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ABSTRACT

DEVELOPMENT OF ALKALI BARIUM GLASSES FOR HERMETIC
APPLICATIONS

Turgutlugil Gokge, Tutku
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Abdullah Oztiirk

January 2024, 106 pages

Alkali barium glasses in the SiO,, Al203, LiO2, K20, Na20, and BaO system were
prepared using high-purity powders by the melt-quench technique to evaluate the
compatibility of these glasses for hermetic sealing. The melting process took place
at the laboratory conditions at 1550 °C for 30 min. Six different glasses with
varying Na>O and KO content were produced. The total Na>O + K>O content in
the glasses was kept constant at 15 wt% but, the Na,O/K20 ratio was adjusted.
Glasses were cast into a molybdenum mold to get rectangular prism shaped
samples for the density, coefficient of thermal expansion (CTE), and chemical
durability measurements. Results indicated that even a slight change in Na,O/K,0O
led to notable changes in the glass properties. Glass pellets were subsequently
sealed with 304 stainless steel using different sealing profiles under argon gas. The
results revealed that the sealing and crystallization temperature of the sealing
profile, and the composition of the glass have a profound effect in the
microstructure of the compression sealing developed between the alkali barium

glass and 304 stainless steels.

Keywords: Alkali barium glass, compression sealing, melt-quenching, sealing

microstructure
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SIZDIRMAZLIK UYGULAMALARI iCIN ALKALI BARYUM
CAMLARININ GELISTIiRILMESI

Turgutlugil Gokge, Tutku
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. Abdullah Oztiirk

Ocak 2024, 106 sayfa

Bu ¢alismada; SiOz, Al203, LiO2, K20, NaO ve BaO sistemindeki alkali baryum
camlari, yliksek saflikta tozlar kullanilarak eritme-sogutma teknigi ile hazirlandi.
Bu camlarin hermetik miihiirleme i¢in uygunlugunu degerlendirmek amaciyla
eritme islemi laboratuvar kosullarinda 1550 °C'de 30 dakika boyunca
gerceklestirildi. Degisen Na,O ve KO igerigine sahip alti farkli cam iiretildi.
Camlardaki toplam Na2O + K20 igerigi 15% sabit tutuldu ancak Na>O/K20 orani
ayarlandi. Camlar, yogunluk, termal genlesme katsayis1 (CTE) ve kimyasal
dayaniklilik 6l¢iimleri i¢in dikddrtgen prizma seklinde numuneler elde etmek icin
molibden kaliba dokiildii. Sonuglar, Na,O/K>O'da kiigiik bir degisikligin bile cam
ozelliklerinde dikkate deger degisikliklere yol agtigini gosterdi. Cam pelletleri daha
sonra argon gazi altinda farkli miihiirleme profilleri kullanilarak 304 paslanmaz
celik ile miihiirlendi. Sonuclar, miihiirleme profili, miihiirleme ve kristallenme
sicakligi ile camin kompozisyonunun, alkali baryum camui ile 304 paslanmaz celik
arasinda gelistirilen sikistirma miihiirtiniin mikroyapisi lizerinde derin bir etkisi

oldugunu ortaya koydu.

Anahtar Kelimeler: Alkali baryum camlari, sikistirma sizdirmazlik, ergit-katilastir,

sizdirmazlik mikroyapisi

Vi



To my mother, father, and my husband

vii



ACKNOWLEDGMENTS

Thank you to my supervisor, Prof. Dr. Abdullah OZTURK, for your patience,
guidance, and support. I am extremely grateful that you took me as a student and
continued to have faith in me over the years.

I would like to thank TUBITAK SAGE, who provided financial and technical device

support for my research.

I would also like to thank Dr. Necmettin Kaan Caliskan and Dr. Mehmet Kaan

Pehlivanoglu, for their guidance, advice, and encouragements through the research.

I thank my office mates Selin Giintop, Ece Naz Yurtseven, Zeynep Dogrudil, Erman
Yaman, Berkay Ozgiir, Mert Berke Yavein, Furkan Utku Ulusan, Ege Sentiirk and
Bahadir Tiirkyaman for their help during my study and comments that encouraged me

to revise and improve my studies.

