
(I43m) crystalize in a cubic structure[129], as shown in Figure 1.2-14 (a),  made of 
different polyhedrons as CuS4 tetrahedra, CuS3 triangles and SbS3 pyramids [128]. 
This structure, with ione-pair electrons on Sb sites is the origin of the low lattice 
thermal conductivity[127], which is shared by other compounds in the Cu-Sb-S 
system [130] such as chalcostibite [131] (CuSbS2), famatinite [132][133] (Cu3SbS4) 
and skinnerite (Cu3SbS3) [134].  
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Naturally, tetrahedrite occurs with the composition Cu12-xMx(Sb,As)4S13, which is 
a solid solution of As rich tennantite (Cu12As4S13) and Sb rich tetrahedrite 
(Cu12Sb4S13). It has characterized by high hole concentration (consequently it is a 
p- type semiconductor). Several elements have been proposed as dopants in THD. 
Their effects are linked mainly to the carrier concentration that influences the 
Seebeck coefficient and the electrical properties. Models can be used to predict the 
ideal dopant concentration range that is able to give a reasonable and useful zT 
value. The literature related to this thermoelectric substrate showed that the best 
thermoelectric properties are achieved by replacing Cu2+ atoms with Zn: for an un-
doped sample zT is 0.6 at 400 °C, and increases up to 0.9 at around 450 °C with Zn 
substitution, due to a reduction of the thermal conductivity[135]. 
 

 

Figure 1.2-14: (a) Tetrahedrite crystal structure and polyhedrons with S atom at the center: 

(b) tetrahedral site and (c) octahedral site [129]. 

The tetrahedrite has limited thermal stability due to sulphur loss. For example, 
the decomposition of Cu12SbS13 into Cu3SbS3 at 522°C has been reported by Braga 
et al.[136]. Barbier et al. [137] observed the same phase transformation at 530°C 
and a weight loss due to sulphur volatilization. Furthermore, diffraction patterns 
recorded at different temperatures, showed that the main phase is Cu12Sb4S13 below 
410°C and Cu3SbS3 above 490°C. Between these two temperatures, the 
interpretation of the XRD patterns is reported to be quite difficult, but the authors 
suggested that the decomposition of the tetrahedrite into Cu3SbS3 can also lead to 
the formation of intermediate phases such as Cu3SbS2 and Cu2-δS. Nevertheless, 
Chetty et al. [138] reported that tetrahedrite is usually stable only up to ~ 330°C , 
and that the overall stability may increase or decrease depending on the dopants. 
More recently the oxidation behaviour of a tetrahedrite was investigated by Pi et 
al.[139], reporting that when Cu12Sb4S13 samples were exposed at temperatures 
higher than 450°C in air, the tetrahedrite decomposed into Cu-S binary sulfides 
(Cu1.96S, Cu2S, Cu9S8), SbO binary oxides (Sb2O3, SbO2), and ternary compounds 
(Cu-Sb-S and Sb-S-O), with antimony oxides content increasing as the ageing time 
increased. Gonçalves et al. [140] showed that the formation of a Cu2-xS surface 
barrier, due to the tetrahedrite decomposition, decreased the corrosion rate at 275 
°C acting as a weak passivation layer. However, this layer was not effective at 350 
°C and 375 °C because of the simultaneous action of sulphur sublimation. 
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Impurities and second phases were found in all of the samples at the end of 
oxidation tests, evidencing the need of an efficient protective coating, but no studies 
have been performed to identify a suitable coating for this thermoelectric material. 
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Chapter 2 

Oxidation protective coatings: state of art 

A critical aspect for the success of TE materials in waste heat recovery is their 
stability and oxidation resistance over time at high temperature. In fact, most of the 
high- performance thermoelectrics, are metal alloys and semiconductors which can 
be easily oxidized at high temperature. For this reason, current devices usually 
working at relatively low temperatures (< 500°C), just to avoid degradation. 
However, if they would be used at high T, their efficiency could improve. 

The oxidation of the surface of the thermoelectric degrades the power 
generation and significantly limits the long-term reliability and efficiency of TE 
modules. As reported by W. Park et al.[141], the performances of TE modules 
degrades with thermal cycling as the constituents materials and interfaces are 
exposed to broad temperature gradients. To develop practical thermoelectric 
modules that can be applied to various intermediate-temperature-range waste heat 
re-generation sites (e.g., steel industry, incinerators, auto- mobiles), anti-oxidation 
technology for thermoelectric modules is needed [142,143]. 

Several solutions have been proposed and evaluated to solve the oxidation 
problem in the intermediate temperature thermoelectric module. 

2.1 Oxidation protective common methods 

Recently, several studies of high performance thermoelectric materials reported 
high zT results, but all these preliminary researches were obtained under vacuum 
or under controlled, inert gas conditions due to severe oxidation problems. Since 
the operation temperature of an intermediate temperature thermoelectric module is 
very high (300–700 °C), all the components of the thermoelectric device are 
exposed to severe oxidizing conditions.  

Already in 1975, C. E. Kelly had shown that a similar issue with SiGe 
unicouples used in RTGs had been dealt with by applying a thin Si3N4 coating for 
a few millimeters on legs nears the hot junction, typically at 1273 K[144]. More 
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recently, the suppression of the oxidation of an intermediate temperature 
thermoelectric module were investigated exploiting other ceramic- based 
coating[143]. Four different ceramic oxides (Al2O3, Y2O3, yttria-stabilized zirconia 
and samaria-doped ceria) were coated onto Mg2Si thermoelectric leg surfaces 
(Figure 2.1-1) and their anti-oxidation characteristics were compared. While the 
first three oxide- based layers failed to prevent the progression of oxidation at 700 
°C, YSZ showed potential oxidation suppression characteristics and therefore its 
reliability was investigated trough thermal cycling tests from room temperature to 
600 °C. Even if a detailed investigation after 10 thermal cycles showed slight 
migration of oxygen into the Mg2Si thermoelectric no massive oxygen penetration 
was detected (as for Al2O3, Y2O3, and samaria- doped ceria coatings). 

 

Figure 2.1-1: Cross-section SEM images of Mg2Si thermal treated for 1 hour and coated 

with: (a) alumina, (b) yittria, (c) YSZ, and (d) SDC (samaria-doped ceria) [143] 

Other promising alternatives have been investigated as coating materials, 
especially for skutterudite based thermoelectrics, consisting for instance in metallic 
foils [145,146], metallic electrodes [147] or metallic films [148,149]. In the Saber 
et al. work [147], Ta, Ti, Mo and V- based material were tested as protective layers, 
resulting that increasing the coating thickness decreases the conversion efficiency 
but increases the load electrical power of the unicouple. Despite their high CTE, Ti 
or V coatings were best in terms of the effect on the unicouple performance. They 
caused the smallest decreases, while Ta or Mo coating with lower CTEs, resulted 
in the largest decreases in the conversion efficiency. With thin coatings, however, 
the effects on conversion efficiency and electrical power of the unicouple are 
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significantly smaller. Concluding, a Mo coating resulted the best since it has the 
smallest CTE and low vapour pressure. 

Some researchers faced the challenge of oxidation phenomenon by using a 
hermetically sealing packaging. A metallic housing containing the module and 
keeping it under vacuum or immersed in inert gases such as argon [150] (Figure 
2.1-2) or in aerogels[151–154] (Figure 2.1-3). 

 

  

Figure 2.1-2: Encapsulated TE module (left) in which the SiGe module (right) is encased 

[150] 

 

Figure 2.1-3: Skutterudite devices  produced by Marlow Industries. The image in the lower 

left corner is a full-sized skutterudite module after encapsulation with aerogel [151]  

Several researches at the Jet Propulsion Laboratory of Pasadina, CA, USA 
[155] identified aerogel as an effective sublimation barrier for a wide range of 
thermoelectric technologies based on SiGe, novel Skutterudites, TAGS, and PbTe. 
Aerogel typically consists of extremely porous (>99% porous) silicon dioxide, 
which has very low thermal and electrical conductivity. Since aerogel has 
interconnected pores, with size in the range of angstroms to tens of nanometers, the 
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path required for metal vapour to permeate in aerogel is extremely tortuous, thus 
significantly decreasing sublimation rates. This solution is suitable for mid 
temperature range (300°-700°C), but the significantly rising costs of these metallic 
housing structures and the additional reliability issues of sealing for the long term 
make this technology difficult to apply in practical waste-heat power regeneration 
sites. Also the selection of the filler, which in the Skutterudite-based thermoelectric 
modules [151] consisting in a casted ortho-organo-silicon- based sol mixture and 
condensed to form a silicon oxide gel, must be accurate to be stable during operating 
conditions. Filling the void space within the device could help the module to better 
resist to mechanical stresses and to be less affected by impacts. However, a 
reliability issue, related to the sealing for a long term application, could make this 
solution not so desirable to be applied in practice in waste-heat recovery devices. 
This skutterudite module solution sometimes is even not sufficient to prevent 
oxidation on the thermolegs surface, so it could be required a local solution that can 
also reduce the sublimation risk of Sb and to potentially increase the thermal 
conversion efficiency of the module by reducing radiative and convective heat 
losses from the TE legs. A schematic diagram showing how degradation can occur 
in a typical n- and p-power generation couple in a SKD-based materials TE device 
is represented in Figure 2.1-4 [156]. A typical couple consisting of n- and p-type 
legs connected on the hot side with an interconnect (Fig. 2.1-4a). After heating, n- 
and p-type legs shows air sensitive behaviour, leading to the substrates oxidation 
(Fig. 2.1-4b). It has been shown also by Garcia-Canadas J. et al. that the rapid 
degradation of thermoelectric modules consisting of n-type YbxCo4Sb12 and p-type 
CexCoFe3Sb12 was due to oxidation from testing in air [157]. While heating a couple 
in an inert atmosphere can prevent oxidation and sublimation of species such as Sb 
from SKD [151] responsible for causing couple performance degradation (Fig. 2.1-
4c). An enamel layer, used as suggested by Y. S. Park et al. [156] as protective 
coating, could prevent both oxidation and sublimation (Fig. 2.1-4d). It is about a 
silica-based enamel used in powder form consisting of silicon and sodium oxide 
(66at.% oxygen, 11at.% silicon, 11at.% sodium, 6at.% fluorine, 2at.% aluminium, 
2at.% nitrogen, 1at.% barium, and 1at.% calcium) with which n-type 
Ba0.05Yb0.025CoSb3 and p-type Ce0.9Co0.5Fe3.5Sb12 were successfully coated to 
prevent their oxidation up to 600 °C in air continuously for 8 days or thermally 
cycled for 20 cycles. 

Thick enamel layers have been developed as oxidation inhibiting coating also 
by Zawadzka et al. [158] to protect CoSb3 up to 600°C. In the case of ceramic 
coating technology, radio frequency magnetron sputtered silicide multilayers have 
been deposited to protect CoSb3 [159] up to 500°C. Furthermore, also ceramic 
composite protective coatings were reported in literature as an anti- oxidation layer 
for skutterudite thermoelectric material thermally aged at 600°C. A coating slurry 
was obtained by Dong et al. mixing uniformly hybrid sol, glass frit (main chemical 
components: SnO and P2O5 small amount of ZnO and SiO2) or alumina particles 
and ethyl alcohol as solvent [142]. Later, a siloxane resin based- composite 
borosilicate glass consisting in a dispersion system of modified nano-silica aerogel 
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and micro glass powder was tested in air up to 550°C [160] showing good oxidation 
resistance. 

 

 

Figure 2.1-4: A schematic diagram showing how degradation can occur in a typical n/p 

power generation couple [156] 

Scientific papers dedicated to protective coatings for silicides, two of the 
thermoelectric substrates involved in this PhD thesis, are not so many. To protect 
Mg2Si, Tani et al. [161] suggested the development of oxidation-resistant iron 
silicide thin films (ß-FeSi2), which possess excellent oxidation-resistance up to 800 
°C. As alternative to iron silicide, Battiston et al. [162] investigated on MoSi2, as an 
attractive material suitable to corrosion protection at high temperature due to its 
high melting point (2030 °C), excellent oxidation resistance and diffusion barrier 
characteristics.  

Plasma sprayed yttria stabilized zirconia and atomic layer deposited (ALD) 
alumina have been proposed as oxidation barriers for pure magnesium silicides 
[143] and Mg2Si0.4Sn0.6 [163] up to 550- 600°C.  
 
 
 
 
 
 
 
 
 
 
 



 

36 
 

2.2 Oxidation protective glass-ceramic and glass-based 
coatings 

 
Glass-ceramic and glass-based coatings are potentially optimal candidates for 

protecting thermoelectrics against oxidation. Firstly, they soften and flow above 
glass softening temperature (Ts) at the interface for coating the TE substrate. 
Furthermore, they are easy to manufacture, inexpensive and thermally stable, with 
low electrical and thermal conductivity, and thanks to the versatility of 
compositions and properties, are excellent materials as low cost protective coatings. 
In fact, some of their characteristic properties can be tailored in order to make them 
suitable for coating different types of substrates and to satisfy the requirements in 
terms of thermo-chemical stability and thermo-mechanical compatibility with other 
materials. In particular, the coefficient of thermal expansion (CTE) must be as close 
as possible to that of the materials to be coated, thus avoiding residual stresses at 
the thermoelectric/glass-ceramic interface[164]. The development of oxidation- 
resistant glass-ceramics is an easy efficient method to overcome the main drawback 
of oxidation and could extend the temperature range for the thermoelectric 
materials.  

Since the composition of the glass influences the properties of the glass-
ceramic, it is really important to know the effect that the different constituents 
oxides have on the amorphous network. This is related to the cation coordination 
number and single bond strength; it also gives the possibility to predict the 
crystalline phases which will be present in the glass-ceramic and to predict some 
thermal (Tg, glass transition temperature) and thermo-mechanical properties (CTE). 

A glass consists of three main components: network formers, network 
modifiers, and intermediate oxides, and additives as minor components. A 
schematic of a generic glass structure is shown in Figure 2.2-1 [165].  

 

 
Figure 2.2-1: A scheme of glass structure showing network formers, intermediates, 

modifiers, additives, bridging and non-bridging oxygen [165] 

Common glass formers are SiO2 and B2O3, their coordination number is 
between 3 and 4 and have higher bond strength (80- 120 Kcals); they form an 
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amorphous network in which the cations act as the centres of glass polyhedral units 
(tetrahedra and triangles), which are connected each other. Alkali (Li2O, Na2O and 
K2O) and alkaline-earth (BaO, SrO, CaO and MgO) oxides are network modifiers, 
with a coordination number between 6 and 12 and lower bond strength (10- 60 
kcals). Since they occupy random positions in-between the polyhedral, they 
interrupt the network, generating non-bridging oxygen. Consequently, the glass 
transition temperature (Tg) and the softening point (Ts) decrease and the coefficient 
of thermal expansion increases. They also give additional oxygen ions in order to 
maintain the charge neutrality. Intermediate oxides like Al2O3 and Ga2O3, give 
cations that have higher valance and lower coordination number (between 4 and 6), 
with bond strength between the values of formers and modifiers They may or may 
not participate in the glass network. Usually they hinder devitrification and modify 
glass viscosity [165]. Additives tailor the desired glass properties although they are 
not necessary constituents. Some rare earth metal oxides, such as La2O3 and Nd2O3, 
and transition metal oxides, such as TiO2, ZnO, and Y2O3, are some examples of 
additives in a glass. If the amount of an additive is ≤ 10 mol%, it is called nucleating 

agent, which can tailor glass properties by influencing its devitrification. Transition 
metal oxides such as ZnO, NiO, TiO2, Cr2O3, and ZrO2 are common nucleating 
agents. However, there is no strict distinction between additives and nucleating 
agents. Modifiers and additives create non-bridging oxygen species in order to 
maintain charge neutrality in a glass- structure. Different oxides used in common 
seal glasses for solid oxide fuel cells can be used to produce potential oxidation 
protective glass-ceramic coatings too, and their functions are shown in the Table 
2.2-1. 

  
Table 2.2-1: Functions of different oxides constituents a potential oxidation protective glass-

based coating [165] 
Glass constituent Oxide Function 

Network former SiO2, B2O3 

Form glass network 
Determine Tg and Ts 

Determine CTE 
Determine adhesion/wetting with 

other substrates 

Network modifier 
 

Li2O, Na2O, K2O 
BaO, SrO, CaO, MgO 

Maintain charge neutrality 
Create non-bridging oxygen species 

Modify Tg, Ts, and CTE 

Intermediate Al2O3 , Ga2O3 Hinder devitrification 
Modify glass viscosity 

Additive 

La2O3, Nd2O3, Y2O3 

 
 

ZnO, PbO 
 

NiO, CuO, CoO, 
MnO, Cr2O3, V2O5 

 
 

TiO2, ZrO2 

 

Modify glass viscosity 
Increase CTE 

 
Improve glass flowability 

 
 

Improve glass adhesion to other 
substrates 

 
 

Induce devitrification 
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In the glass-ceramic method, glasses can be used as pressure-less coatings for 
high temperature applications, because after their softening, they can crystallize to 
obtain stable and thermo-mechanically resistant glass-ceramic coatings.  

The development of a glass-ceramic coating starts with the design, the 
production and the characterization of a glass. The transformation into a glass-
ceramic occurs through the sinter-crystallization process of fine powdered glasses 
[164], which consists in a heat treatment carried out at temperatures around the 
softening point and in a partial crystallization of the amorphous microstructure.  

Considering the whole process, sintering and crystallization phenomena can 
interact, and therefore affecting the final density of glass-ceramic materials. The 
specific order of the events in the sinter-crystallization process is a critical aspect 
which allows the production of dense glass-ceramic coatings, with desired thermo-
mechanical properties and microstructure. 
Glass-based coatings can be subjected to devitrification during the deposition 
thermal treatment. Typically, this is a desirable process; in fact, the formation of 
one or more crystalline phases improves the mechanical properties of the material 
and can help to tailor and adjust the thermo-mechanical behavior [166]. The design 
of the initial composition of the parent glass should take into account the properties 
of the material will change after crystallization; this is closely related to the nature 
and quantity of the crystalline phases formed. Table 2.2-2 shows some crystalline 
phases commonly observed in alkaline-earth containing glass ceramics with their 
CTE.  
In some cases, glass-ceramic coating compositions can be designed to have an 
adequate amount of residual glass phase. In this way, the viscous flow of the glassy 
phase could provide self-healing effect [167,168], ie, glasses and glass-ceramics 
can be heated above their softening point temperature (Ts) to heal creaks produced 
during thermal cycling working conditions (Figure 2.2-2). At the same time, Ts 
should be higher than operating temperatures to avoid an excessive flow. 
Furthermore, it is also necessary to consider the possible chemical reactions of the 
coating components with the TE substrates in the relevant operating conditions as 
well as the stability of the coating in the oxidative atmospheres to which it will be 
exposed. 
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Table 2.2-2: Common crystalline phases produced during the devitrification of alkaline-earth 

containing silicate glasses and their CTEs [165] 

 
 
 

 
Figure 2.2-2: Example of the complete self-healing of a glass sealant [167] 

In this way, it is possible to produce coatings with unique features, changing 
their properties in function of the parent glass composition and of the different 
sinter-crystallization process. The development of glass-ceramic coating materials 
proves the positive effect of that can be found in one material 
The possibility to produce glasses and glass-ceramics with several different 
compositions, and consequently of combining various properties (i. e. both glass 
and crystalline phases) is another important advantage [164].  
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Already twenty years ago, dense glass coatings for PbTe thermoelectrics were 
produced with SiO2- PbO- BaO and SiO2- Na2O- B2O3- PbO- TeO2 compositions 
[169], showing good oxidation resistance up to 500°C.  

More recently, a silica-based glass-ceramic coatings was developed as 
protective barrier against humidity, oxygen and chemical agents to prevent 
degradation of Bi2Te3- based modules [170]. The porous glass composite coating 
[160] and the silica-based enamel [156] above mentioned were produced to protect 
skutterudite thermoelectric. In this latter work, a critical aspect is discussed 
concerning the mismatch between the coefficient of thermal expansion of the silica-
based enamel and the substrate, which leads to the formation of high stresses and 
cracks in the coating.  

In the case of substoichiometric titanium oxide thermoelectric (TiOx), 
researchers at the Fraunhofer Institute reported crystalline glass material- based 
coating technology to inhibit oxidation of an intermediate temperature 
thermoelectric module up to 300°C [120] and subsequently, the effectiveness of 
another glass- based coating able to limit oxidation up to 600°C[122]. 

Recently, magnesium silicide samples were covered by dip-coating method 
with a silane-based amorphous coating (produced using sol- gel method) and then 
annealed in Ar gas atmosphere in various temperatures between 400–550 °C [171]. 
The oxidation protective coating resulted successful only up to 450°C, probably 
due to the differences in thermal expansion coefficients between the coating, the 
thermoelectric material and the oxidation products. 

There is a growing number of researches that recognise the importance of this 
innovative oxidation protective method for both n- and p- type thermoelectric 
materials [13,156,160,172] but in some studies the effectiveness for maintaining 
their transport and electric properties has not been reported yet.  

The above studies were carried out on oxidation protective glass- based coating 
focusing especially on tellurides and skutterudites; furthermore, no electrical 
properties of the substrates after the oxidation test were reported, but only physical 
characterization of the coatings were investigated. 

   
In this PhD thesis the effectiveness of different oxidation protective 

technologies was investigated, employing different coatings for each thermoelectric 
substrate involved: the higher manganese silicide, (HSM, MnSi1.74, p-type); 
magnesium silicide based material (Sb doped Mg2(Si,Sn), Mg2Si0.487Sn0.5Sb0.013, n-
type); titanium suboxide (TiOx, n-type) and zinc doped tetrahedrite (Zn doped THD, 
Cu11.5Zn0.5Sb4S13, p-type).   

 
For HSM (MnSi1.74), a silica-based glass-ceramic coating was developed to 

provide oxidation protection up to 600°C for 500 hrs and the thermal cycling 
stability (from room temperature to 600°C in air). Furthermore, it showed self-
sealing properties when heated above its softening point. The efficacy of the coating 
concerning the variations of electrical and thermoelectric properties upon thermal 
cycling are discussed. 
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In the case of Sb doped Mg2(Si,Sn), new silica-based glass-ceramic coatings 
were designed and characterized, and only one was chosen as potential glass-
ceramic able to protect the thermoelectric substrate against oxidation up to 500°C. 
In order to evaluate the effectiveness of this type of coating, the properties of 
Mg2Si0.487Sn0.5Sb0.013 as-sintered, with and without the coating, were tested after 
ageing in air. 

As previously reported, glass-based coatings for TiOx were already studied to 
resist up to 500°C, but in this work the development of a new silica-based glass-
ceramic containing titanium oxide, to protect the substrate against oxidation for T 
up to 600°C (to be used both as thermoelectric and electrode at high temperatures) 
was carried out. In a follow- up of the study, the oxidation behaviour and the 
thermal cycling stability of coated and uncoated TiOx will be investigated. 

Since glass-ceramic coatings would require a deposition temperature too high 
for Zn doped THD (Cu11.5Zn0.5Sb4S13), two commercial hybrid resins with low 
curing temperature and with nominal temperature resistance up to 590°C, were 
employed as protective resistance coatings. After preliminary tests, the water-based 
silicone resin was identified as potential candidate to avoid oxidation of Zn doped 
tetrahedrite. Compositional changes in both the Zn doped THD substrate and the 
hybrid coating are described and discussed with respect to the electrical properties 
of the uncoated and coated Zn doped THD before and after ageing at 350 and 400°C 
in air. 
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Chapter 3 

Experimental 

In this chapter, the experimental procedure for the production and 
characterization of different compositions of oxidation protective coatings for n- 
and p-types TE materials is illustrated.  

The glasses were produced by conventional melting technique and then milled 
in form of glass powders, which were thermally characterized, in order to identify 
their characteristic temperatures as well as the sintering and crystallization 
behaviour. On the basis of the results, the thermal treatment needed to obtain the 
glass-ceramic coating was chosen. The glass-ceramic coatings, obtained carrying 
out the thermal process, were studied under the point of view of their thermo-
mechanical properties as well as their composition after the sinter-crystallization 
(by qualitative and semi-quantitative analyses).  

Only for Zn doped tetrahedrite and Sb doped Mg2(Si,Sn), commercial hybrid 
coatings were used to protect them against oxidation. 

Compositional changes in both the TE substrates and the coatings are described 
and discussed respect to the electrical properties of the uncoated and coated 
thermoelectrics before and after thermal cycling treatment (for HMS) and before 
and after thermal ageing (for Zn doped THD). In the case of Sb doped Mg2(Si,Sn) 
and titanium suboxide only the designing and the optimization of a suitable glass-
ceramic coatings was carried out, while the thermoelectric tests will be a follow- up 
of this PhD work.  

Part of the work described in this chapter has been already published during the 
PhD period [173,174]. 

Figure 3.0-1 shows a schematic representation of the experimental procedure, 
concerning the glass-ceramic production and the coated thermoelectric materials 
studied here.  
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3.1 TE Substrates synthesis and characterization  

Three of the the thermoelectric substrates involved in this research were 
synthesised by solid-state reaction and densified with a spark plasma sintering 
(SPS) furnace (HPD- 25/1, FCT Systeme GmbH, Rauenstein, Germany) at 
Nanoforce Technology Ltd., at Queen Mary University of London. SPS is a low 
voltage (typically below 10V), direct high current (DC) (from 1 to 10 kA), pressure-
assisted (50-250 kN) technique belonging to the group of Electrical Current 
Assisted/Activated Sintering (ECAS) techniques (process with discharge time more 
than 0.1 second). Even if the field of quicker techniques based on capacitive 
discharge directly through the sample (ultrafast ECAS) is still under development, 
SPS is now well-optimized[175]. In fact, since the 90’s, SPS is gradually replacing 

the traditional Hot Press technique[176]. It is used both to synthetize and densify 
new compound in one step. 

The operating principle consisting in a combination of conduction and Joule 
heating[177]: if the sample is conductive, energy is dissipated directly within 
sample and other conductive parts; otherwise electrically conductive tools are used 
and the heat produced by Joule heating is transmitted to the sample by conduction.  

The higher manganese silicide (HMS) with composition MnSi1.74 was produced 
with sintering conditions of 1000°C/ 50 MPa/ 3 min as previously reported [87]. 
Mg2Si0.487Sn0.5Sb0.013 (Sb doped Mg2(Si,Sn)) powders were prepared by ball- 
milling (P5 Fritsch, FRITSCH GmbH, Idar-Oberstein, Germany) and they were 
sintered into 15 mm diameter discs using the SPS furnace at a temperature of 720°C, 
with a heating and cooling rate of 100° C/min, a dwell time of 5 min and a pressure 
of 50 MPa.  

The thermoelectric material Cu11.5Zn0.5Sb4S13 (Zn doped THD) was prepared 
starting from single elements powders: Cu (Alpha Aesar,150 mesh, purity 99.5%), 
Sb (Alpha Aesar, 100 mesh, purity 99.5%), S (Sigma Aldrich, 100 mesh, purity 
reagent grade) and Zn (Sigma Aldrich, ≥ 99%). They were weighted in the 

appropriate stoichiometry and sealed in a stainless steel jar in an argon filled glove 
box, treated in a ball milling machine (QM-3SP2, Nanjiing University, China) 
employing stainless steel balls at 360 rpm for 96 h, with a ball to powder ratio of 
30:1. Powders were then sintered into 10 mm diameter discs using SPS at a 
temperature of 400° C with a heating and cooling rate of 50°C/min, a dwell time of 
5 min and a pressure of 50 MPa.  
The titanium suboxide involved in this research labelled as TiOx can be employed 
both as thermoelectric material and electrode for high temperature application.  

This substrate was synthesized at Fraunhofer Institute for Ceramic 
Technologies and Systems IKTS, starting from the following materials:  

- TiO2 Kronos 3025 powder 
- TiC STD-120 A (H.C.Starck) 
The powder preparation was milling of TiO2 and TiC powder in a ball mill for 

4 hrs. Subsequently the synthesis of Titanium suboxide powder at 1200°C under 
argon atmosphere was carried out.  Then, ball milling of the TiOx powder with 50 
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mol % TiO2 powder (Crenox 8602) and adding of pressing aids (5.5 mol%) acrylate 
and wax. Shaping by dry pressing of the powder granulates with 150 MPa by 
isostatic pressure was induced. After that, the pyrolysis (debindering) of the 
pressing aids followed at 1000°C / 1h / 3K/min under argon. 
Finally sintering at 1300°C under nitrogen flow, with a heating rate of 5 K/min and 
dwell time 2 hrs. 

Field emission scanning electron microscope (FE-SEM, Merlin electron 
microscope, ZEISS, Oberkochen, Germany) was used to morphologically 
characterise both powders and pellets. The latter were polished using SiC papers 
(grits 600/800/1000/1200/2500/4000) in the first polishing steps and diamond 
pastes (MetaDi, monocrystal diamond suspension of 1 µm by Buehler, Lake Bluff, 
Illinois, USA) for the finishing. The HMS samples were coated with gold, while 
the other thermoelectric substrates with chromium, in order to achieve the necessary 
electrical conductivity on the surface for performing the analysis.  The energy 
dispersive X-ray spectroscopy (EDS, Zeiss Supra TM 40, Oberkochen, Germany) 
was carried out in order to chemically characterise all samples. 

The density of some as-sintered samples was measured through the Archimede’ 

s method in deionized water. 
XRD pattern of powders after milling and as-sintered samples of the Sb doped 

Mg2(Si,Sn) and Zn doped THD were collected in the range 20- 70°, while XRD 
analysis on HMS as-sintered pellets were carried in the range 20- 60°, using a 
X’Pert Pro MRD diffractometer with Cu Kα radiation (PANalytical X’Pert Pro, 

Philips, Almelo, The Netherlands), with the aid of the X-Pert HighScore software. 
The crystalline phases were identified with JCPDS data base provided by ICDD 
(International Centre for Diffraction Data, Newton Square, Pennsylvania, USA).  

Dilatometry (DIL) was chosen to investigate the thermo-mechanical properties 
of the as-sintered Sb doped Mg2(Si,Sn), of all the glasses and glass-ceramic 
oxidation resistant coatings involved in this work.  

The dilatometric analysis is a thermo-mechanical investigation method that is 
based on the high precision measurement of the dimensional variations of a sample 
placed in a furnace, heated at controlled rate, with a programmed temperature 
variation and a minimum voltage applied to the sample. From this analysis the 
thermal expansion coefficient (CTE) and the characteristic temperatures of the 
sample Tg (glass transition temperature) and Td (dilatometric softening point) are 
obtained. 
The measurements were carried out in a dilatometer (DIL 402 PC/4, Netzsch, Selb, 
Gemany) equipped with an alumina sample holder. The description of the analysis 
carried out on the glassy compositions will be discussed later in this chapter. The 
Sb doped Mg2(Si,Sn) substrate was shaped in order to obtain a bar with 5 mm 
height. The measurements were conducted with 5 K/min as heating temperature, 
applying a constant compressive force, between the sample and the piston, of 25 
cN. The instrument was set for stopping at 350°C, to avoid the starting of 
degradation of the material inside the furnace. 

In the next two paragraphs, two different approaches in order to protect the 
thermoelectric materials against the degradation caused by oxidative atmosphere 
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will be described. The first method involves the protective coating through the 
development of glass (for Sb doped Mg2(Si,Sn)) and glass-ceramic materials (for 
HMS and TiOx), while the second one consists in the utilize of commercial resins 
deposited on the thermoelectric substrate and cured according to the manufacturer's 
instructions (for Sb doped Mg2(Si,Sn) and Zn doped THD). 

 

3.2 Glass production and coating deposition thermal 
treatment 

The glass coating used for higher manganese silicide, named G11, has the 
composition reported in the table 3.2-1. It was previously designed by F. Smeacetto 
et al. [178] to develop a glass-ceramic coating with high durability and good 
thermo-mechanical compatibility with that of a foam glass substrate. The G11 
composition derive from a soda-lime glass with network modifier oxides (Li2O, 
Na2O, K2O, B2O3, BaO). It was designed to obtain a lead-free and low cost glass 
with characteristic temperatures suitable to be applied by slurry deposition and 
direct heating on the HMS substrate. The glass-ceramic, obtained from the heat 
treatment of G11 glass, was chosen as coating for higher manganese silicide 
because of its coefficient of thermal expansion (10.7∙10-6 K-1, 200-400°C), which 
well matches to that of this type of silicide (11.5∙10-6 K-1, from room temperature 
to 700°C) [13]. In order to keep fixed the formers/modifiers ratio and the thermo-
mechanical properties, no variations of the glass were investigated and taken in 
account. The objective was to avoid the crystallization of crystalline phases not 
thermo-mechanically compatible with the thermoelectric substrate, maintaining a 
residual glassy phase in order to the self-sealing of the glass-ceramic system, as it 
will be discussed later. 

 

Table 3.2-1: Composition in wt and molar% of G11 glass 

Composition of G11 glass 
OXIDES Weight % Mol % 

SiO2 66.3 75.24 

BaO 15.9 7.07 
K2O 9.8 7.09 

Na2O 2.7 2.97 

LiO2 2.3 5.25 

Al2O3 1.8 1.2 
B2O3 1.2 1.18 
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Five different glasses compositions were designed, characterized and tested for 
Mg2Si0.487Sn0.5Sb0.013, and they were labelled from M1 to M5. These compositions 
(Table 3.2-2) were designed with the help of the SciGlass® software (Science Serve 
GmbH, Sciglass 6.6 software, Newton, Massachusetts, USA), using Priven-98 
model, in order to obtain the desired characteristic temperatures in the glass, 
especially the glass transition temperature (Tg), and a coefficient of thermal 
expansion (CTE) of the glass-ceramic as close as possible to that of the TE 
substrate, which is very high. In order to increase the CTE, all the glass 
compositions included high contents of alkaline oxides like K2O and Na2O, and the 
addition of MgO to reduce the Mg diffusion from the TE substrate. Additionally, a 
Tg lower than 500 °C was the target in order to ensure an adequate viscosity of the 
glass during the coating process that could not exceed 720°C (the TE sintering 
temperature). Therefore, different variables were taken into account during the 
design step. Furthermore, the composition of each glass belonging to M serie was 
based on the results obtained on the previously glasses (as discussed in chapter 4). 
The main idea tailoring the following compositions was to reach to best 
performances in term of adhesion between substrate and protective coating, with 
the absence of cracks at the interface, in the Sb doped Mg2(Si,Sn) thermoelectric 
and in the glass-ceramic. This can be achieved when the thermoelectric material 
and the coating are thermo-mechanically compatible (CTE match), thus avoiding 
the formation of residual stresses and tensions. 

The T1 glass coating designed to protect TiOx in oxidative atmosphere up to 
high temperatures (600-800°C) has the composition reported in the table 3.2-3. It 
was developed with the support of the SciGlass® software modifying the 
composition of a resistant glass coating for gas turbine engine components, 
previously reported by Datta et al. in order to obtain thermal shock and oxidation 
resistance up to 1000°C [179]. 



 

48 
 

 

 
T

ab
le

 3
.2

-2
: C

om
po

si
tio

n 
in

 w
t a

nd
 m

ol
%

 o
f M

 g
la

ss
es

 



49 
 

The objective in this research was to produce a glass-ceramic coating with high 
durability and good thermo-mechanical compatibility with the substrate, which has 
a CTE between 7 and 9∙10-6 K-1 [123]. TiO2 and Y2O3 oxides were added in order 
to obtain a glass-ceramic materials containing Y2Ti2O7, a crystalline phase with 
thermo-mechanical properties (CTE matching) similar to TiOx. Furthermore, the 
formation of this phase at the interface between the coating and the TE could 
increase the adhesion, as it will be discussed later. 

Table 3.2-3: Composition in wt and molar% of T1 glass 

Composition of T1 glass 
OXIDES Weight % Mol % 

SiO2 30.91 41.48 

Al2O3 20.60 16.29 

TiO2 20.60 20.79 

Y2O3 15.45 5.52 

CaO 5.15 7.40 

K2O 2.13 1.82 

Na2O 5.15 6.70 
 

All the glasses were produced by conventional melting and casting method, 
starting from high purity grade raw materials (Table 3.2-4). 

Table 3.2-4: Precursors, brands and purity of the raw materials 

OXIDE PRECURSOR BRAND PURITY(%) 

SiO2 - Sigma Aldrich 99.5 
BaO BaCO3 Alfa Aesar 99.8 
K2O K2CO3 Sigma Aldrich 99.5 
Na2O Na2CO3 Sigma Aldrich 99.5 
Li2O Li2CO3 Alfa Aesar 99 
Al2O3 - Alfa Aesar 99.9 
B2O3 H3BO3 Sigma Aldrich 99.99 
CaO CaCO3 Sigma Aldrich 99 
MgO MgCO3 Sigma Aldrich 99.9 
TiO2 - Sigma Aldrich ≥ 99 
Y2O3 - Sigma Aldrich 99.99 

 
Before the melting process, the oxides and carbonates raw materials powders 

were mixed in the proper ratios for 24 h. The melting was carried out with a heating 
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rate of 10°C/min using a Pt-Rh crucible, which was put into the furnace when the 
maximum temperature was reached and:  

 
- G11 glass was melted in an electric furnace (HTF 18/ 4, Carbolite, Hope 

Valley, UK) in air at 1450- 1500 °C for 1 h;  
- M glasses were melted in an electric furnace (Nabertherm LHT418PN2, 

Lilienthal/ Bremen, Germany) in air at 1200 °C for 1 h; in the covered crucible and 
then the lid was removed and the temperature increased to 1250°C for 30 minutes 

- T1 glass was melted in an electric furnace (Nabertherm LHT418PN2, 
Lilienthal/ Bremen, Germany) in air at 1500 °C for 1h in the covered crucible and 
then the lid was removed and the temperature increased to 1550°C for 30 minutes. 

 
The melted glass was cast onto a brass plate in order to obtain a full amorphous 

material. Subsequently it was milled in a ZrO2 ball mill and was sieved into particle 
size ≤ 38 µm in a stainless steel sieve. In the case of G11 glass, the obtained powders 
were used for the production of the glass-ceramic and for the preparation of the 
slurry to deposit on the TE substrate, because the characteristic temperatures, as 
well as the thermal expansion coefficient and the sintering behaviour of the glass- 
based coating were already reported by previously works [13,178].  