Many thanks to all KRITEK members, Levent Kutlucan, Abdurrahman Arikan for
their help during my study.

Thanks goes to my parents, Emel and Turgut Turgutlugil for your endless support and
never doubting me. | am always proud of being your little daughter. Mom, thank you
for your endless phone calls and always feeling what | am feeling. Dad, thank you for

your courage speeches and endless faith in me.

I would like to thank my grandmother Canan Cetintas also, she is always with me and

never gives up cheering me up.

Lastly, I would like to special thanks to my husband, Orkun Goékge who is the love of

my life, his belief in me has kept my spirits and motivation high during this process.

viii



TABLE OF CONTENTS

®  ABSTRACT e %
L © ¥/ vi
o ACKNOWLEDGMENTS ...ttt Vil
o TABLE OF CONTENTS ..o IX
@ LIST OF TABLES ...t X1l
 LISTOF FIGURES........oooii e xiii
o LIST OF ABBREVIATIONS ..o XVl
 LISTOF SYMBOLS ... e Xviii
® LINTRODUCTION. ...ttt ee e 1
o 2LITERATURE REVIEW. ....c.oiii e 5
2.1, Glassto Metal SEaliNg .........ccocoiiriiiiiiiie s 5
2.2, Compression SEAIING ......cccooeiiiiriiieieiee e 8
2.3.  Sealing Treatment PrOCESS ........ccuciiiiiiierieiie i esie et sra e ere e 9
2.3.1.  Thermodynamic APProach ..........cccccceviiiieiieii e 11
2.3.2. Mechanical Bonding .........cccccvevueiiiiieiiiie e 13
2.3.3.  Chemical BondiNg ........cccovueiieiiiieieeseee e 14
2.3.4. Interfaces of Sealing Glasses and Metals.............ccccoceveiiieiiieinnn, 17
2.4.  Sealing Metals Properti€s .........ccccveiieiiieeiiiiiii et 18
2.5.  Sealing Glass Properties ..........ccccuuiiririiieniie st 19
2.5.1. Moisture Permeability..........ccooeieieiiiiiesieee e 20



2.5.2.  VISCOSILY .eiiuiiiiieiecie sttt sttt sre e anaenne s 21

2.5.3. DENSITY ..ttt et 22
2.5.4.  Thermal Properti€s ........cccccviiveiiiieieeie e seesie e 23
2.5.5.  Chemical DUrability .........ccccceiiiieiiiiiice e 25
2.6, SEAIING GIASSES....ceiviiuiiiiieitieieeiie sttt 26
o 3.EXPERIMENTAL PROCUDURE..........cccoiiiiiieiiiee e 29
3.1, Preparation Of GIaSSES .......c.coviieiieriiiieie et 29
3.2, CharaCterization.........ccocvierieieiiiieie st 33
3.2.1.  X-Ray Diffraction (XRD) ANalysiS........c.ccccevvivieiirereeieieerie s 33
3.2.2.  X-Ray Fluorescence (XRF) AnalysSiS.......ccccccvivieiieveeiieieenieiieinnn 34

3.2.3. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) ANAIYSIS ..ottt 34
3.2.4.  Scanning Electron Microscopy (SEM) Analysis.........cccccovvveinenn. 35
3.2.5. Energy Dispersive Spectroscopy (EDS) Analysis.........c.ccccvevennnnn. 35
3.3, Property MeasUremMeNtS ........cccvuiueiriiiieiiieesiieessireessieee e s sieeesseessneeens 35
3.3.1. DENSILY ...t 35
3.3.2.  Thermal Expansion Coefficient (CTE) ........ccccccoeviveveiiciieeiecienn 36
3.3.3. Differential Scanning Calorimetry (DSC)........ccccooveviviiieieeiecienn, 37
3.3.4.  Chemical DUrability .........ccccooeviiieiicieccceece e 37
3.4, Sealing Treatment.........cccoveiiiieieee e 37
3.5, Wetting Angle MeasurementsS ..........ccoveivveiieiiieesie e see e 41
o 4.RESULTS AND DISCUSSION ...ttt 43
4.1.  Characterization Of GIaSSES .........ccoeriiiiiiiiiiieiee e 43
411, GlasS ProUUCES ........cceiiiieieieic e 43