 In the case of M series and T1 glasses, the glassy powders obtained after the 
sieving, were before characterized by mean of differential thermal analyses (DTA) 
and heating stage microscopy (HSM), which were carried out with heating and 
cooling rates of 10°C/min, while one bulk of glass was used for the dilatometric 
measurement, recorded with a heating rate of 5°C/min.  

The DTA analysis is a thermoanalytic technique in which the difference of 
temperature between the sample and an inert reference material is recorded in 
function of time or temperature, while the temperature of the sample, in a specified 
atmosphere, is programmed. It is an analysis enable of providing qualitative 
information on the chemical-physical processes that take place in a sample, like the 
nature and temperature at which a particular thermal event occurs (exo or 
endothermic). 

The DTA analyses (DTA 404 PC, Netzsch, Selb, Germany) were carried out 
by using Al2O3 powders (Alfa Aesar, 99,99% purity) as the reference. The same 
amount (about 100 mg) of sample and reference was used in Pt crucibles. The 
analyses were conducted from room temperature to 1000 °C/ 1400°C for M glasses/ 
T1 glass, respectively, with 10°C/min as heating rate, on glass powders sized ≤ 38 

µm. From each DTA thermogram, glass transition temperature (Tg), crystallization 
onset temperature (Tx) and crystallization peak temperature (Tp) were extrapolated. 
The Tg was evaluated as the onset of the endothermic transformation related to the 
glass transition in the DTA curves, while Tx and Tp are, respectively, the onset and 
the peak of the crystallization exotherm [180].  

The sintering behaviour of the glasses powders (≤ 38 µm) was investigated by 
using hot stage microscopy (HSM). This is a thermal analysis through which it is 
possible to visually follow the change in shape of a sample subjected to a precise 
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heat treatment, so as to obtain information on the shrinkage and the surface tension 
of the material. 
The sample for HSM (EM 301, Hesse Instruments, Harzgerode, Germany) was a 
cylindrical pellet (3 mm diameter and 3 mm height) obtained by uniaxially pressing 
the glass powders with some drops of ethanol. The measurements were conducted 
placing the sample on an alumina support. For all the glasses, the thermal 
parameters of the HSM analyses were the same: the measurements started from 
room temperature, with a heating rate of 10 °C/min, until the instrument 
automatically detected the melting of the sample. On the basis of the shapes and 
dimensions assumed by the samples during the heat treatment, the instrument 
automatically recorded some characteristic temperatures: first shrinkage 
temperature (TFS), maximum shrinkage temperature (TMS) deformation temperature 
(DT), sphere temperature (ST), half-sphere temperature (HT), flow temperature 
(FT). 

 
The deposition thermal treatments (coating processes) were chosen for all the 

glasses, starting from glass powders with size ≤ 38 µm on the basis of the results of 
DTA and HSM analyses carried out at 10°C/min: 

 for higher manganese silicide: 
- G11: 1h at 700°C under flowing Ar (as reported in the previous 

work [13])  
 

 for Sb doped Mg2(Si,Sn): 
- M1, M2: 1h at 650 °C under flowing Ar; 
- M3: 1 h at 550 °C under flowing Ar; 
- M4, M5: 1h at 600°C under flowing Ar 

 
 for titanium suboxide: 

- T1: 10 min at 1300°C + 30 min at 855°C under flowing Ar in a 
tubular furnace  

 
A small quantity of slurry paste composed of ethanol (70 wt %) and glass 

powder (30 wt %), was manually deposited with a spatula onto the thermoelectric 
substrate and let dry for a few minutes.  All these deposition treatments were carried 
out in a tubular furnace (STF 16/ 180, Carbolite Gero, Hope Valley, UK) under a 
continuous flowing Ar, with 10°C/min as heating rate, and they were used also to 
produce glass-ceramic samples with the same composition of the glass-ceramic 
coatings. The latter were produced starting from glass powders (≤ 38 µm) pellets, 
obtained by uniaxial pressing (100 bar) for 15 seconds. 
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3.3 Glass-ceramic and glass coatings  

The studies on the glass-ceramic and glass-based coatings were carried out at 
the same time of the deposition treatment which was performed at different 
temperatures. In particular, the analyses had the main objective to identify the 
crystalline phases eventually formed during the thermal treatments. Furthermore, 
where the comparing between the glass and the glass-ceramic was possible, the 
effect of the crystallization on the thermo-mechanical properties of the glass-
ceramics was evaluated. 

Concerning the higher manganese silicide (HMS), as mentioned in the 3.2 
paragraph, the G11 glass-ceramic was previously characterized by F. Smeacetto et 
al. [178] and used for an oxidation test on the same thermoelectric substrate at 
600°C for 500 hrs [13]. In this work the differential scanning calorimetry (DSC 404 
F3 Pegasus®, Netzsch, Selb, Germany) was performed from room temperature up 
to 1000°C with a heating rate of 10°C/min, to confirm the characteristic 
temperatures of the coating material as-cast and after the deposition treatment. 
Furthermore, the self-healing properties of the G11 glass-ceramic system were 
evaluated both by manually engraving a scratch on its surface with a diamond tip, 
and performing an indentation with a Vickers indentator; subsequently the coated 
thermoelectric was fired at 600°C for 30 minutes under flowing Ar, with a 10°C/ 
min heating rate.  

In order to identify the crystalline phases formed in the glass-ceramic derived 
from each glass, X-ray diffraction analyses were performed in the range 10- 70°, 
also on the coating after the oxidation tests. The X-ray diffraction patterns were 
collected on powders obtained by milling the glass-ceramic bulks. 

As earlier reported, the dilatometry was performed to evaluate the thermo-
mechanical properties, in particular the coefficient of thermal expansion (CTE) of 
the glass-based materials studied in this work. For all the compositions the analyses 
were carried out on the as-cast glass and on the glass-ceramic coating (obtained 
after the coating deposition heat treatment). The glass sample was obtained starting 
from the as-cast glass. It was shaped in order to obtain cylinders with 5 mm height 
and around 10 mm of diameter. On the other side, after the coating thermal 
treatment, the glass or glass-ceramic material was shaped by polishing with SiC 
grinding papers, obtaining the same dimensions of the glassy pellets. In the case of 
Sb doped Mg2(Si,Sn) the behaviour of the glass-based coating was investigated also 
after t. The measurements were conducted with 5°C/min as heating temperature for 
all the samples, applying a constant compressive force, between the sample and the 
piston, of 25 cN. The instrument was set for detecting automatically the dilatometric 
softening point when a contraction higher than 0.13 % was detected at temperatures 
above 350 °C. 

In order to study the suitability of the glasses and glass-ceramics as oxidation 
protective coatings for thermoelectrics, glasses/glass-ceramics coated 
thermoelectrics were processed and characterized, obtaining morphological and 
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chemical information about the devitrification of the glass and its compatibility with 
the thermoelectric substrate after the coating process. 

 
In order to demonstrate the effectiveness of these glass and glass-ceramic 

coatings against oxidation, coated and uncoated samples of higher manganese 
silicide, Sb doped Mg2(Si,Sn) and titanium suboxide were subjected to the 
following oxidation tests: 

 HMS: thermal cycling with 10 cycles from room temperature up to 
600°C, dwelling time 1h (heating/ cooling rate of 1000°C/h) 
 

 Sb doped Mg2(Si,Sn): ageing test at 500°C for 120 hrs 
 

 TiOx: ageing test at 600°C for 120 hrs (tests in progress) 

 
FE-SEM and EDS were performed using the above mentioned microscope.  

Before and after the thermal cycling, the microstructure morphology and chemical 
composition of uncoated and coated samples were analysed. Their surface was 
polished using SiC papers (grits 600/800/1000/1200/2500/4000) and then they were 
coated with gold (HSM) or with chromium (Sb doped Mg2(Si,Sn) and TiOx), in 
order to achieve the necessary electrical conductivity on the surface for performing 
the analyses.  

X-ray diffraction analyses were carried out on coated and uncoated samples 
after the thermal cycling (in the case of HMS) and after the oxidation test (in case 
of Sb doped Mg2(Si,Sn) and TiOx); the surface coating was removed to reveal the 
thermoelectric substrate. 

The HMS electrical properties were carried out at Nanoforce Technology Ltd, 
on the as-sintered thermoelectrics, on the coated and uncoated samples after the 
oxidation tests. The Seebeck coefficient and electrical resistivity were measured in 
vacuum with the thermoelectric system in Figure 3.3-1 (ZEM- 3, Ulvac, Methuen, 
Massachusetts, USA). The functioning principle provide that the sample is set in a 
vertical position between the upper and lower blocks in a furnace. While the sample 
is heated, and held, at a specified temperature, it is heated by the heater in the lower 
block to guarantee a temperature gradient. Seebeck coefficient is obtained by 
measuring the upper and lower temperatures T1 and T2 with the thermocouples 
pressed against the side of the sample, followed by measurement of thermal 
electromotive force dE between the same wires on one side of the thermocouple. 
Electric resistance is measured by the dc four-terminal method, in which a constant 
current I is applied to both ends of the sample to measure and determine voltage 
drop dV between the same wires of the thermocouple by subtracting the thermo-
electromotive force between leads. 

In order to calculate the figure of merit of HMS samples, the thermal 
conductivity (k) was determined using the equation k = λ∙ Cp ∙d, where λ is the 
thermal diffusivity, Cp is the heat specific and d the density. The thermal diffusivity 
was measured using a laser-flash method in a flowing Ar atmosphere (LFA- 457 
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MicroFlash, Netzsch, Selb, Germany); the specific heat capacity was calculated 
using the Dulong-Petit law to avoid the large uncertainty in the differential scanning 
calorimetry method, and the density was obtained using the Archimede’s method. 
For all the electrical measurements, the outer layers of both coated and uncoated 
samples were gently removed to allow electrical contacts to take place. 

Further experimental activities will focus on the electrical characterization on 
the glass coated Sb doped Mg2(Si,Sn) after the ageing tests at 500°C for 120 hrs, 
(at Nanoforce Technology Ltd) and on T1 glass-ceramic coated TiOx after the 
oxidation test (at Fraunhofer Institute for Ceramic Technologies and Systems 
IKTS). 

 

 
Figure 3.3-1:Functioning diagram of instrument for Seebeck coefficient measure (a) and 

experimental set-up of QMUL instrument (b) 

3.4 Hybrid commercial coatings 

An alternative route to glass-ceramic materials, could be represented by the use 
of a commercial hybrid coating, which would be a promise candidate to avoid the 
oxidation of TE materials, and consequently the degradation of their electrical 
properties.  

For Sb doped Mg2(Si,Sn) a commercial electrical insulation paste 
(Ceramacoat™ 512-N, with composition reported in the Table 3.4-1) purchased 
from AREMCO SCIENTIFIC COMPANY (Los Angeles, USA), with low curing 
temperature and nominal temperature resistance up to 1316°C, was chosen as 
oxidation protective coating as previously reported by Gucci et al. [174] for a 
different hybrid commercial resin. It was applied using a foam brush and then cured 
in air in a muffle oven (CWF 13/ 5, Carbolite, Hope Valley, UK) with a heating and 
cooling rate of 2° C/min at subsequent steps of temperature, as indicated from the 
company:  

 at a temperature of 93°C for 4 hrs,  
 at a temperature of 177°C for 2 hrs, 
 at a temperature of 260°C for 1h  
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Table 3.4-1: Composition in vol% of Ceramacoat™ 512-N 

COMPONENTS 
 

CONCENTRATION 
(vol%) 

Silicate solution 10- 20 

Silica, 
Crystalline 

 
40- 60 

Alumina- Silica 
fiber 

5- 10 

Alumino- 
Silicate 

 
5- 10 

water 
 

25- 35 
 
After the deposition of Ceramacoat™ 512-N on the Mg2Si0.487Sn0.5Sb0.013 

substrate, the cross-section of a sample was polished using SiC paper and then it 
was coated with chromium, in order to make the surface conductive for performing 
the morphological analyses. Field emission scanning electron microscope (FE-
SEM) and X-ray electron dispersion spectroscopy (EDS) were performed using the 
same Merlin microscope by ZEISS before mentioned.  

After the completely deposition of Ceramacoat™ 512-N on all the faces of the 
Mg2Si0.487Sn0.5Sb0.013 substrate, an ageing test was performed, in a muffle oven 
(Manfredi OVMAT 2009, Pinerolo, Italy) in air at a temperature of 500°C for 120 
hrs with a heating rate of 2° C/min. Since this hybrid commercial coating 
demonstrated not to be able to protect the Sb doped Mg2(Si,Sn) up to 120hrs (as 
discussed in the next chapter) no other characterization was carried out.  

 
Since glass-ceramic coating would require a deposition temperature too high 

for the zinc doped tetrahedrite, other two commercial hybrid resins purchased from 
the same company were tested: a water-based resin (Corr- Paint CP4040) and a 
solvent-based resin (Corr- Paint CP4040- S1). Both of them are characterised by 
low curing temperature and nominal temperature resistance up to 590°C. Their 
compositions are reported in the Table 3.4-2. The two resins were characterised by 
means XRD after the curing treatment at 250°C for 45 minutes, and after curing 
followed by the ageing at 580°C for 4hrs in order to evaluate their high temperature 
reliability with a preliminary testing. They were applied on the Zn doped THD 
substrate using a foam brush and subsequently cured under flowing Ar in a tubular 
furnace (STF 16/ 180, Carbolite Gero, Hope Valley, UK) for 45 min at 250°C with 
a heating and cooling rate of 1.6° C/min. 
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Table 3.4-2: Composition in vol% of CP4040 and CP4040-S1 hybrid resins 

COMPONENTS 
CP4040 
(vol%) 

CP4040- S1 
(vol%) 

Silicone emulsion 30-50 20- 30 
Methoxy Propyl 

Acetate 
- 30- 40 

Zinc oxide < 1 < 1 
Trizinc bis 

(Orthophosphate) 
< 4 < 4 

Titanium Dioxide 1.0-5.0 1- 5 
Magnesium 

Silicate Hydrate 
1.0-5.0 1.0-5.0 

Mica 5-10 1-  5 
Aluminium 
hydroxide 

- 1- 10 

Water 20- 30 - 
 
FE-SEM and EDS analyses were used to morphologically and chemically 

characterise the cross- section of CP4040 and CP4040-S1 coated Zn doped THD, 
which were polished and metallized with chromium.  

On the base of the above mentioned preliminary tests, only the water-based 
resin was chosen as oxidation protective coating for the Zn doped tetrahedrite. Two 
different aging tests were performed on the completely coated samples, in a muffle 
oven (OVMAT 2009, Manfredi, Pinerolo, Italy) in air: 

 
 at a temperature of 350°C for 48 hrs with a heating rate of 1.2° C/min. 
 at a temperature of 400°C for 120 hrs with a heating rate of 1.2° C/min. 

 
X- ray diffraction, FE-SEM and EDS analyses were carried out. to characterize the 
microstructure morphology and the chemical composition of uncoated and coated 
samples after ageing treatments. The measurements of the electrical properties, in 
this case the Seebeck coefficient and the electrical resistivity, were carried out using 
a Linseis LSR-3 thermoelectric measurement system (Linseis Messgeraete GmbH, 
Selb, Germany) with Pt thermocouples and electrodes. The surface coating of the 
aged samples was manually removed before carrying out XRD and before 
measuring electric properties. 
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Chapter 4 

Results and discussion 

In this section, the results concerning new oxidation protective coatings for four 
different thermoelectric materials are presented and discussed in terms of their 
thermal and thermo-mechanical characterization, their compatibility with the 
substrates as well as their efficiency in different relevant conditions (thermal ageing 
or thermal cycling). 

The following text, data and images concerning higher manganese silicide 
(HMS) are an adaptation of the results that were submitted during the PhD period 
in the article:  

Salvo M., Smeacetto F., D’Isanto F., Viola G., Demitri P., Gucci F. and Reece 
M. J., Glass-ceramic oxidation protection of higher manganese silicide, J. Eur. 
Ceram. Soc. 39 (2019) 66-71. 

 

The following text, data and images concerning zinc doped tetrahedrite (Zn 
doped THD), reproduced in this section with the incorporation of more results and 
some modifications, were published in:  

Gucci F., D’Isanto F., Zhang R., Reece M. J., Smeacetto F. and Salvo M., 
Oxidation Protective Hybrid Coating for Thermoelectrics Materials, Materials 12 
(2019) 573. 
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4.1 G11 glass-ceramic coated HMS 

4.1.1 HMS characterization 

The higher manganese silicide powders synthesised by a high-temperature 
calcination method are shown in Figure 4.1-1a, b; they are regular and spherical 
particles with a size ranging from 10 to 50 µm. The polish surface of a sample 
densified by Spark Plasma Sintering (1000 °C/50 MPa/3 min, under vacuum) is 
reported in Figure 4.1-1c, d. The EDS analysis shown in Figure 4.1-1e reveals that 
the sintering with SPS produces nearly fully dense samples with a HMS matrix 
(MnSi1.74) and with the presence of brighter areas dispersed in this matrix, which 
correspond to MnSi phase. 

 

Figure 4.1-1: SEM images of (a, b) HMS powder synthesised by solid-state reaction and  

(c, d) polished surfaces of a HMS pellet sintered by SPS; (e) EDS analysis of the HMS matrix 

and MnSi phases 

The density of five sintered HMS pellets was measured by means of the 
Archimede’s method, resulting to have an average of 5.16 g/ cm3 (Table 4.1-1), 
which corresponds to 99.2% of the theoretical density of MnSi1.74. The density can 
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be considered as an index of the quality of the SPS process and, in this case, a 
density similar to other values reported in literature was measured [81,181]. 

Table 4.1-1: Density of sintered HMS samples 

Samples Density 
(g/cm3) 

1 5.167 

2 5.158 

3 5.157 

4 5.162 

5 5.165 

Average 5.162 

 

The XRD pattern of the as-sintered HMS is presented in Figure 4.1-2a; it 
confirmed that the main phase is the tetragonal MnSi1.74 phase, identified by the 
PDF card n. 00- 026- 1251 (Figure 4.1-2d), while the second phase MnSi, identified 
by the PDF card n. 01-081-0484, is present in very small quantity. 

 

Figure 4.1-2: XRD pattern of (a) as-sintered HMS, (b) uncoated HMS after thermal cycling 

from room temperature to 600°C, dwelling time 1h, for 10 cycles, (c) glass-ceramic coated HMS 

(coating removed) after thermal cycling from room temperature to 600°C, dwelling time 1h, for 10 

cycles, (d) PDF card (number: 00-026-1251) of Mn27Si47. The peak indicated with the black arrow 

can be attributed to Mn2O3 (PDF card number: 01-073-1826). 
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4.1.2 G11 glass-ceramic coated HMS and self-healing properties of 
the coating 

The G11 glass transition temperature (Tg = 500°C) and coefficient of thermal 
expansion (9.04∙10-6 °C-1 between RT- 400°C) have been already reported in 
[13,178]. According to previous literature [13], after the deposition treatment 
carried out at 700°C for 1h under flowing Argon, the G11 glass-ceramic system 
showed a softening point around 520°C and was characterized by a large quantity 
of amorphous phase. For this reason, one of the suggested follow ups of the article 
concerned the investigation of the self-healing property of the residual glassy phase, 
when heated above its softening point.  The self- repair properties of G11 glass-
ceramic were evaluated by manually engraving a scratch on its surface with a 
diamond tip (Figure 4.1-3a) and with several indentations produced on the glass-
ceramic coating (Figure 4.1-3c). After the heating of the coating at 600°C for 30 
min, under flowing Ar, the complete healing of the scratch occurred (Figure 4.1-
3b), all the cracks were healed and indentation marks were not visible (Figure 4.1-
3d). 

 

Figure 4.1-3: Healing of (a, b) a scratch on the G11 glass-ceramic coating and (c, d) of an 

indentation mark and cracks, after thermal treatment at 600°C, for 30min, under flowing Ar 

In literature [167], it has been reported that for some glass systems the self-
healing ability can be affected by long-term crystallization, which reduces glass 
viscosity and, consequently, the self- repairing properties. On the contrary, G11 
resulted to be stable after the ageing test at 600°C for 500 hrs [13] and after the 
thermal cycling carried out in this work (see Section 4.1.3), therefore the self- 
healing ability of the G11 glass-ceramic coating is expected to remain unchanged 
for long-term use in the thermoelectric devices at least up to 500 hrs. 
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4.1.3 Characterization after thermal cycling  

In Figure 4.1-4, the cross-section of the glass-ceramic coated HMS after the 
deposition treatment at 700°C, 1h dwelling, under flowing Ar is shown. In the G11 
glass-ceramic needle-like shaped crystals are well dispersed in the amorphous 
phase, no pores or defects are detected at the coating/HMS interface and there is 
not diffusion between them. In the TE substrate, the MnSi secondary phase, which 
is represented by brighter areas, was not only dispersed within the main HMS phase, 
but a sub-micron thick MnSi layer was also present at the interface with the glass-
ceramic coating (EDS inset in Figure 4.1-4). As reported in by Ning et al. [13] the 
MnSi layer did not form when the deposition treatment was carried out in vacuum. 
Therefore, this MnSi at the interface could be related to the residual oxygen present 
in the flowing Ar used during the experimental procedure and not to a reaction 
between HMS and the glass coating. 

 
 

Figure 4.1-4: SEM image of the cross section of G11 glass-ceramic coated HMS (deposited 

at 700° C, 1h, under Ar flow) and EDS analysis of the area indicated with the arrow 

As reported in the previous work [13], the as-deposited G11 glass-ceramic 
coating has a coefficient of thermal expansion coefficient of 10.7∙10-6 °C-1 (200-
400°C) which is a value slightly lower than that of the HMS substrate (11.5∙10-6 °C-

1), thus making the coated HMS thermoelectrics potentially more resistant to 
thermal cycling thanks to a moderate compression state in the coating. In order to 
confirm this hypothesis, the resistance of glass-ceramic coated and uncoated HMS 
specimens was evaluated with oxidation cyclic treatments from room temperature 
to 600°C in air (10 cycles, 1 h dwelling time for each cycle).  

After the thermal cycling, the uncoated HMS was oxidised and completely 
covered with a white scale. Figure 4.1-5 shows that the formation of an incoherent 
layer on the surface of the uncoated sample is clearly evident; this 5 µm thick scale 
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is composed of silica, as confirmed by the EDS analysis (inset of Figure 4.1-6) and 
was observed on the whole surface of the thermoelectric substrate. The scale was 
due to the reaction between the higher manganese silicide and oxygen and led to 
the formation of the silicon deficient layer (MnSi) as shown in Figure 4.1-6. This 
was already reported after the thermal ageing at 600°C for 500 hrs [13], where the 
SiO2 scale was coherent and well adherent to the MnSi, while in the current work, 
the cycling oxidation tests caused cracks in the silica and the delamination of the 
layer. The elemental maps of the cross-sectioned uncoated sample after oxidation 
tests reported in the Figure 4.1-6 demonstrated the presence of a coherent 5 µm 
thick MnSi layer grown on the MnSi1.74 surface. 

 

Figure 4.1-5: SEM images of uncoated HMS surface after thermal cycling from room 

temperature to 600°C, for 10 cycles, dwelling time 1h, in air 

The XRD analysis of the uncoated sample surface after cycling oxidation test 
confirmed that the main phase was MnSi (Figure 4.1-2b) with higher manganese 
silicide (MnSi1.74) present in smaller quantity; it was not possible to detect the SiO2 
scale observed with morphological analysis probably because of the sample 
preparation process that determined the spallation of the brittle, incoherent and 
cracked scale. The peak at 2θ ~ 33° could be likely due to the formation of small 

amount of Mn2O3, but the formation of this oxide was not confirmed by SEM and 
EDS analysis.  
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Figure 4.1-6: SEM image of the cross section of uncoated HMS surface after thermal cycling 

from room temperature to 600°C, for 10 cycles, dwelling time 1h, in air and corresponding 

elemental maps (EDS) 

In Figure 4.1-7, the cross-section of a glass-ceramic coated HMS sample after 
the cyclic oxidation test is presented. After the thermal cycling, a sound interface 
can be still observed and no inter-diffusion or reactions between the coating and the 
substrate are observed. The coating is still well-adherent to the TE substrate, and 
there are not cracks within the glass-ceramic coating. The EDS elemental map 
(Figure 4.1-7) and the XRD analysis (Figure 4.1-2c) did not show the presence of 
a thick continuous MnSi layer at the glass-ceramic/HMS interface as observed in 
the uncoated HMS. The glass-ceramic coating provides thus a successful protection 
by inhibiting the oxidation of higher manganese silicide under thermal cycling. The 
integrity of the coating and of the interface confirmed the excellent CTE matching 
between HMS and coating, which avoided the formation of dangerous residual 
stresses within the coated sample. 

In addition, the elemental distribution in the EDS map of the glass-ceramic 
(Figure 4.1-7) showed that the needle-like shaped crystals are barium rich, while 
the depletion of barium from the glassy phase is clearly evident. 
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Figure 4.1-7: SEM image of the cross section of G11 glass-ceramic coated HMS after 

thermal cycling from room temperature to 600°C, dwelling time 1h, for 10 cycles, in air and 

corresponding elemental maps 

In order to evaluate the crystalline phase stability of the glass-ceramic, the XRD 
analysis was carried out before and after the cyclic oxidation test. The XRD patterns 
in Figure 4.1-8 showed that the as-deposited and thermally cycled glass-ceramic 
coated are identical. In addition to the residual glass visible with the morphological 
characterization, the monoclinic Ba2Si4O10 was found to be the crystalline phase 
(PDF card n. 01-071-0797). Nevertheless in previous works [13,178], the main peak 
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at 2θ ~22.25° was identified as cristobalite; it was found that this peak is almost 

coincident with the main peak of monoclinic Ba2Si4O10. The presence of only a 
minimal concentration of Ba in the residual glassy phase and of a higher quantity 
in the crystalline phase led to the attribution of barium silicate as the main 
crystalline phase in the G11 glass-ceramic coating.  Furthermore, the formation of 
Ba2Si4O10 is in agreement with the study of Petrescu et al. [182], where a similar 
SiO2- BaO based- glass system to that used in this work was studied, demonstrating 
the partial crystallization in Ba2Si4O10 during an isothermal treatment at 700°C. 

 
Figure 4.1-8: XRD analysis of the G11 glass-ceramic coating before (red curve) and after 

(blu curve) the thermal cycling. The black curve represents the PDF card of monoclinic barium 

silicate 

The results of the DSC analysis of the coating material as-cast and after the 
deposition process (700°C, 1 h, under flowing Ar) are compared in Figure 4.1-9; 
the reduction of the glass transition temperature (onset) from 500°C to 485°C can 
be ascribed to the migration of barium from the amorphous glassy phase to the 
crystalline phase, thus increasing the alkaline oxides/silica ratio in the residual 
glass.  

 
Figure 4.1-9: DSC analysis of the as-casted glass (black curve) and the as-deposited glass-

ceramic coating (red curve). The characteristic temperature indicated is: Tg (glass transition 

temperature). 
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Figure 4.1-10 compares the values of (a) the Seebeck coefficient S, (b) 
electrical resistivity ρ, (c) power factor (S2/ρ) and (d) zT (S2T/ρk, where T is the 

absolute temperature and k the thermal conductivity) of the as-sintered, uncoated 
and coated HMS samples after the thermal cycles. In the Seebeck coefficients 
(Figure 4.1-10a) of the three samples, significant differences are not visible; 
however, the values of the coated sample were slightly higher than those of the 
uncoated HMS in the entire temperature range. The oxidation inhibiting effect of 
the coating becomes clearer in the electrical resistivity and power factor diagrams 
(Figure 4.1-10b, c). It can be observed that the coating avoided the increase of the 
electrical resistivity measured in the uncoated sample after the oxidation treatment 
if compared to the as-sintered specimen. Furthermore, the coating kept the 
differences in the power factor values of the as-sintered and coated samples within 
the error bars, preventing the decrease observed in the uncoated sample. Concerning 
the figure of merit zT, the results (Figure 4.1-10d) showed that the coated HMS is 
characterised by an almost unchanged zT compared to the as-sintered specimen; 
both samples report higher values than those of the uncoated TE, with differences 
that increase with increasing temperature. The largest differences in the 
thermoelectric properties verified at high temperature indicate that the coating may 
result particularly useful for high temperature applications. 

 
Summarising, the G11 silica-based glass-ceramic was used as an effective 

oxidation resistant coating for higher manganese silicide thermoelectrics. It 
exhibited excellent thermo-mechanical and chemical compatibility with the 
substrate. The thermoelectric properties, before and after thermal cycling indicated 
that the coated HMS samples showed unchanged electrical resistivity, power factor 
and zT if compared to the as-sintered sample, demonstrating that this glass-ceramic 
system is a promising candidate for protecting MnSi1.74 against oxidation during 
cyclic working operations. 

These findings have important implications for developing reliable and low 
cost glass-ceramic coatings for HMS-based TE modules. The results presented in 
this section are significant in at least two major respects: 

- a novel approach to coatings for TE substrates, where the self–healing 
ability of the residual glassy phase could improve the durability of the 
coated thermoelectric device, also in dynamic operations. 

- the possibility to extend the HMS use even up to 550°C-600°C, without 
any degradation effect. 
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Figure 4.1-10: Temperature dependence of the (a) Seebeck coefficient, (b) electrical 

resistivity, (c) power factor and (d) zT of the as-sintered HMS (black curve), coated (blu curve) 

and uncoated HMS (red curve) after thermal cycling from room temperature to 400°C, dwelling 

time 1h, for 10 cycles 
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4.2 M glass coated Sb doped Mg2(Si,Sn) 

In this section, the results concerning two different approaches aimed to protect 
the Mg2Si0.487Sn0.5Sb0.013 thermoelectric substrate against the oxidation up to 500°C 
are evaluated and discussed. The first one is related to the use of glass-ceramic 
materials completely designed and produced at the Politecnico di Torino. The 
second approach consists of a hybrid commercial coating produced by Aremco 
Scientific Company named as CeramacoatTM512-N. 

4.2.1 Sb doped Mg2(Si,Sn) characterization 

The solid-state reaction of the elemental powders produced a single phase solid 
solution of Mg2Si and Mg2Sn with the chemical formula Mg2Si0.4Sn0.6, identified 
with the PFD card 01-089-4254, as can be demonstrated by the XRD pattern shown 
in Figure 4.2-1a.  

 

Figure 4.2-1: XRD pattern of Mg2Si0.487Sn0.5Sb0.013 (a) after ball milling, (b) as-sintered, (c) 

after the oxidation test at 500°C for 120 hrs in air without coating, (d) PDF card (number: 01-089-

4254) of Mg2Si0.4Sn0.6 

SEM images of the polish surface of an as-sintered Sb doped Mg2(Si,Sn) 
produced by SPS with sintering conditions of 720 °C/50 MPa/5 min are presented 
in Figure 4.2-2a, b; the surface looked really dense, with some porosities 
homogeneously distributed. In fact, as revealed by XRD analysis in Figure 4.2-1b, 
after the sintering process at 720°C, no phase separation was visible in the XRD 
pattern and the peaks correspondent to the single phase became sharper. The peak 
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around 43°C is related to a little amount of MgO (identified with the PDF card n. 
01-075-1525), already identified in previous works [183,184].   

 

Figure 4.2-2: SEM images (a, b) and EDS analysis (c, d) of a cross- section of as-sintered 

Mg2Si0.487Sn0.5Sb0.013 

The average density of some sintered Mg2Si0.487Sn0.5Sb0.013 pellets, measured 
using the Archimede’s method was 3.00 g/ cm3 (Table 4.2-1). This higher density 
respect the theoretical value of the single phase Mg2Si0.5Sn0.5 (2.89 g/ cm3 [185]) 
might be related to the impurity of MgO, which has a theoretical density of 3.58 g/ 
cm3 [186]. 

Table 4.2-1: Density of as-sintered Mg2Si0.487Sn0.5Sb0.013 samples 

Samples Density 
(g/cm3) 

1 2.998 

2 3.000 

3 3.002 

4 2.998 

Average 3.000 

Dilatometric analysis on the Sb doped Mg2(Si,Sn) substrate was carried out in 
order to characterize its thermo-mechanical behaviour and to identify a compatible 
glass-ceramic coating, thus avoiding the presence of residual stresses at the 
TE/glass-ceramic coating interface. The dilatometric curve (recorded with a heating 
rate of 5°C/min) is reported in Figure 4.2-3. The CTE was extrapolated from the 
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slope of the linear portion of the curves between 50 °C and 300 °C and was found 
to be 17.6∙10-6 K-1. 

 

Figure 4.2-3: Dilatometric analysis carried out at 5°C/min on as-sintered 

Mg2Si0.487Sn0.5Sb0.013 

The oxidation test on the thermoelectric substrate performed at 500°C with a 
dwelling time of 120 hrs in air, in order to verify the behaviour of the Sb doped 
Mg2(Si,Sn) in oxidative atmosphere, had a strong effect on the uncoated sample. It 
was completely oxidised and turned into powder, as it can be observed in Figure 
4.2-4. The XRD pattern of the aged Mg2Si0.487Sn0.5Sb0.013 for 120 hrs at 500°C in 
air without coating (Figure 4.2-1c) showed the decomposition of the thermoelectric 
substrate into a mixture of compounds: MgO (identified with the PDF card n. 01-
075-1525), SnO2 (detected with the PDF card n. 01-077-0447), SnO (identified with 
the PDF card n. 01-078-1913), Sn (detected with the PDF card n. 01-089-2761) and 
Si (identified with the PDF card n. 00-026-1481), as already reported by Skomedal 
et al.[187]. 

 

Figure 4.2-4: Mg2Si0.487Sn0.5Sb0.013 after oxidation test at 500°C for 120 hrs in air without 

coating 
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4.2.2 Glass-ceramic and glass-based coatings for Sb doped 
Mg2(Si,Sn) 

In this section the results concerning the glasses and glass-ceramics (referred 
to as M1 to M5) are presented and discussed in terms of their thermal and thermo-
mechanical characterization, their compatibility with the Sb doped Mg2(Si,Sn) as 
well as their performances as oxidation protective coatings.  

4.2.2.1 Glasses thermal characterization: sintering and crystallization 
behaviour 

In this paragraph, the differential thermal analyses (DTA) results on the as-
casted glass powders are shown. Furthermore, these results are also correlated to 
the hot stage microscopy analyses (HSM) in order to choose the optimal sinter-
crystallization thermal treatment, necessary to obtain a suitable densification of the 
glass-ceramic coatings.  

The glass powders from M1 to M5 were characterized by means of DTA, all with 
a heating rate of 10°C/min and the powders particle size ≤ 38 µm. The DTA curves 

obtained are reported in Figure 4.2-5. 

 

Figure 4.2-5: DTA analyses carried out at 10°C/min of M1 glass (black curve), M2 glass (red 

curve), M3 glass (blu curve), M4 glass (violet curve) and M5 glass (green curve). The 

characteristic temperatures indicated are: Tg (glass transition temperature) and Tp (crystallization 

peak temperature). 
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 The glass transition temperature (Tg), the crystallization peak temperature (Tp) and 
the melting temperature (Tm) were obtained from these analyses. For all the glasses, 
the characteristic temperatures were calculated through the use of the Proteus 
software. A reasonable agreement was found between the values detected by DTA 
and HSM (as reported later in this chapter). The characteristic temperatures for all 
the glasses, extrapolated from the DTA curve recorded at 10°C/min are reported in 
Table 4.2-2. For some glasses, it was not possible to identify some characteristic 
temperatures. For example, in the DTA of M3 glass only Tg and Tm were identified, 
while for M4 and M5 glasses both exothermic and endothermic peaks of 
crystallization and melting respectively were not found, while the decrease of the 
curves after 900°C was related to the progressive reduction of the viscosity. 

Table 4.2-2: Characteristic temperatures and thermal stability of glass powders from M1 to 

M5, collected at 10°C/min 

 
Characteristic temperatures (°C) 

Tg Tx Tx - Tg Tp Tm 

M1 glass 
powders 

401 644 243 709 910 

M2 glass 
powders 

454 712 258 774 860 

M3 glass 
powders 

420 - - - 781 

M4 glass 
powders 

466 - - - - 

M5 glass 
powders 

455 - - - - 

The thermal stability of a glass can be defined through the Hruby parameter KH = 
Tx – Tg /Tm – Tx [188], where Tx is the temperature corresponding to the onset of 
the crystallization, and therefore the temperature where the crystallization starts. 
The thermal stability [188–191] is a parameter which reflects the resistance to 
devitrification after the formation of the glass [192]. A KH value above 0.5 indicates 
a stable glass [188]; a high thermal stability is desirable for this application, because 
it increases the temperature range in which the viscous flow can act for both 
sintering and self-healing, before the crystallization occurs during the coating 
process. KH = 0.74 and KH = 1.74 were calculated for M1 and M2 glasses 
respectively. In the case of M3, M4 and M5 glasses, it was not possible to detect Tx 
and Tp by means of the DTA, but a devitrification cannot be excluded and it was 
further investigated with the XRD analysis, as reported below. 

The sintering behaviour of all the five glass compositions were investigated by 
means of the hot stage microscopy (HSM) and compared to DTA results, in order 
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to understand the correct order of events during the sinter-crystallization behaviour. 
Since the crystallization can lead to reduction of the rate of densification by viscous 
flow, it is important to study the sintering and crystallization mechanisms, in order 
to design the suitable heat treatment for the production of dense glass-ceramic 
coatings from glass powders with the sintering-crystallization method. Therefore, 
it is fundamental to manage the correct order of events, thus avoiding excessive 
crystallization that may hinder the viscous flow. Most favourable condition consists 
in reaching firstly the maximum densification (shrinkage) and subsequently 
inducing the crystals growth and obtain a glass-ceramic. A comparison between 
DTA and HSM analyses for the five types of glass powders (≤ 38µm) recorded at 
10°C/min is reported in Figures 4.2-6 to 4.2-10. The characteristic temperatures Tg, 
Tx, and Tp are indicated for each DTA analysis. The hot stage microscopy (HSM) 
allows to identify the shapes of the sample (reported on the top of each graph) 
related to some characteristic fixed viscosity points which corresponds to a specific 
temperature[193]: first shrinkage temperature (TFS), maximum shrinkage 
temperature (TMS), deformation temperature (DT), sphere temperature (ST), half-
sphere temperature (HT), flow temperature (FT). When a sample consisting of 
compacted powders with a specific distribution of glass particles is sintered, small 
particles sinter first as explained by Prado et al. [194] and dominate the sintering 
kinetics as described by the Frenkel model of sintering [195]. When larger pores 
disappear due to the viscous flow, maximum shrinkage occurs, as previously 
studied by Mackenzie and Shuttleworth [196]. 