4.1.2.  X-Ray Diffraction (XRD) ANalySiS.........cccceveiverriiiniieiesiieseeniens 44

4.1.3. Compositional ANalYSIS........cccccveeieiiieiiecsiee e 45
4.2, GlasS PrOPEILIES ......ccveieiiiiieie ettt re e 48
4.2.1. DENSILY ..ot 48
4.2.2.  Thermal Expansion COeffiCient ..........ccccooviviiiiiieicieic e 51
4.2.3.  Glass Transition Temperature (Tg)......c.ccooerverirrieienenenenesenenieas 57
4.2.4.  Chemical DUrability.........cccooviiiiiiiiie e 61
4.3, SBAIING ..ot 63
4.3.1.  Sealing of A-4 at 920 °C Temperature ...........cccceverrerereresenennnns 64
4.3.2.  Sealing of A-4 at 950 °C Temperature ...........ccccerererereresesennnns 70
4.3.3.  Sealing of A-4 at 980 °C Temperature ...........ccecervererererenenennens 76

4.3.4.  Sealing of All Glasses with a Sealing Profile 980-480 °C

BT 0 1=] LU TSR UPR 85
4.4, WELtING ANGIE ..o 89
®  5.CONCLUSIONS. ... ..t 93
o G.FUTURE STUDIES ..o 95
o 7. REFERENCGES...... .ottt et 97

Xi



LIST OF TABLES

e TABLES

Table 1. Glass to metal seal combinations with glass and seal type [4,13]............... 7
Table 2. Properties of some common sealing glasses [4,13].....ccccccvivvveiveieaiiennnn, 27
Table 3. Properties of Corning 9013 (an alkali barium silicate glass) [15]............. 28
Table 4. Compositional range of Corning 9013 glass [15]. ..ccccoovveveiiniiiiniciene, 30
Table 5. Specifications of the powders used in the production of alkali barium
GLASSES. ettt et e et e aa e r e e r e re e reenreanaenre s 30
Table 6. Compositions of glasses produced in this study..........ccccccoevveieiieiiiiiennn, 31
Table 7. Sealing profiles with temperature and time applied to glasses and 304 SS.
................................................................................................................................. 40
Table 8. EDS analysis results and their STD values for all glasses. ............cc....... 46
Table 9. Intended composition, EDS, and XRF results for A-3 glass.................... 48

Table 10. Theoretical and measured density results with STD for all glasses. ....... 50
Table 11. CTE values measured at different temperatures for the glasses studied. 52

Table 12. Calculated CTE values of alkali ions [47]........cccceevveveiiiiiiieieecece 53
Table 13. Tg of the glasses as determined by both DSC and dilatometer techniques.
................................................................................................................................. 60

Table 14. Wetting angles measured between glass pellets and 304 SS at different

sealing treatment tEMPEIALUIES. ......ccveivieiiieecie e 91

Xii



LIST OF FIGURES
FIGURES

Figure 1. GTM sealing components (a) metallic holder, glass, and metallic pin
before sealing heat treatment, (b) GTM sealing connectors after sealing heat
TrEALMENT [23]. . e 5
Figure 2. Temperature profile for a hermetic sealing heat treatment profile [13]. . 10

Figure 3. Thermal expansion vs temperature graph of Corning 9010 glass,

corrosion resistant steel, and Aoy 52® [13]. .....cccooviiriiiiiiieeee e 10
Figure 4. Contact angle relation for solid and liquid. (a) liquid wets the solid,

(b) liquid does not wet the SOId [34]. .....coveieeiiiieiee e 12
Figure 5. Mechanical bonding theories for GTM seal: (a) dendritic theory,