In the graphs concerning M1 and M2 glasses (Figure 4.2-6 and 4.2-7), it can be 
noted that the melting temperature detected by DTA and HSM are slightly different; 
this is probably due to the two different detection methods: while the differential 
thermal analysis detects the enthalpy variations and phase transitions, the images 
obtained by means of the hot stage microscopy are dependent on the viscosity and 
the volume variations of the sample. 
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Figure 4.2-6: DTA (black curve) and HSM (blu curve) analyses with characteristic 

temperatures for M1 glass powders (≤ 38 µm), recorded both at 10°C/min. The characteristic 

temperatures indicated with the black arrows in the DTA plot are: Tg (glass transition temperature), 

Tx (onset crystallization temperature) and Tp (crystallization peak temperature). 

 

Figure 4.2-7: DTA (black curve) and HSM (blu curve) analyses with characteristic 

temperatures for M2 glass powders (≤ 38 µm), recorded both at 10°C/min. The characteristic 

temperatures indicated with the black arrows in the DTA plot are: Tg (glass transition temperature), 

Tx (onset crystallization temperature) and Tp (crystallization peak temperature). 
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Figure 4.2-8: DTA and HSM analyses with characteristic temperatures for M3 glass powders 

(≤ 38 µm), recorded both at 10°C/min. The characteristic temperature indicated with the black 

arrow in the DTA plot is the Tg (glass transition temperature). 

 

 

Figure 4.2-9: DTA (black curve) and HSM (blu curve) analyses with characteristic 

temperatures for M4 glass powders (≤ 38 µm), recorded both at 10°C/min. The characteristic 

temperature indicated with the black arrow in the DTA plot is the Tg (glass transition temperature). 
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Figure 4.2-10: DTA (black curve) and HSM (blu curve) analyses with characteristic 

temperatures for M5 glass powders (≤ 38 µm), recorded both at 10°C/min. The characteristic 

temperature indicated with the black arrow in the DTA plot is the Tg (glass transition temperature). 

In all the compositions, the Tg values obtained with DTA and dilatometry of the 
respective glass are lower than the first shrinkage temperature (Tfs) revealed by the 
HSM analysis, except for the M2 glass, where Tfs = 442°C, while the Tg values 
derived from DTA and dilatometry are 454°C and 467°C respectively. It can be 
concluded that in this case, the hot stage microscopy provided a slightly inaccurate 
Tfs value. 

The method proposed by M. J. Pascual et al. [193] was adopted to predict the 
viscosity of the glasses at the characteristic temperatures. The data obtained from 
the HSM curve (Table 4.2-3) can be plotted in Figure 4.2-11, where the viscosity- 
temperature curves of the studied glasses were obtained fitting the characteristic 
temperatures and giving a trend line to predict the viscosity of the five systems vs 
temperature. In all the cases, experimental viscosity points were fitted calculating 
the constants of the equation y= axb and the R-square values (reported in Table 4.2-
4),  by  non-linear regression, fitting all the experimental figures with logⴄ < 12 
[193]. For each glass composition, the viscosity-temperature behaviour strongly 
depends on the molar ratio of network former to network modifier oxides [197]. A 
higher amount of network former oxides (especially SiO2) determines a shift of the 
Log ⴄ vs T curve to higher temperatures (the black arrow in the Figure 4.2-11 
indicates the SiO2 wt% increase). The slope of the curves depends on the amount 
and the type of network modifiers included.  
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Table 4.2-3: Characteristic fixed viscosity points (Tfs, Tms, DT, ST, HT and FT) and related 

temperatures of glasses from M1 to M5 

 M1 glass 

T (°C) 

M2 glass 

T (°C) 

M3 glass 

T (°C) 

M4 glass 

T (°C) 

M5 glass 

T (°C) 
Log ⴄ 

(Poise) 

Tfs 496 442 438 508 475 9.1 

Tms 584 597 534 600 603 7.8 

DT 628 796 562 618 620 6.3 

ST 676 840 599 673 675 5.4 

HT 854 881 701 769 783 4.1 

FT 930 948 807 908 903 3.4 

 

Figure 4.2-11: Viscosity-Temperature curves for M1 glass (black curve), M2 glass (red 

curve), M3 glass (blu curve), M4 glass (violet curve) and M5 glass (green curve), obtained fitting 

the characteristic fixed viscosity points and related temperatures. The black arrow in the figure 

indicates the SiO2 wt% increase versus 

 

 

 
 
 



 

78 
 

Table 4.2-4: Equations and R-square values obtained through fitting  of glasses from M1 to 

M5 

Sample equation R-square 

M1 glass y = 149567x
-1.561

 R² = 0.97704 

M2 glass y = 4223x
-1.001

 R² = 0.85401 

M3 glass y = 190599x
-1.630

 R² = 0.94894 

M4 glass y = 714210x
-1.805

 R² = 0.95473 

M5 glass y = 100181x
-1.504

 R² = 0.92604 

From the graph above we can see that M3 composition has the lower viscosity at 
550°C (Log ⴄ= 6.5 Poise), thus suggesting the possibility to carry out a lower 
sintering treatment for its deposition when compared to other compositions and 
limiting any degradation of the Sb doped Mg2(Si,Sn). 

Concerning M1 and M2 glasses, the evaluation of the HSM results for the 
representation of the Log ⴄ vs T curves, is only feasible up to the beginning of the 
nucleation and crystallization phenomena, which have a strong influence on the 
viscosity. 

As shown in Figures 4.2-6 to 4.2-10, it is possible to see that the deformation 
temperature (DT) occurs after the maximum shrinkage (Tms), while a further 
shrinkage of the sample is likely due to the viscous flow of the glass. In order to 
evaluate the sintering ability of the glass system, Lara et al.[198,199] proposed the 
introduction of the Sc parameter, represented by the difference between the onset 
temperature of crystallization (Tx) and Tms. It is an empirical method to evaluate the 
glass sintering conditions of the studied compositions. The difference between these 
two temperatures gives an assessment about the temperatures range and the time 
available to the system to carry on the sintering by viscous flow, before the 
crystallization occurs.  

The difference between the onset temperature of crystallization (Tx) and Tms was of 
60°C in the case of M1 glass and 115° C for M2 glass. The value is quite high and 
this means that the crystallization and sintering phenomena will be kinetically 
independent, and consequently the glass-ceramic material should be well densified 
and without “shrinkage porosity”, since only at the end of the densification, the 
crystallization starts. If on the contrary, the densification extends itself and overlaps 
with the crystallization, the forecasts are directed towards a dense material of 
porosity [198]. The data obtained for M1 and M2 glasses confirms that there was 
no competition between the two phenomena. Since in the case of M3, M4 and M5 
glasses the DTA analyses were not detected crystallization peaks, Sc parameter was 
not calculated. 
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On the basis of DTA and HSM analyses, the thermal treatment to obtain the glass-
ceramic coating was chosen:  

 M1, M2: 1h at 650 °C under flowing Ar (heating rate 10°C/min); 

 M3: 1 h at 550 °C under flowing Ar (heating rate 10°C/min); 

 M4, M5: 1h at 600°C under flowing Ar (heating rate 10°C/min) 

4.2.2.2 Glasses thermo-mechanical characterization: dilatometric analyses 

Dilatometric analyses were carried out on the bulk glass, in order to 
characterize the thermo-mechanical behaviour of the five as-cast glasses. The 
dilatometric curves (recorded with a heating rate of 5 °C/min) are reported in Figure 
4.2-12.  

 

Figure 4.2-12: Dilatometric curves of M1 glass (black curve), M2 glass (red curve), M3 glass 

(blu curve), M4 glass (violet curve) and M5 glass (green curve), carried out at 5 °C/min. The 

characteristic temperatures, shown in the in-set and indicated with the arrows, are: Tg (glass 

transition temperature) and Td (dilatometric softening point). 

The CTEs were extrapolated from the slope of the linear portion of the curves 
between 150 °C and 300 °C; the CTE values are reported in Table 4.2-5, with other 
two characteristics temperature of the glass: Tg, measured through the tangent 
method where the deviation from the linearity of the curve occurs (in some cases it 
was not possible to detect it), and the dilatometric softening point (Td) at the peak 
of the curve. In the same table, for each glass, the simulated values with SciGlass 
software (Priven-98 model) of CTE and Tg were reported, showing a difference 
between 0.5- 1.3 for the coefficient of thermal expansion and a difference of 15- 
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20°C for the glass transition temperature between calculated and experimental 
values. 

Table 4.2-5: Characteristic temperatures and coefficient of thermal expansion of the glasses 

from M1 to M5, calculated with SciGlass software (Priven-98 model) and experimental measured 

by means of the dilatometry 

 
SciGlass calculation Experimental values 

CTE(*10-6 K-1) Tg (°C) CTE (*10-6 K-1) 
[150-300°C] Tg (°C) Td (°C) 

M1 
glass 16.5 416 17 - 401.4 

M2 
glass 14.6 463.4 15.8 467.9 496.7 

M3 
glass 14.7 454.6 16.8 - 429 

M4 
glass 13.4 481.8 14.7 460 496.9 

M5 
glass 14.1 468.6 14.7 475.8 488.2 

 
4.2.2.3 Glass-ceramic and glass-based coatings characterization: XRD and 

dilatometry 

In this section, the characterisation of the glass-ceramic and the glass-based 
coatings, obtained from the heat treatment (i. e. coating deposition heat treatment) 
of M1, M2, M3, M4 and M5 glasses, are presented. The type of crystalline phases 
formed during the coating process were investigated by means of the XRD analysis. 
Furthermore, the thermo-mechanical properties were analysed in terms of CTE, that 
is particularly important for the coating of the thermoelectric substrates. 

In order to identify the crystalline phases present in the five compositions, the 
XRD was carried out on the glass pellets after the heat treatment for the coating 
process. The results of XRD analyses are presented in Figure 4.2-13. In the M1 
glass-ceramic, thermal treated at 650°C for 1h (Figure 4.2-13a), the cubic 
Ca9Al6O18 was identified as the main phase (PDF card n. 01-070-0839) and the 
KAlSiO4 (PDF card n. 00-048-1028) was detected as secondary phase. 
Furthermore, an amorphous halo was clearly visible, suggesting the presence of a 
remarkable residual glassy phase. For the M2 glass-ceramic (Figure 4.2-13b), heat 
treated in the same conditions, the calcium aluminium oxide is still the main phase, 
but the intensity of the main peak of the potassium aluminium silicate increases 
considerably. The amorphous halo related to the residual glassy phase seems to be 
decreased. No clear evidence of crystalline phases was found for M3 heat treated at 
550°C for 1h: the XRD pattern was mainly amorphous with some deviation (Figure 
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4.2- 13c). Finally, no crystalline phases were detected for M4 and M5 compositions 
thermally treated at 600°C for 1h (Figure 4.2- 13d, e). 

 

Figure 4.2-13: XRD pattern of (a, b) M1 and M2 glass-ceramic coatings, (c, d, e) M3, M4 

and M5 glass-based coatings 

Dilatometric analyses were carried out on sintered samples of the five 
compositions, in order to characterize the thermo-mechanical behaviour especially 
under the point of view of the CTE of the coating. The pellets were sintered with 
the chosen coating deposition treatment described in section 4.2.2.1, different from 
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each composition. The dilatometric curves detected for each sample (recorded with 
a heating rate of 5 °C/min) are reported in Figure 4.2-14.  

 

Figure 4.2-14: Dilatometric curves carried out at 5 °C/min of M1 and M2 glass-ceramic 

coatings (black and red curves), M3, M4 and M5 glass-based coatings (blu, violet and green 

curves). The characteristic temperatures indicated with the arrows are: Tg (glass transition 

temperature) and Td (dilatometric softening point). 

The CTE were extrapolated from the slope of the linear portion of the curves 
between 150 °C and 300 °C. The results of the CTE are reported in Table 4.2-6. In 
the same table, for each glass-based composition, Tg and Td are reported (in some 
cases Tg was not detectable). Since the values of the coefficient of thermal 
expansion obtained for M1 and M2 glass-ceramics were too high in comparison 
with the Sb doped Mg2(Si,Sn) one, these two glass-ceramics were not considered 
as appropriate coatings for Mg2Si0.487Sn0.5Sb0.013 (which has a CTE= 17.6∙10-6 K-1, 
as reported in section 4.2.1). Therefore, only M3, M4 and M5 compositions were 
chosen to be deposited on the Mg2Si0.487Sn0.5Sb0.013 thermoelectric. 
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Table 4.2-6: Characteristic temperatures and coefficient of thermal expansion of the glass-

ceramics from M1 to M5 

 CTE (*10-6 K-1) 
[150- 300°C] Tg (°C) Td (°C) 

M1 GC 650°C 1h 19.2 - 454 

M2 GC 650°C 1h 18.5 453 705 

M3 550°C 1h 17.0 409 452 

M4  600°C 1h 14.9 452 495 

M5 600°C 1h 15 - 475 

 
4.2.2.4 M glass-based coated Sb doped Mg2(Si,Sn): morphological and 

chemical characterization after deposition treatment 

In this section, the results concerning the morphological and chemical analyses 
on the coated samples are shown and discussed. In the case of the M3 glass-based 
coating, the results obtained after a thermal ageing at 500°C in air with a dwelling 
time of 120 hrs are also presented.  

Since the results obtained with the dilatometric analyses for M1 and M2 in 
terms of thermo-mechanical compatibility between glass-ceramic and substrate 
were not satisfactory (the CTE of M1 and M2 produced was too high compared 
with the substrate), only M3, M4 and M5 glasses were chosen to be deposit as a 
slurry paste on the Mg2Si0.487Sn0.5Sb0.013 substrate. After the coating process, at 
550°C for 1 h for M3 glass and at 600°C for 1h for M4 and M5 glasses (all of them 
in flowing Ar), morphological SEM analyses were carries out at the interface and 
in the bulk of glass-ceramics.   

Figure 4.2-15 shows the cross-sections of the M3, M4 and M5 coated 
Mg2Si0.487Sn0.5Sb0.013. In Figure 4.2-15a, b SEM images of M3 glass coated Sb 
doped Mg2(Si,Sn) are shown and it can be seen that the coating is well adherent to 
the substrate, no pores, cracks or delamination phenomena are visible at the 
coating/TE interface after the deposition treatment. Furthermore, the M3 coating 
showed a low amount of closed porosity. No crystalline phases were found, 
accordingly with the XRD pattern previously reported (Figure 4.2- 13c). Based on 
the absence of cracks, a good thermo-mechanical compatibility was found between 
the coating and the thermoelectric substrate, confirming the results obtained with 
the dilatometric analysis. On the other side, the TE/M4 coating interface shown in 
Figure 4.2- 15c, d, revealed some delamination phenomena, visible at the interface 
between the coating and the Sb doped Mg2(Si,Sn) thermoelectric, probably due to 
the mismatch between the coefficient of thermal expansion of the M4 glass coating 
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(14.9∙10-6 K-1) and of the TE substrate (17.6∙10-6 K-1). Also in this case, crystalline 
phases were not detected. Figure 4.2- 15e, f shows the SEM images of the cross-
section of the M5 glass coated Sb doped Mg2(Si,Sn); despite the difference in terms 
of CTEs between coating and substrate, it can be observed the absence of cracks 
within the coating, which is well-adherent to the substrate and free of defects. In all 
the samples, no oxidation/reaction layers are visible at the interface. 

 

Figure 4.2-15: SEM images of the cross-section of (a, b) M3 glass coated 

Mg2Si0.487Sn0.5Sb0.013, of (c, d) M4 glass coated Mg2Si0.487Sn0.5Sb0.013 and of (e, f) M5 glass coated 

Mg2Si0.487Sn0.5Sb0.013, all after deposition heat treatment under flowing Ar. 

Based on these results, M3 and M5 glass-based coating were chosen as potential 
candidates to avoid the degradation of the Mg2Si0.487Sn0.5Sb0.013 during an oxidation 
test at 500°C for 120 hrs in air. 
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4.2.2.5 M3 and M5 glasses coated Sb doped Mg2(Si,Sn) after oxidation test:  
morphological and chemical characterization 

Figure 4.2-16 shows a sample of uncoated Mg2Si0.487Sn0.5Sb0.013 and a sample of 
M3 glass coated Mg2Si0.487Sn0.5Sb0.013, before and after the ageing test at 500°C for 
120 hrs in air. It is clear that the glass coating has an effective role for protecting 
the thermoelectric substrate in oxidative atmosphere, since without coating it was 
completely oxidised and turned into powder. 

 

Figure 4.2-16: Uncoated Mg2Si0.487Sn0.5Sb0.013 and M3 glass coated Mg2Si0.487Sn0.5Sb0.013 

before and after the oxidation test in oxidative atmosphere at 500°C for 120 hrs. 

After the oxidation test at 500°C for 120 hrs, the M3 glass coated 
Mg2Si0.487Sn0.5Sb0.013 sample was submitted to morphological and chemical 
analyses by mean of SEM and EDS. Figure 4.2-17 a, b shows that the good 
compatibility between the glass coating and the Sb doped Mg2(Si,Sn) substrate was 
maintained after the long exposure to severe conditions. The interface between the 
coating and the thermoelectric substrate is characterized by the absence of cracks 
or delamination phenomena. Two SEM images of the M3 glass coated Sb doped 
Mg2(Si,Sn) at higher magnification are reported in Fig. 4.2-17c, d, confirming the 
optimal adhesion of the coating to the thermoelectric. Figure 4.2-17e shows a SEM 
image with the related EDS analysis. No diffusion of elements between the 
substrate and the glass coating was detected. In fact, in the Mg2Si0.487Sn0.5Sb0.013 

only Mg, Si and Sn were reported, while in the coating all the chemical elements 
belonging to the glass composition were found.  
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Figure 4.2-17: SEM images and EDS analysis of the cross-section of M3 glass coated 

Mg2Si0.487Sn0.5Sb0.013 after oxidation test at 500°C for 120 hrs in air 

The second material chosen as potential oxidation protective coating for Sb doped 
Mg2(Si,Sn) based materials was the M5. Figure 4.2-18 shows a photo of the M5 
glass coated Mg2Si0.487Sn0.5Sb0.013 after the deposition heat treatment, before and 
after the ageing test at 500°C, but after only 8 hours the sample was completely 
decomposed and therefore it was not possible to carry out the morphological and 
thermoelectrical characterization. A possible explanation for this might be related 
to the presence of one or more areas of the substrate not completely covered. In this 
case the oxygen could be easily gone into contact with the Sb doped Mg2(Si,Sn) 
causing the degradation. A possible follow-up for this work could be the 
optimization of a more uniform and reproducible method of the glass deposition. 

In conclusion, the failure of both M4 and M5 glass coatings could be related to the 
CTEs mismatch between the glass coating and the Sb doped Mg2(Si,Sn). 
Comparing the two glass compositions, the former/modifier oxides ratio is quite 
similar (they differ only slightly in the SiO2:K2O ratio) and the glass coatings 
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obtained after the heat treatment did not crystallize, therefore the CTEs are the same 
of the parental glasses (~ 15∙10-6 K-1), much lower respect that of the Sb doped 
Mg2(Si,Sn) which is 17.6∙10-6 K-1. This could have led to delamination phenomena, 
residual stresses and, consequently, presence of cracks. 

 

Figure 4.2-18: M5 glass coated Mg2Si0.487Sn0.5Sb0.013 before and after the ageing test in 

oxidative atmosphere at 500°C. After only 8 hrs the sample was exploded 

4.2.2.6 M3 glass coated Sb doped Mg2(Si,Sn) after oxidation test: XRD and 
dilatometry 

In order to further confirm the effectiveness of the M3 glass-based coating for the 
protection of Mg2Si0.487Sn0.5Sb0.013, the XRD analysis on coated sample after the 
oxidation test at 500°C for 120 hrs in air was carried out (after removing of the 
outer layers to reveal the pristine thermoelectric substrate) and the results are 
presented in Figure 4.2-19. As can be noted, the single phase Mg2Si0.4Sn0.6 
identified with the PFD card 01-089-4254, is the same compared to the as-sintered 
sample (see Figure 4.2-1b), validating the efficacy of the M3 glass-based coating 
after the oxidation test; only a slight presence of MgO was found (identified with 
the PDF card n. 01-075-1525) represented by a peak around 43°, but it was already 
labelled in the as-sintered Mg2Si0.487Sn0.5Sb0.013 (section 4.2.1). 

 

Figure 4.2-19: XRD pattern of (a) aged Mg2Si0.487Sn0.5Sb0.013 at 500°C for 120 hrs in air with 
coating (removing of the outer layers before doing XRD analysis), (b) PDF card (number: 01-089-

4254) of Mg2Si0.4Sn0.6 
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Furthermore, X-ray diffraction analysis was performed on M3 glass-based coating 
after the oxidation test to evaluate the thermodynamic stability after the thermal 
treatment at 500°C for 120 hrs in air (Figure 4.2-20): no crystalline phases were 
detected after the oxidation test (b curve), as before the oxidation test (a curve) and 
the amorphous halo linked to the glassy phase seems to be unchanged. 

 

Figure 4.2- 20: XRD pattern of M3 glass-based coating (a) before and (b) after oxidation test 

at 500°C for 120 hrs in air 

Furthermore, the dilatometric curves of M3 glass coating (Figure 4.2-21a) and M3 
heat treated at 500°C for 12hrs (Figure 4.2-21b) are very similar and the CTEs, 
calculated in a temperature range between 150°C and 300°C, are quite similar: 
17∙10-6 K-1 and 16.6∙10-6 K-1, respectively (the slight difference probably is due to 
an experimental error). This further demonstrates the stability of this glass-based 
system. In addition, both the glass transition temperature and the softening point 
between and after the oxidation test are almost unchanged. 
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Figure 4.2-21: Dilatometric curves carried out at 5 °C/min of (a) M3 glass-based coating 

obtained at 550°C for 1h and (b) M3 glass-based coating after the oxidation test at 500°C for 

120hrs. The characteristic temperatures indicated with the arrows are: Tg (glass transition 

temperature) and Td (dilatometric softening point). 

Summarising, a series of new silica-based glass and glass-ceramics were 
designed as potential coatings and one of them was successfully tested for 
protecting Sb doped Mg2(Si,Sn) based materials. The most promising composition 
is the M3 one. Even if the thermoelectric properties of a coated sample were not 
carried out yet, the M3 glass-based coating demonstrated to be effective for 
protecting the Mg2Si0.487Sn0.5Sb0.013 thermoelectric after an ageing at 500°C for 120 
hrs, because, after the oxidation test, the coated sample was not oxidised and turned 
into powder as occurred in the uncoated sample thermally treated in the same 
conditions. This finding, through preliminary, suggests that the M3 glass-based 
coating could be a promising candidate for protecting Sb doped Mg2(Si,Sn) based 
thermoelectrics against oxidation.  

 
The thermoelectric characterization will be performed, to compare the 

thermoelectric properties (electrical resistivity, Seebeck coefficient, Power Factor 
and Figure of Merit) between as-sintered and M3 glass-based coated 
Mg2Si0.487Sn0.5Sb0.013 after the oxidation test at 500°C for 120 hrs in air.   

 

Very little information was found in literature on glass-based protective coatings 
for magnesium silicide based thermoelectrics and especially on the Sb doped 
Mg2(Si,Sn), which is characterised by a much higher coefficient of thermal 
expansion (17-17.5∙ 10-6 K-1) than that of pure silicide. The importance and 
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originality of this section are that it explores a series of glass-based compositions 
with high CTE and low deposition temperature (550-600°C), with interesting 
properties as coating material for Mg2Si0.487Sn0.5Sb0.013. The novelty of this research 
is very significant because it introduces a new approach to the development of 
protective coatings for Sb doped Mg2(Si,Sn) and the possibility to optimise glass-
based systems which demonstrated excellent thermo-mechanical compatibility with 
thermoelectric materials, that is a crucial aspect in the manufacturing of reliable and 
durable thermoelectric modules. 

4.2.3 Ceramacoat™ 512-N coated Sb doped Mg2(Si,Sn) 

In order to avoid the oxidation of the Sb doped Mg2(Si,Sn) surface, and 
consequently the long-term reliability and efficiency of TE modules an alternative 
route respect the glass-based coating was tested to protect this TE from oxidation. 
In a previous, a solvent-based commercial hybrid resin was successfully used to 
protect the same Sb doped Mg2(Si,Sn) against oxidation at 500°C; the results of this 
collaborative research with Nanoforce Techology Ltd, Queen Mary University of 
London, were published in Gucci et al.[174]. In this thesis, the effectiveness of a 
new hybrid commercial coating labelled as Ceramacoat™512-N (details about its 
composition and its curing process were reported in the Materials and Method 
section) was studied.  

The cross-section of coated samples (curing in air at different steps at a 
temperature of 93°C for 4 hrs, at 177°C for 2 hrs, and finally at 260°C for 1h) shows 
that fillers of different shape are well dispersed in the silicone resin matrix and no 
pores, cracks or delamination phenomena are detected at the coating/ 
Mg2Si0.487Sn0.5Sb0.013 interface (Figure 4.2-22). However, the EDS analysis reveals 
the probable presence of an oxidation layer at the interface, demonstrated with a 
high atomic% of oxygen which exceeds 60% (Figure 4.2- 22e). 
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Figure 4.2-22: SEM images and EDS analysis of the cross-section of Ceramacoat™512-N 

coated Mg2Si0.487Sn0.5Sb0.013 after curing at different steps of temperature 
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In order to compare the performance of this coating with the M3 coating, a sample 
of Ceramacoat™512-N coated Mg2Si0.487Sn0.5Sb0.013 was subjected to a thermal 
ageing at 500°C for 120 hrs in air, but as it can be seen in Figure 4.3-23, the coated 
sample was found to be completely decomposed. Therefore, it was not possible to 
carry out the morphological and electrical characterization. A possible explanation 
for this might be that the manual method of deposition in this case didn’t guarantee 

the completely coating of the substrate, causing its decomposition when subjected 
to the oxidation test. Furthermore, the curing of this hybrid coating is very slow, 
and probably the MgO oxidation layer is produced already at low temperature, as 
demonstrated by the EDS analysis in Figure 4.2-22e, thus influencing the oxidation 
resistance of the sample. 

 

 

Figure 4.2-23: Ceramacoat™ 512-N coated Mg2Si0.487Sn0.5Sb0.013 before and after the ageing 

test in oxidative atmosphere at 500°C for 120 hrs 
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4.3 T1 glass-ceramic coated TiOx 

In this section, the results concerning the thermal, thermo-mechanical, 
chemical and morphological characterization of the T1 glass-ceramic as potential 
candidate as protective coating for titanium suboxide are discussed. The 
transformation from T1 glass to T1 glass-ceramic was investigated with two 
different routes: in the first one, the glass-ceramic was obtained through a bulk 
crystallization, while in the second one, the T1 glass-ceramic coating was obtained 
with the sinter-crystallization method (i. e. from pressed glass powder). The glass 
bulk (first route) and the glass pellet (second route) were submitted to the same heat 
treatment. A schematic illustration of the two routes is shown in Figure 4.3-1.  

Preliminary oxidation tests of T1 glass-ceramic coated TiOx up to 600°C are in 
progress and they are not reported in this thesis.  

 

Figure 4.3-1: Schematic illustration of the T1 glass and glass-ceramic characterization 

4.3.1 T1 glass characterization: morphological and chemical 
characterization 

In this section, the morphological and chemical characterization of the T1 glass, 
both as powder and as bulk, is reported.  

The as-cast T1 glass looked like an opaque white glass. Figure 4.3-2 shows the 
T1 glass powder, which is quite irregular in the form and in the size, ranging from 
10 to 40 µm.  
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Figure 4.3-2: SEM images of T1 glass powders 

Figure 4.3-3 (a, b) shows SEM images of the T1 glass bulk as-cast and polished 
for the morphological analysis. It can be noted that there are two phases: a dark 
matrix and a brighter phase which appears as round shaped particles with a size 
ranging from 200 to 250 nm. The EDS analysis (Figure 4.3-3b) was not able to 
discriminate the different composition of the two phases and showed the presence 
of all the elements belonging to the glass composition.  

 

  

Figure 4.3-3:(a) SEM image of T1 glass as cast and polished and (b) EDS analysis 
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The opaque appearance of as-cast T1 is characteristic of phase separated 
glasses. However, Figure 4.3-4a shows the XRD pattern of T1 as-cast glass where 
an amorphous halo is visible, but it can be also noted the presence of the main peak 
of cubic yttrium titanium oxide with stoichiometric formula Y2Ti2O7 (PDF card n. 
00-042-0413) [200]. 

 

Figure 4.3-4: XRD pattern of (a) T1 as-cast glass, (b) T1 as-cast glass thermally treated at 

1300°C for 10 minutes + 855°C for 30 minutes (1st route), (c) T1 glass-ceramic (2nd route) and (d) 

Y2Ti2O7 PDF card n.00-042-0413. 

 

Three different hypotheses were done to explain this microstructure: 

(i) the formation of the primary crystal phase during the cooling of the glass 
melt and the nano-crystals growth in a spherical shape; 

 (ii) a glass phase separation that led to the formation of spheroids distributed 
in a homogeneous glassy matrix; 

(iii) a glass phase separation caused the formation of Y- and Ti- rich glass 
droplets in which the primary crystals, yttrium titanate, grew to nanometric sizes.  

 
The XRD results seem to support (i) and (iii) hypotheses, but futher 

investigation should be carried out with a high resolution trasmission electron 
microscopy and would be of great help in clarifying the microstructure of the as 
cast glass. 
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4.3.2 T1 glass thermo-mechanical characterization: dilatometric 
analysis 

The dilatometric curve (recorded with a heating rate of 5 °C/min) obtained on 
a little drop of T1 glass is reported in Figure 4.3-5a (black curve). 

 

Figure 4.3-5: Dilatometric curves carried out at 5 °C/min of (a) T1 glass and (b) T1 glass-

ceramic obtained after curing at 1300°C for 10 minutes+ 855°C for 30 minutes. The characteristic 

temperatures indicated with the arrows are: Tg (glass transition temperature) and Td (dilatometric 

softening point). 

The CTE was extrapolated from the slope of the linear portion of the curve 
between 200 °C and 500 °C and the value is reported in Table 4.3-1, with the Tg, 
measured with the tangent method where the deviation from the linearity of the 
curve occurs, and the dilatometric softening point (Td) at the peak of the curve. In 
the same table, CTE and Tg calculated with the SciGlass software are reported. 

Table 4.3-1: Characteristic temperatures and coefficient of thermal expansion of the T1 glass 

and T1 glass-ceramic, calculated with SciGlass software and experimental measured 

 
SciGlass calculation Experimental values 

CTE(*10-6 K-1) Tg (°C) 
CTE (∙10-6 K-1) 
[200- 500°C] 

Tg (°C) Td(°C) 

T1 glass 7.1 820 8.6 734 792 

T1  
glass-ceramic - - 9.1 - 1081 
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4.3.2 Evolution of T1 from glass to glass-ceramic 

In this section the transformation of T1 glass to T1 glass-ceramic will be 
discussed, considering two different routes, as above mentioned.  

In the first part of the paragraph, the study of the sintering and the 
crystallization behaviour are illustrated. The data obtained by DTA and HMS 
analyses are correlated optimising the sinter-crystallization treatment (2nd route) for 
an effective oxidation glass-ceramic resistant coating for the titanium suboxide 
substrate.  

The glass powder was characterized by means of the DTA, with a heating rate of 
10°C/min and the powders particle size ≤ 38 µm. The DTA curve is shown in Figure 
4.3-6 (black curve). 

 

Figure 4.3-6: DTA (black curve) and HSM (blu curve) analyses carried out at 10°C/min on 

the T1 glass powder. The characteristic temperatures indicated with the black arrows in the DTA 

plot are: Tg (glass transition temperature), Tx (onset crystallization temperature), Tp (crystallization 

peak temperature) and Tm (melting temperature). 
 

 The glass transition temperature (Tg), three crystallization peaks (Tp1, Tp2, Tp3) and 
the melting temperature (Tm) are indicated in the graph. The melting temperature 
detected by DTA can be assumed as the melting of the crystallized phases. 
However, the melting temperature found with the DTA was lower than that detected 
with HSM, 1271°C and 1394°C respectively. Tg, as previously explained, was 
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considered as the onset of the endothermic transition on the left side of the graphs, 
but in this analysis it was not possible to detect it. The characteristic temperatures 
for the glass, extrapolated from the DTA curve obtained at 10°C/min are reported 
in Table 4.3-2.  

Table 4.3-2: Characteristic temperatures of T1 glass powders collected at 10°C/min 

 
Characteristic temperatures (°C) 

Tg Tx1 Tp1 Tx2 Tp2 Tx3 Tp3 Tm 

T1 glass 
powders 

752 819 852 884 919 1046 1097 1271 

The sintering behaviour of T1 glass was investigated by hot stage microscopy 
(HSM) and was analysed in relation to DTA results, with the aim to study the 
correct order of events during the sinter-crystallization behaviour. The 
characteristic figures and the related temperatures obtained by HSM (blu curve) are 
reported in the Figure 4.3-6 on the top of the graph. Since the coating should protect 
the thermoelectric substrate from oxidation, it is very important to have a good 
densification of the glass-ceramic during the coating process. As already discussed 
above, since the crystallization can reduce the rate of densification by viscous flow, 
it is desirable to identify the sintering and crystallization mechanisms, in order to 
identify the suitable heat treatment for the production of glass-ceramic coatings 
from powders by the sintering-crystallization method. For this reason, all the 
considerations explained in the 4.2.2.1 paragraph concerning the thermal stability 
of a glass and the sinter-capability of a glassy system are valid also for T1 glass. 
The correct order of events should consist in reaching firstly the maximum 
densification shrinkage and subsequently induce the crystals growth, in order to 
produce a glass-ceramic. However, as it can be observed in the Figure 4.3-6, the 
onset of the crystallization in the DTA plot almost overlaps the first shrinkage 
temperature measure with the hot stage microscopy, so the two phenomena are not 
as independent as it would be desirable.   

The identification of the phase that crystallizes in correspondence to the first peak 
of crystallization (Tp1 in Figure 4.3-6) was carried out on T1 glass heat heated at 
855°C for 30 minutes and subsequently performing the XRD analysis on the 
crushed powders. The results (not reported here) indicated the formation of a single 
phase with stoichiometric formula Y2Ti2O7, whose coefficient of thermal expansion 
is ~8.4 ∙10-6 K-1 in the range 300- 1000°C, very similar to that of the titanium 
suboxide that is between 7 and 9 ∙10-6 K-1[201]. For this reason, the thermal 
treatment chosen for the coating deposition was: 1300°C for 10 minutes and 
subsequently at 855°C for 30 minutes under flowing Ar. Previously, only H-P. 
Martin et al. [123] suggested a SiO2-BaO-CaO based- glass as oxidation resistant 
coating material  for TiOx, but its effectiveness was proved only up to 500°C.  
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 In order to understand the evolution of the morphology of T1 glass during 
the coating deposition, the same heat treatment (1300°C for 10 minutes + 855°C 
for 30 minutes under flowing Ar) was carried out on the as-cast glass bulk (1st route) 
and on a pellet of uniaxially pressed glass powders (2nd route).  

Figure 4.3-7 shows the SEM images of T1 as-cast glass bulk (1st route) heat 
treated at 1300°C for 10 minutes and subsequently at 855°C for 30 minutes, under 
flowing Ar (1st route). Bright crystals homogeneously dispersed in a glass matrix 
are clearly visible. They appear with an irregular size and dimension (Figure 4.3-
7a, b), homogeneously distributed in the glass matrix, similar to the ones reported 
in [202,203]. The EDS analysis (Figure 4.3-7c) carried out on the crystals shows 
higher atomic% of Y and Ti, which indicates the formation of crystalline phases 
containing these elements, while the compositional analysis performed on the 
darker matrix (Figure 4.3-7d) reveals higher atomic% for Si, Na, Al, Ca, which 
compose the glassy phase.  

 

Figure 4.3-7: (a, b) SEM images of T1 glass bulk heat treated at 1300°C for 10 min+ 855°C 

for 30 min and (c, d) EDS analysis 

Furthermore, in the XRD pattern related to the T1 glass bulk after the heat 
treatment at 1300°C for 10 minutes + 855°C for 30 minutes (Figure 4.3-4b), the 
amorphous halo due to the glassy phase is considerably decreased, while the peaks 
related to the primary crystal phase, Y2Ti2O7, increased in number and intensity, 
confirming the EDS analysis previously reported. Furthermore, the indexing of the 
peak at around 32° is still uncertain. It was tentatively attributed to  the hexagonal 
Y2TiO5 (PDF card n. 00-027-0981), but previous studies reported the 
transformation of the α-orthorhombic yttrium titanium oxide in the ß- hexagonal 
phase only at 1330°C [204,205]. Therefore, the presence of the hexagonal Y2TiO5 
in the XRD analysis results should be carefully evaluated in a future work. In 
addition, it was not possible to identify the phase of the peak around 52.5°. 
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In the last part of this section, the results concerning the T1 glass-ceramic obtained 
starting from a pellet of uniaxially pressed glass powder, are presented (2nd route).  

In order to recognize the crystalline phases present in the T1 glass-ceramic, XRD 
was carried out on the glass-ceramic pellet (reduced into powder) after the coating 
deposition heat treatment. This analysis was performed in collaboration with the 
University of Hertfordshire, Hatfield, UK. The results of XRD analysis are shown 
in Figure 4.3-4c. The cubic yttrium titanium oxide with stoichiometric formula 
Y2Ti2O7 was identified as the main phase with the PDF card n. 00-042-0413. 
Furthermore, the calcium aluminum silicate with anorthite crystalline structure and 
stoichiometric formula CaAl2Si2O8 (PDF card n. 01-041-1486) was identified as 
secondary phase. As mentioned in the previous paragraph, the indexing of the peak 
around 32° is still under investigation, while the peak at 52.5° could not be 
identified.  