(b) electrolytiC thEOIY [24]. . cooeeeee e 14

Figure 6. Chemical bonds representing GTM seals. (a) glass saturated with metal

oxide and interface have strong bonds, (b) chemical bonding with bulk oxide layer,
(c) interface not saturated with metal oxide, weak Van der Waals bonds [24]. ..... 16
Figure 7. Moisture permeability of various materials [1]. .........cccoovviniiininiininnnns 20
Figure 8. Sealing temperature versus time graph for a sealing treatment [45]. ...... 22
Figure 9. A typical thermal expansion versus temperature curve for a glass [45].. 24

Figure 10. The flowchart shows the production steps applied for the preparation of

alkali Darium glasSES. ......cviiieiicic e e 33
Figure 11. A typical sealing profile applied to the glasses and 304 SS. ................. 40
Figure 12. The steps involved for the sealing and SEM examination of the glass

PEHELS ANA 304 SS. ..o e 41
Figure 13. Wetting angle measurement with a projector. ...........cccccecevvveveiiieieennne 42

Figure 14. Various glass pieces from this study. (a) Glass pieces from first melting,
(b) Glass sample from molding, cutting, and grinding which was used for
dilatometric, density and chemical durability measurements, (c) Glass pellet with
304 SS sheet before a sealing treatment, (d) Sealed glass pellet and 304 SS. ........ 44

Xiii



Figure 15. XRD patterns for all glasses which obtained as powder from third

(07 TS £ o USROS PSSR 45
Figure 16. EDS spectrum for glasses. ........cccoeiiiiiiiinieieiesie s 47
Figure 17. Theoretical and measured densities for the glasses studied. .................. 50
Figure 18. Variation of CTE with temperature for all glasses. ..........cccccovvevvenenne. 52
Figure 19. Variation of CTE with Na,O/KO ratio for A-1, A-2, A-3, and A-4

GIASSES. ..ttt bbbt 56
Figure 20. Heat flow versus temperature curve for A-1 glass. ........c.ccoovvviiviicinennn, 58
Figure 21. Heat flow versus temperature curve for A-4 glass........c.cccccecvvvvevvenenne. 58
Figure 22. Linear expansion versus temperature curve for A-1 glass. ..........c......... 59
Figure 23. Linear expansion versus temperature curve for A-4 glass. ................... 59
Figure 24. Variation of weight with time in HF solution. ............c.ccoconiiicinn, 62

Figure 25. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 920 °C and 450 °C
TEIMPEIALUIES. ...ttt r e ene e 64
Figure 26. SEM micrographs showing the sealing interface developed with a
sealing profile: 920 °C and 450 °C temperatures for A-4 glass. (a) Glass and 304
SS interface at X1000, (b) Glass,304 SS and interface at X5000. .............cccccvenenn 66
Figure 27. EDS line analysis for 304 SS, interface, and glass regions of the arrow
INdicated IN FIQUIE 26D. ........ooiiiiiiieieee s 66
Figure 28. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
FIQUIE 26Dttt sttt e et sae e ens 67
Figure 29. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 920 °C and 480
OC LEMPETALUTES. ....vviiiiiiiiiiiiie e 68
Figure 30. Sealing interfaces for A-4 glass and 304 SS with a sealing profile 920
°C and 480 °C temperatures, (a) Glass and 304 SS at X1000, (b) Glass,304 SS and

interface at X5000. .......c.oiiveierieiiee et nnes 69
Figure 31. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
T U =TT TSSO RUPRPPPRR 70

Xiv



Figure 32. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 950 °C and 450 °C
EEMPEIALUIES. ..o 71
Figure 33. Sealing interfaces for A-4 glass and 304 SS with a sealing profile 950
°C and 450 °C temperatures. (a) Glass and 304 SS interface at X1000, (b) Glass,

304 SS interface and Fe diffusional region at X5000. .........ccccceevveveeieiiieiiereennn 72
Figure 34. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
FIQUIE 33D e 73

Figure 35. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 950 °C and 480 °C
EEMPEIALUIES. ..o 74
Figure 36. SEM micrographs showing the sealing interface developed with a
sealing profile: 950 °C and 480 °C temperatures for A-4 glass. (a) Glass and 304
SS interface at X1000, (b) Glass and 304 SS interface at X5000..............c.cceevuee. 75
Figure 37. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
FIQUIE 30D . e 76
Figure 38. A-4 glass with a sealing profile: 980 °C and 450 °C temperatures and
EDS @NAIYSIS. ...viiuiiitiiie ettt reeaa s 77
Figure 39. Sealing for A-4 glass with a sealing profile: 980 °C and 450 °C
temperatures, (a) Glass, 304 SS, sides at X300, (b) Glass, 304 SS, and crack at