Further experimental activities will be focused on the Rietveld analysis which 
allows the quantification of the crystalline phase in terms of wt%. 

The comparison between the DTA analysis of T1 after the deposition process 
(1300°C for 10 minutes and subsequently at 855°C for 30 minutes, under flowing 
Ar) is presented in Figure 4.3-8; the glass transition temperature onset in the glass-
ceramic is almost the same of the parent glass (756°C and 752°C respectively), as 
well as the melting temperature, while crystallization peaks were not detected for 
the glass-ceramic.   

 

Figure 4.3-8: DTA analysis of (a) as-cast T1 glass and (b) T1 glass-ceramic obtained with a 

heat treatment at 1300°C for 10 minutes and s at 855°C for 30 minutes, under flowing Ar. The 

characteristic temperatures indicated with the arrows are: Tg (glass transition temperature) and Tp 

(crystallization peak temperature). 
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In addition, thermo-mechanical properties of the glass-ceramic were analysed 
with particular focus on the CTE, that is a fundamental parameter for the 
compatibility between coating and the thermoelectric substrates. The dilatometric 
analysis was carried out on the glass-ceramic (red curve in the Figure 4.3-5b) 
obtained from uniaxially pressed the glass powders and heat treated at 1300°C for 
10 minutes and subsequently at 855°C for 30 minutes, under flowing Ar. The CTE 
were extrapolated from the slope of the linear portion of the curves between 200 °C 
and 500 °C. The measured CTE of T1 glass-ceramic, reported in Table 4.3-1, was 
found to be 9.1∙10-6 K-1, very close to the coefficient of thermal expansion of 
titanium suboxide reported by H- P. Martin et al.[123] (between 7 and 9∙10-6 K-1). 
The dilatometric softening point (Td) of the glass-ceramic was 1081°C, represented 
by the peak of the curve recorded during the analysis (Figure 4.3-5b, red curve). It 
is worth noting that the dilatometric softening point of T1 glass-ceramic, Td, is 
considerably increased respect to the T1 glass one (Table 4.3-1). In fact, the process 
parameters chosen to obtain the T1 coating are advantageous because they allow 
the increase of the softening temperature of the glass-ceramic, thus extending the 
working temperature range. Therefore, T1 glass-ceramic coating could be a 
potential candidate to protect TiOx modules in oxidative atmosphere up to 600°C.  

Since T1 glass-ceramic was found to be thermo-mechanically compatible with 
the TiOx substrate, T1 glass was deposited on the titanium suboxide and heat treated 
at 1300°C for 10 minutes and subsequently at 855°C for 30 minutes to obtain a 
glass-ceramic protective coating on TiOx. 

In order to study the morphology of the glass-ceramic obtained with the 2nd 
route, SEM and EDS characterization were carried out on polished cross-sections 
of the T1 glass-ceramic pellet. Figure 4.3-9 showed two well visible types of 
crystalline phases. One of them consisted of irregular round-like shaped crystals 
very similar to those reported for T1 as-cast glass thermally treated at 1300°C for 
10 minutes and 855°C for 30 minutes (Figure 4.3-7), while another is represented 
by needle-like shaped structures not homogeneously distributed. Both of them were 
immersed in the residual glassy phase. The EDS area reported the elements 
atomic%, which perfectly corresponded to the calculated atomic% in the glass 
composition.  

 
Figure 4.3-9: SEM image of the cross-section of T1 glass-ceramic (obtained at 1300°C for 

10 min+ 855°C for 30 min) and EDS analysis on the all the area 
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Figure 4.3-10 shows a SEM image of the T1 glass-ceramic and the related EDS 
elemental maps. As it can be observed, where Ca, Al and Si were detected and 
formed darker elongated structures in the range 20- 25 µm intersected with each 
other, K and Na were not present. This confirmed the presence of the CaAl2Si2O8 
anorthite phase found with the XRD analysis and observed in previous studies 
[206,207]. Smaller and brighter crystals, homogeneously distributed in all the 
sample could be ascribed to the main phase identified with XRD, that is the yttrium 
titanium dioxide (Y2Ti2O7). On the other side, K, Na are present in the matrix glassy 
phase. 

 

 

Figure 4.3-10: SEM image of the cross- section of T1 glass-ceramic (obtained at 1300°C for 

10 min+ 855°C for 30 min) with the related EDS elemental maps 

A SEM image of the cross-section of T1 glass-ceramic at higher magnification 
and EDS characterization are reported in Figure 4.3-11. The two types of crystalline 
phases above mentioned are better visible. Furthermore, the EDS area reported the 
elements atomic% and it corresponded again to the calculated atomic% in the glass 
composition.  
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Figure 4.3-11: SEM image at higher magnification of the cross- section of T1 glass-ceramic 

(obtained at 1300°C for 10 min+ 855°C for 30 min) and EDS analysis on the all the area 

Figure 4.3-12 showed a SEM image at higher magnification of the T1 glass-
ceramic and the related EDS elemental maps. The compositional analysis 
confirmed the presence of needle-like shaped structures consisted of Ca, Al, Si and 
O, and smaller crystals containing Y and Ti more homogeneously distributed in the 
residual glassy phase. 

 

Figure 4.3-12: SEM image at higher magnification of the cross-section of T1 glass-ceramic 

(obtained at 1300°C for 10 min+ 855°C for 30 min) with the related EDS elemental maps 
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4.3.5 T1 glass-ceramic coated TiOx: morphological and chemical 
characterization after deposition treatment 

In this section the performances of the T1 glass-ceramic in terms of adhesion 
and compatibility at the interface with the titanium suboxide are illustrated and 
discussed. SEM and EDS analyses were carried out after the coating process, 
performed at 1300°C for 10 minutes and subsequently at 855°C for 30 minutes, 
under flowing Ar, in order to investigate the morphology and the differences in 
chemical composition between the glass phase and the crystalline phases. Fig. 4.3-
13 shows the results of these analyses. 

Figure 4.3-13a, b shows the SEM images of the cross-section of a T1 glass-
ceramic coated TiOx, and it can be seen that the coating is well-adherent to the 
substrate, no pores, cracks or delamination phenomena are visible at the coating/TE 
interface after the deposition treatment. The distribution of the crystalline phases is 
not homogeneous. As it can be observed, closer to the interface, small lighter grains 
with size around 1µm and homogeneously distributed are immersed in the darker 
glassy phase, while further from the T1 glass-ceramic/TiOx interface, the presence 
of darker crystalline phases have the tendency to organize themselves in elongated 
crystals wedged together.  The chemical analyses reported in the EDS in Figure 4.3- 
13c, d, e are in agreement with the XRD patterns presented in section 4.3.4. The 
main crystalline phase identified as Y2Ti2O7 seems to be formed at the interface 
(spectrum 5) due to the reaction with the TiOx substrate and to form everywhere in 
the coating where this crystalline phase is brighter and homogeneously distributed 
as round shaped crystals (spectrum 1), as it can be noted from the atomic% of Ti 
and Y.  On the other hand, Ca, Al and Si are present in the needle-like shaped 
crystals in the further area from the interface (spectrums 3 and 4), confirming the 
CaAl2Si2O8 anorthite phase found by XRD analysis. Furthermore, K, Na remained 
in the glassy phase (spectrum 2). 
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Figure 4.3-13: (a, b) SEM images of the cross-section of T1 glass-ceramic (obtained at 

1300°C for 10 min+ 855°C for 30 min), respectively in secondary and back scattered electrons and 

(c, d, e) EDS analysis 

 

 

 

 

 



 

106 
 

A SEM image at the T1 glass-ceramic/TiOx interface is reported in Figure 4.3-
14, together with the related EDS elemental maps. Due to the high level of porosity 
of the titanium suboxide, the infiltration of the residual glass phase into the substrate 
was detected: high amount of Si, Na, Al and K were detected in the pores of the 
substrate. The higher concentration of Y and Ti is evident in the layer at the 
interface; it is continuous and homogeneous along the investigated region. As 
mentioned above, the formation of the Y2Ti2O7 phase likely occurred at the T1 
glass-ceramic/TiOx interface and it continues to be the main phase in the area 
closest to the interface, after which the calcium aluminum silicates started to 
nucleate.  

 

 

Figure 4.3-14: SEM image at the T1 glass-ceramic/TiOx interface substrate with the related 

EDS elemental maps 
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In order to better understand the composition of the scale formed at the 
interface, an EDS line-scan was also performed. The results are reported in Figure 
4.3-15 and in Figure 4.3-16 respectively.  The line-scans related to Si, Na, Al and 
O show clearly that the presence of these elements slightly increases moving from 
the substrate (on the left) to the glass-ceramic coating (on the right). Evaluating the 
trend of the intensities of each chemical element, it can be noted that the line- data 
concerning Y increases considerably at the interface (zone 1 in Figure 4.3-16), 
while the Ti slowly decreases, but this is reasonable considering that the substrate 
is titanium suboxide. After the reaction layer, which is 1-1.5 µm thick, the line scan 
crosses a dark zone of glassy phase of around 1 µm length (zone 2 in Figure 4.3-
16) where an important reduction of Y and Ti intensity peaks can be noted, while 
the Si, Na e Al intensity increases. Afterwards, Ti and Y intensities increase in 
correspondence of a smaller round-like shaped crystal (zone 3 in Figure 4.3-16).  

 

Figure 4.3-15:  SEM image collected at the TiOx/T1 glass-ceramic interface after the coating 

deposition at 1300°C for 10 min+ 855°C for 30 min, under flowing Ar 
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Figure 4.3-16: EDS line-scan results, collected at the TiOx/T1 glass-ceramic interface after 

the coating deposition at 1300°C for 10 min+ 855°C for 30 min, under flowing Ar 
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The purpose of the current study was to characterize and process a silica-based 
glass-ceramic, specifically designed to protect the TiOx substrate against oxidation 
up to 600°C (to be used both as thermoelectric and electrode at high temperatures). 
Even if results concerning oxidation and thermal cycling tests are in progress, it 
exhibited excellent thermo-mechanical and chemical compatibility with the TiOx 
substrate. After the coating treatment, the obtained glass-ceramic (by sinter-
crystallized glass powders) was characterised by the presence of an interesting 
microstructure due to different crystalline phases, whose complete identification is 
still in progress. In fact, Rietveld and TEM analysis will be carried out on the glass-
ceramic coating in order to better identify the nature and the quantity of the 
crystalline phases. Even if the study was limited by the lack of information on 
oxidation test to compare the effects of oxidative atmosphere on a coated/ uncoated 
sample, these preliminary results are very promising. In fact, these findings 
constitute an optimal starting point for using T1 glass-ceramic as a promise 
candidate to protect titanium suboxide during ageing and cyclic working operations. 
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4.4 Hybrid commercial resins coated Zn doped 
tetrahedrite  

4.4.1 Zn doped THD and resins characterization 

The ball milled Zn doped tetrahedrite powders, produced starting from single 
elements, are shown in the SEM images in Figure 4.4-1a, b; the presence of 
aggregates of bigger dimensions and other fine powders of smaller size are visible. 
Furthermore, EDS analysis was carried out (Figure 4.4-1c) showing the presence 
of the elements Cu, Sb, S, included the Zn doping. In literature, it has been 
demonstrated that the achievement of the final stoichiometry is progressively 
obtained during the mechanical alloying by continuous ball milling [208], [209].  

 

Figure 4.4-1: SEM images of (a, b) Zn doped THD ball milled powders (c) EDS analysis 

 

The XRD pattern reported in Figure 4.4-2a confirmed that the ball milled 
powders consisted of Cu12Sb4S13 single phase (PDF card n. 00-024-1318). 

Figure 4.4-3a illustrated a SEM image of the polished surface of an as-sintered 
Zn doped THD obtained by SPS with sintering conditions 400 °C/50 MPa/5 min, 
that looked really dense without contrast of the phases. In fact, as revealed by XRD 
analysis in Figure 4.4-2b, the famatinite (Cu3SbS4) second phase (PDF card n. 01-
071-0555) was present in the as-sintered sample only in a very small quantity, while 
the Cu12Sb4S13 continued to be the main phase. Figure 4.4-3b, c, d shows the 
fracture surface of Zn doped tetrahedrite, where it is interesting to notice the 
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presence of tiny grains with narrow size distribution (around few hundreds of 
nanometers). 

 

 

Figure 4.4-2: XRD pattern of (a) Zn doped THD powders after ball milling, (b) as-sintered 

Zn doped THD, (c) PDF card (number: 00-024-1318) of Cu12Sb4S13 

 

Figure 4.4-3: SEM images of (a) polished surface and (b, c, d) fracture surfaces of Zn doped 

THD samples sintered by SPS 
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The density of some sintered Zn doped THD pellets was measured with the 
Archimede’s method (Table 4.4-1) resulting to have an average of 4.86 g/cm3, 
which results in a high relative density of 97%  if compared with the theoretical 
value (4.99 g/cm3) [192]. 

Table 4.4-1: Density of sintered Zn doped THD samples 

Samples Density 
(g/cm3) 

1 4.888 

2 4.896 

3 4.800 

4 4.919 

5 4.806 

Average 4.861 

 

As previously reported [136,137,140,208,210], the oxidation of the surface of 
this thermoelectric substrate degrades the power generation and decreases the 
reliability and efficiency of TE modules mainly due to the production of  Sb2O3, 

Cu3SbS4 and Cu2S . In order to inhibit the degradation of the thermoelectric 
properties, the effectiveness of the CP4040 water-based and the CP4040-S1 
solvent-based resins were tested. Figure 4.4-4 shows the two resins deposited on 
soda-lime glasses after curing at 250°C for 45minutes (Figure 4.4-4a) and after an 
ageing treatment with a dwell of 4hrs at 590°C (Figure 4.4-4b), which is the 
nominal temperature resistance indicated in the data sheet supplied by AREMCO. 
Despite after ageing the presence of some cracks on both hybrid coatings is evident, 
the coatings continue to be well adherent to the substrate, as after the curing. 

 

Figure 4.4-4: Images of water- and solvent-based resins (a) after curing at 250°C for 45min 

and (b) after curing and subsequently ageing at 590°C for 4 hrs 
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The XRD pattern of the water-based resin (CP4040) after curing in Figure 4.4- 
5 shows the presence of TiO2 as main phase (PDF card n. 01-088-1172) and some 
secondary phases such as SiO2 (PDF card n. 01-081-0068 and PDF card n. 01-078-
1255), ZnO (PDF card n. 01-079-0205) and Fe3Si0.66 (PDF card n. 01-089-5975) all 
visible in smaller quantities. XRD analysis of the solvent-based resin (CP4040- S1) 
after curing in Figure 4.4-6 contains very similar crystalline phases if compared 
with CP4040, but with a new one that is aluminium silicate hydrate (PDF card n. 
00-038-0449). In general, XRD pattern of the CP4040 coating carried out after 
curing at 250°C for 45 min and after the subsequently ageing at 580°C for 4hrs does 
not report any significant differences, while in the case of CP4040- S1 hybrid resin 
a couple of new peaks (indicated with the black arrow in Figure 4.4-6) not labelled 
were present after the ageing at 580°C for 4hrs. 

 

Figure 4.4-5: XRD pattern of (a) CP4040 after curing at 250°C for 45 min, (b) CP4040 after 

curing and ageing at 580°C for 4 h (c) PDF card (number: 01-088-1172) of Ti2O 
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Figure 4.4-6: XRD pattern of (a) CP4040- S1 after curing at 250°C for 45 min, (b) CP4040- 

S1 after curing and ageing at 580°C for 4 h (c) PDF card (number: 01-088-1172) of Ti2O 

 
Figure 4.4-7 illustrates a photo of the water-based resin coated Zn doped THD 

(on the left) and the solvent-based resin coated Zn doped THD (on the right).  

 

Figure 4.4-7: Photo of the water-based resin coated Zn doped THD (on the left) and the 

solvent-based resin coated Zn doped THD (on the right) after curing at 250°C for 45 min 

The cross-sections of both samples after curing at 250°C for 45 min (Figure 
4.4-8a, b) shows crystals of different shape well dispersed in the silicone resin 
matrixes, and no pores, cracks or other defects are visible at the coating/Zn doped 
THD interface. The EDS analysis (Figure 4.4-8c, d) reveals the presence of 
different elements in both hybrid coatings, while in the Zn doped THD substrate 
Cu, S, Sb and sometimes Zn are detectable. The presence of Cr in some EDS 
analysis is due to the metallization of the surface need for the morphological 
characterization.  
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Figure 4.4-8: SEM images and EDS analysis of the cross-section of (a, c) water-based resin 

coated Zn doped THD and (b, d) solvent-based resin coated Zn doped THD after curing at 250°C 

for 45 min 

 

After these preliminary tests, the water-based resin has been chosen as 
oxidation protective coating for Zn doped tetrahedrite because of its simplicity to 
deposit (the solvent-based resin had a viscosity too low if compared with CP4040, 
and too many depositions were need to cover completely the samples). 

Two different aging tests were performed on the coated samples: 

 at a temperature of 350°C for 48 hrs with a heating rate of 1.2° C/min. 

 at a temperature of 400°C for 120 hrs with a heating rate of 1.2° C/min. 

The choice of oxidation temperatures was guided by previous literature 
[140,210] and the potential operating temperatures of the materials. The tests would 
provide an initial benchmark for the testing of hybrid coatings. 
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4.4.2 Thermal ageing at 350°C for 48hrs 

As it can be observed in the SEM images and EDS analysis in Figure 4.4-9a, b 
after the ageing at 350°C for 48hrs in air the Zn doped tetrahedrite without coating 
appeared completely oxidized. SEM images of the cross-section of uncoated Zn 
doped THD in Figure 4.4-9c, d shows the presence of an inhomogeneous layer 
(around 3- 5 µm) on the whole surface of the thermoelectric substrate. The point 
indicated with the black arrow can be attributed to the antimony oxide, but it was 
not possible to carry out EDS analysis because of the spallation of the brittle scale. 

 

Figure 4.4-9: SEM images and EDS analysis of top view (a, b) and SEM images of the cross- 

section (c, d) of aged Zn doped THD 350°C 48hrs without coating 

The XRD analysis of the uncoated sample surface after ageing (Figure 4.4-10a) 
shows that the main phase was Sb2O3 (PDF card n. 00-043- 1071), confirming the 
morphological analysis (SEM), with the presence of Cu12Sb4S13, Cu3SbS4 and Cu2S 
(PDF card n. 01-072-1071) as secondary phases, as previously discussed by Chetty 
et al. and Harish et al.[208,210].  
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Figure 4.4-10: XRD pattern of (a) aged Zn doped THD at 350°C for 48h without coating, (b) 

aged Zn doped THD at 350°C for 48h with coating and (c) PDF card (number: 00-024-1318) of 

Cu12Sb4S13 

As shown in the cross-section image of the water-based coated Zn doped THD 
after ageing at 350°C for 48 hrs (Figure 4.4-11a, b) the coating is still well-adherent 
to the substrate and there is no evidence of cracks within the coating and the Zn 
doped tetrahedrite.  As can be observed in the SEM image, the absence of the 
formation of oxidation layers at the coating/ Zn doped THD interface makes evident 
the effective protection of the hybrid coating, which as demonstrated by the EDS 
analysis (Figure 4.4-11c, d) seems not be subjected to compositional changing after 
the ageing at these conditions. 

 

Figure 4.4-11: SEM images (a, b) and EDS analysis (c, d) of the cross-section of water-based 

resin coated Zn doped THD after ageing at 350°C, dwelling time 48 hrs, in air 
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XRD analysis in Figure 4.4-10b shows that after the ageing at 350°C for 48 hrs 
in air there were no apparent changes in the Zn doped THD if compared to as-
sintered sample, confirming that the hybrid coating provided an effective 
protection, inhibiting the oxidation of Zn doped THD under thermal ageing. 

Concerning the thermoelectric properties, the comparison between the as-
sintered, the uncoated and coated samples is shown in Figure 4.4-12. The Seebeck 
coefficients of the three samples did not show remarkable differences, but the 
values of the aged Zn doped THD with coating were slightly higher than those 
without coating, at least starting from 150°C. The coating is able to avoid the 
increase in electrical resistivity observed in the uncoated sample, as it maintains the 
original chemical composition. Consequently, the power factor of the uncoated 
sample decreases, while the coated sample maintains a similar value.      
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Figure 4.4-12: Temperature dependence of the (a) electrical resistivity, (b) Seebeck 

coefficient, (c) power factor of the as-sintered Zn doped THD (black curve), coated (blu curve) 

and uncoated Zn doped THD (red curve) after thermal ageing at 350°C, dwelling time 48hrs, in air 
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4.4.3 Thermal ageing at 400°C for 120hrs 

After the ageing at 400°C for 120 hrs in air, SEM images of the cross-section 
of uncoated Zn doped THD in Figure 4.4-13 shows, as in the previously cited 
thermal ageing at 350°C for 48 hrs, the presence of an inhomogeneous layer (around 
5 µm) on the whole surface of the thermoelectric substrate. As can be observed in 
the EDS analysis in Figure 4.4-13c, d, the Sb/O ratio within the interface could 
attribute the presence of antimony oxide at the Zn doped THD/embedding resin 
interface. 

 

Figure 4.4-13: SEM images (a, b) and EDS analysis (c, d) of the cross-section of aged Zn 

doped Zn doped THD 400°C 120 hrs without coating 

The XRD analysis of the uncoated sample surface after ageing (Figure 4.4-14a) 
shows that the main phases are represented by the orthorhombic antimony oxide 
which is present as Sb2O3 (PDF card n. 03-065-2426) and Sb2O4 (PDF card n. 01-
071-0564) confirming the morphological analysis, with the presence of Cu12Sb4S13, 

Cu2S (PDF card n. 01-072-1071) and CuS (PDF card n. 01-079-2321) as secondary 
phases.  
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Figure 4.4-14: XRD pattern of (a) aged Zn doped THD at 400°C for 120 hrs without coating, 

(b) aged Zn doped THD at 400°C for 120 hrs with coating and (c) PDF card (number: 00-024-

1318) of Cu12Sb4S13 

The SEM image of the cross-section of the water-based coated Zn doped THD after 
ageing at 400°C for 120 hrs (Figure 4.4-15 a) showed the absence of cracks within 
the coating, which is well-adhered to the thermoelectric substrate. Nevertheless, the 
evidence for the formation of a 20- 25 µm thick oxidation layer was found (Figure 
4.4-15c, d) at the coating/Zn doped THD interface. 

 

Figure 4.4-15: SEM images (a, b) and EDS analysis (c, d) of the cross-section of aged Zn 

doped THD 400°C 120 hrs with coating 
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XRD analysis of the aged Zn doped THD with coating (Figure 4.4-14 b) reported 
the effectiveness of the CP4040 hybrid coating because the main phase remained 
the Cu12Sb4S13 with Cu3SbS4 as secondary phase (like the as-sintered sample in 
Figure 4.4- 2 b), but confirmed also the presence of oxidation layers of antimony 
oxide (Sb2O3) with the other phase Cu2S. 

Concerning the thermoelectric properties, the comparison between the as-sintered, 
the uncoated and coated samples was carried out and shown in Figure 4.4-16. The 
Seebeck coefficients of the aged Zn doped THD without coating (Figure 4.4-16b) 
were slightly lower than those as-sintered and with coating, which did not show any 
differences. The formation of second phases in the uncoated sample observed in the 
XRD analysis and in the SEM images probably reduces the carrier concentration, 
and therefore can led to a higher resistivity. On the other side, the coating is able to 
avoid the increase in electrical resistivity observed in the uncoated sample (Figure 
4.4-16a). Consequently, the power factor of the uncoated sample decreases, while 
the coated sample maintains a similar value to as-sintered one. As can be seen in 
the graph of the temperature dependence of the Power Factor (Figure 4.4-16c), the 
maximum value reached in the as-sintered sample is around 700 µW/mK2, that is 
little lower than the maximum value previously reported after the thermal ageing at 
350°C for 48 hrs (section 4.4.2) around 1100 µW/mK2. This difference in the 
thermoelectric properties is probably due to the different ball mill machines used 
during the powders preparation and certainly it will need further processing 
parameter optimization to reach the same or better properties respect the previously 
ones.    
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Figure 4.4-16: Temperature dependence of the (a) electrical resistivity, (b) Seebeck 

coefficient, (c) power factor of the as-sintered Zn doped THD (black curve), coated (blu curve) 

and uncoated Zn doped THD (red curve) after thermal ageing at 400°C, dwelling time 120hrs, in 

air 
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Summarising, the effectiveness of a hybrid commercial coating as an 
alternative oxidation protective coating technology for thermoelectric material, and 
in particular for Zn doped tetrahedrite substrates, was successfully assessed. 

The water-based hybrid resin proved to be effective at providing a barrier 
coating to avoid the oxidation. The values concerning the power factor did not 
decrease in the coated sample, demonstrating that it is a promising candidate for 
protecting Zn doped THD in presence of oxidative atmosphere up to 400°C. 

 
These results have important implications for employing of commercial hybrid 

coatings for tetrahedrite based TE modules. The findings presented in this section 
are relevant because they represent a novel approach to coatings for TE substrates, 
never tested and studied in literature before.  
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Chapter 5 

Conclusions and future perspectives 

In this PhD thesis, new oxidation protective coatings for different 
thermoelectric substrates have been developed. Their effectiveness was assessed as 
coatings for different thermoelectrics: higher manganese silicide (HSM), 
magnesium silicide based material (Sb doped Mg2(Si,Sn), Mg2Si0.487Sn0.5Sb0.013, 
zinc doped tetrahedrite (Zn doped THD) and titanium suboxide (TiOx). 

 
A higher manganese silicide thermoelectric, produced by spark plasma 

sintering at Nanoforce Technology Ltd, was successfully coated with a silica-based 
glass-ceramic (G11), in order to be used at temperatures higher than 500°C. 

In the G11 glass-ceramic coating, needle-like shaped crystals of Ba2Si4O10 were 
well-dispersed in the amorphous matrix, and no defects or pores were visible at the 
coating/HMS interface. The as-deposited G11 glass-ceramic was a CTE of 10.7∙ 

10-6 °C-1 (200-400°C) a value slightly lower than that of the HMS substrate (11.5∙ 

10-6 °C-1) thus leading to a moderate compression state in the coating and potentially 
more resistant to thermal cycling.  

G11 glass-ceramic coated and uncoated HMS were submitted to thermal 
cycling from room temperature to 600°C in air (10 cycles, 1h dwelling time for 
each cycle). The formation of a 5 µm thick silica layer was observed on the whole 
surface of the uncoated thermoelectric, due to the reaction between HMS and 
oxygen, which determined the formation of a Si-deficient layer (MnSi). The XRD 
analysis of the uncoated sample surface after cycling oxidation test confirmed that 
the main phase was MnSi with higher manganese silicide (MnSi1.74) present in 
smaller quantity. On the other hand, the cross-sections of a glass-ceramic coated 
HMS sample after the cyclic oxidation test, showed a sound interface, without inter-
diffusion and reaction between the coating and the substrate. The coating was still 
well-adherent to the TE substrate, and there were no cracks within the glass-ceramic 
coating. The EDS elemental map and the XRD analysis did not show a continuous 
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MnSi layer at the glass-ceramic/HMS interface as in the case of uncoated HMS. 
XRD patterns confirmed that the as-deposited and thermally cycled glass-ceramic 
coated HMS were identical. The glass-ceramic coating provides thus a successful 
protection inhibiting the oxidation of higher manganese silicide under thermal 
cycling. Concerning the thermoelectric properties, uncoated cycled HMS samples 
showed a higher electrical resistivity and a significantly reduced power factor in 
comparison with the coated one. The coated cycled HMS samples showed 
unchanged electrical resistivity, power factor and zT compared to the as-sintered 
sample (zT around 0.35), indicating that the integrity of the coating and of the 
interface verified the excellent CTE matching between HMS and coating, thus 
demonstrating that the use of this glass-ceramic coating is an efficient oxidation 
protective system during cyclic working conditions. 

Furthermore, the residual amorphous phase may add self-healing properties to 
the coating during cyclic working conditions. For this reason, during the PhD work 
the self-repair ability of this glass-ceramic system was demonstrated, evidencing 
the closure of pre-induced scratches/ cracks during heating at temperature above its 
softening point, which confirms its ability to enhance the reliability and durability 
of the coated thermoelectric system. 

The results concerning the higher manganese silicide thermoelectric obtained 
during this PhD thesis have important implications for the development of reliable 
and low-cost glass ceramic coatings for HMS-based TE devices. In fact, the 
findings presented in this section are relevant in the thermoelectricity field because 
they represent a new approach to coatings for TE substrates, in which the self-
healing ability of the residual glass phase could improve the durability of the coated 
thermoelectric module, even in dynamic operations.  

 
In the literature very little was found concerning glass-based coating for the 

magnesium silicide and in particular for Sb doped Mg2(Si,Sn) based materials. The 
novelty of this part of the thesis consists in the designing of five glass-based 
compositions with low deposition temperature (550-600°C) and high coefficient of 
thermal expansion (17-17.5 ∙ 10-6 K-1) similar to that of the thermoelectric substrate. 
In fact, the development of glass-based coating thermo-mechanically compatible 
with the Mg2Si0.487Sn0.5Sb0.013 plays a key role in the manufacturing of reliable, 
efficient and durable TE devices.  
Two different approaches were studied and discussed, in order to protect Sb doped 
Mg2(Si,Sn) based materials against oxidation up to 500°C. The first method focused 
on the development of a novel glass-based coating. A series of five glasses were 
designed (labelled from M1 to M5), produced and characterized in order to identify 
the most suitable to protect the TE substrate. Differential thermal analyses and hot 
stage microscopy were carried out in order to study the crystallization and the 
sintering glasses behaviour, respectively. Dilatometric analyses were performed in 
order to measure the coefficient of thermal expansion of the glasses, which resulted 
slightly higher compared to the values calculated with the SciGlass software. On 
the basis of the thermal analyses, the heat treatments to obtain the correspondent 



127 
 

glass-ceramic coatings were chosen. Only the M3 glass-based coating had a CTE 
of 17∙10-6 °C-1 (150-300°C), very close to that of the substrate; it was selected as 
the most promising solution and it was chosen for the oxidation tests at 500°C for 
120 hrs in air. The morphological characterization of the M3 glass coated 
Mg2Si0.487Sn0.5Sb0.013 showed that the good compatibility between the coating and 
the thermoelectric substrate was maintained after the long exposure to severe 
conditions. The interface between the glass-based coating and the Sb doped 
Mg2(Si,Sn) was characterized by the absence of cracks or delamination phenomena 
and no diffusion of elements was detected. XRD analysis on the coated sample after 
the oxidation test at 500°C for 120 hrs in air was the same compared to the as-
sintered thermoelectric, demonstrating the efficacy in the protection of the Sb doped 
Mg2(Si,Sn) substrate. Dilatometry and XRD analysis on the glass-based coating 
after the oxidation test confirmed the thermo-mechanical and the thermodynamic 
stability, respectively. Electric properties will be carried out in the near future to 
compare the electric performances of an as-sintered Sb doped Mg2(Si,Sn) with a 
coated sample after oxidation test at 500°C for 120 hrs, in order to further validate 
the efficiency of this glass-based system. 
The second approach to protect the Mg2Si0.487Sn0.5Sb0.013 thermoelectric consisted 
in utilizing a hybrid commercial coating produced by Aremco Scientific Company, 
named as CeramacoatTM512-N. After the oxidation test at 500°C for 120 hrs in air 
the sample of Ceramacoat™512-N coated Mg2Si0.487Sn0.5Sb0.013 was found to be 
completely decomposed, concluding that it could be necessary to optimize a 
different deposition method to obtain a more uniform coating in order to avoid the 
formation of oxidation layers at the interface. 
 

A new silica-based glass-ceramic, indicated as T1, was designed, produced and 
characterized as a potential oxidation resistant coating for TiOx substrate up to 
600°C. Differential thermal analyses and hot stage microscopy were performed 
aimed to study the crystallization and the sintering glasses behaviour, respectively. 
Dilatometric analyses were performed in order to measure the coefficient of thermal 
expansion of the glass, resulted slightly higher (8.6 ∙ 10-6 °C-1 measured in the range 
200-500°C) compared to the calculated value with the SciGlass software (7.1∙10-6 

°C-1). The value of the experimentally measured CTE of T1 glass-ceramic is 9.1∙10-

6 K-1, very close to the coefficient of thermal expansion of titanium suboxide 
(between 7 and 9∙10-6 K-1). Furthermore, the substantial increase of the dilatometric 
softening point of the glass-ceramic (Td =1081°C), with respect to the T1 parent 
glass one (Td =792°C) represents an interesting aspect of this glass-ceramic system, 
because it could be an advantage in terms of the coating operational temperature 
range. The morphological analysis of the T1 glass-ceramic coated TiOx revealed 
that the coating was well-adherent to the substrate, without the presence of cracks, 
pores or delamination phenomena at the interface. The study of the complex 
microstructure carried out with XRD analysis, EDS elemental maps and EDS line-
scan led to find the presence of different crystalline phases in the glass-ceramic 
coating. The main phase was identified as smaller and brighter crystals of Y2Ti2O7, 
while darker needle-like shaped crystals were ascribed to the CaAl2Si2O8 anorthite 
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phase. The T1 glass-ceramic coating could be considered a potential candidate to 
protect TiOx modules in oxidative atmosphere up to 600°C, due to the optimal 
thermo-mechanical compatibility with the substrate and the possibility to use TiOx 
above 400°C in air without any degradation effect. The oxidation tests will be 
performed at IKTS in the next few months. 
 

Since glass-ceramic coatings would have required a deposition temperature too 
high for zinc doped tetrahedrite (Cu11.5Zn0.5Sb4S13), two commercial hybrid resins 
with low curing temperature and with nominal temperature resistance up to 590°C, 
were chosen as potential protective resistance coatings.  

After preliminary tests, the water-based silicone resin was successfully 
identified as a potential candidate to avoid oxidation of the Zn doped tetrahedrite. 
Compositional changes in both the Zn doped THD substrate and the hybrid coating 
are evaluated and discussed with respect to the morphological, chemical and 
electrical properties of the uncoated and coated Zn doped THD before and after 
ageing at 350 and 400°C in air. 

The first thermal ageing at 350°C for 48hrs induced in the uncoated Zn doped 
THD the formation of an inhomogeneous layer (3- 5 µm thick) on the whole 
surface, detected as antimony oxide by means the XRD analysis, which detected 
the presence of other secondary phases reported in literature such as Cu3SbS4 and 
Cu2S. On the contrary, in the coated Zn doped THD after ageing, the coating was 
still well-adherent to the substrate as in the as-deposited sample, without oxidation 
layers and evidence of cracks within the coating and the Zn doped THD. This made 
evident the effective protection of the hybrid coating, which as demonstrated by the 
EDS analysis, seems not be subjected to compositional changing after the ageing at 
these conditions. Furthermore, XRD analysis showed that after the ageing at 350°C 
for 48 hrs in air there were no apparent changes in the Zn doped THD if compared 
to as-sintered sample. Concerning the electrical properties, the Seebeck coefficients 
of the three samples did not show remarkable differences. The coating is able to 
avoid the increase in electrical resistivity observed in the uncoated sample, as it 
maintains the original chemical composition. Consequently, the power factor of the 
uncoated sample decreases, while the coated sample maintains a similar value.  
After the second thermal ageing, carried out at 400°C for 120 hrs, the uncoated Zn 
doped THD was characterized again by an oxidation layer on the whole surface of 
the thermoelectric substrate. On the other hand, the SEM analysis on the coated Zn 
doped THD after ageing showed the absence of cracks within the coating, which 
was well-adhered to the thermoelectric substrate. However, the evidence for the 
formation of a 20- 25 µm thick oxidation layer was found at the coating/Zn doped 
THD interface. In spite of XRD analysis of the aged Zn doped THD with coating 
reported the effectiveness of the CP4040 hybrid coating because the main phase 
remained the Cu12Sb4S13 with Cu3SbS4 as secondary phase, XRD pattern confirmed 
also the presence of a small amount of antimony oxide (Sb2O3). The Seebeck 
coefficients of the aged Zn doped THD without coating were lower than those as-
sintered and with coating, which did not show any differences. The formation of 
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second phases in the uncoated sample observed in the XRD analysis and in the SEM 
images probably reduced the carrier concentration, and this can lead to a higher 
resistivity. However, the coating is able to avoid the increase in electrical resistivity 
observed in the uncoated sample. Consequently, the power factor of the uncoated 
sample decreases, while the coated sample maintains a similar value to as-sintered 
one. Summarising, the effectiveness of a hybrid commercial coating as an 
alternative oxidation protective coating for thermoelectric material, and in 
particular for Zn doped tetrahedrite substrates, was successfully demonstrated. 

The results presented in this section are relevant because they represent a novel 
and easier approach to coatings for TE substrates. Further studies will be focused 
on the optimization of the deposition technique in order to obtain thinner and more 
uniform coatings. 

  
In this PhD thesis critical issues related to the oxidation of thermoelectric 

substrates and the degradation of their electrical performances were studied. The 
design and the development of new glass and glass-ceramics as oxidation protective 
coatings were the main focus of this research. In this context, this PhD thesis 
represents a valuable contribution to the integration of advanced engineering 
ceramics for energy conversion systems and research findings have important 
implications for developing durable and reliable TE modules. 
 
Future experimental work in the topics presented in this thesis may address to the 
following issues:  
 
a) Upscaling of low cost coating deposition and module assembly:  
 

 In some cases, the manual deposition carried out in this work did not 
lead to a uniform and reproducible thickness of the glass/ glass-ceramic 
coating. The future perspectives in this context are related to implement 
a viable and versatile method, for example electrophoretic deposition 
(EPD), to deposit the coatings produced during this PhD work in order 
to be used at industrial scale.  

 
b) Joining and integration techniques:  
 

 New investigations are needed to ensure an appropriate and reliable 
joining and assembly packaging technology in order to develop a TE 
module design which can adapt to thermal gradients without damage 
even over long periods of time. 
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