Figure 40. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
FIQUIE B0 e 78
Figure 41. XRD patterns of A-4 and 304 SS sealed sample with a sealing profile

980°C-450 °C temperatures and 304 SS peaks. ........cccovviiiiiiiiiiiciiii 79
Figure 42. XRD pattern of A-4 glass after the sealing treatment of 980-450......... 80
Figure 43. A-4 glass with a sealing profile: 980 °C and 480 °C temperatures, and

EDS @NAIYSIS. ..ottt 81

XV



Figure 44. Sealing interfaces for A-4 glass with a sealing profile: 980 °C and 480
°C temperatures, (a) Glass, 304 SS, interface at x300 (b) Glass, 304 SS, interface
and Fe diffusion at X1000. ........c.ccoieririrnienieeie e nneas 82
Figure 45. EDS line analysis for Figure 42b; glass, Fe which located glass sections.

Figure 46.XRD patterns of A-4 and 304 SS sealed sample with a sealing profile

980°C-480 °C temperatures and 304 SS peaks. ........ccovveiiiiiiiiiiiiccn 83
Figure 47.XRD pattern of A-4 glass after the sealing treatment of 980-480. ......... 84
Figure 48. Sealing interfaces for A-1 glass, (a) GTM interface at X90, (b) Glass,

304 SS, interface and Fe diffusion at X1000...........ccccorvvririnrieienene e 85
Figure 49. EDS line analysis for Figure 44b; glass, Fe, Cr are located interface, and
304 SS SBCLIONS. ...veevieeie et sieeie et ste e te e e et e e te e s e reenteeneeaseesteesaeareesreenseaneenrens 86
Figure 50. Sealing interfaces for A-2 glass, (a) Glass, 304 SS, interface at X300, (b)
Glass, 304 SS and interface at X8500. .......c.coerieriiriiiiinesieiere e 87
Figure 51. EDS line analysis for Figure 46b; A-2 glass, and 304 SS sections........ 87
Figure 52. Sealing interfaces for A-3 glass, (a) Glass, 304 SS, interface at X300, (b)

Glass, 304 SS, interface and Fe, Cr diffusion at X1000...........cccccovevieiiieeeerieiienn, 88
Figure 53. EDS line analysis for Figure 48b; glass, Fe, Cr located interface, and
304 SS SBCLIONS. ....eevieeieeiee et eee e se et e e e e ee e e teeseesreesteeneesseesreeneeaneesreenseaneenrens 89

XVi



LIST OF ABBREVIATIONS

ABBREVIATIONS

MEMS Microelectronic Mechanical Systems
CTE Thermal Expansion Coefficient
GTM Glass to metal

SS Stainless Steel

Tg Glass Transition Temperature
NBO Non-Bridge Oxygen

Wit Weight

CAS Chemical Abstracts Service

kV Kilovolt

M Molar

SS Stainless Steel

Min Minutes

H Hour

G Gram

Mg Milligram

STD Standard Deviation

xvii



LIST OF SYMBOLS

SYMBOLS

°C Centigrade Degree

o Thermal Expansion Coefficient
Pa.s Pascal Second

0 Angle

° Degree

% Percentage

um Micrometer

mm Millimeter

o Density

Weight

Xviii



CHAPTER 1

INTRODUCTION

Hermetic packaging is a sealed, impermeable enclosure that shields the
components from the surrounding environment [1]. Glass to metal (GTM) seals are
among the essential types of hermetic packing. Packaging serves the purposes of
interconnecting, protecting, and powering integrated circuits. Materials used for
hermetic packaging include ceramics, metals, and glasses, all of which can prevent
the infiltration of gases and liquids into the circuits [1-3]. The GTM hermetic
packaging are employed in critical engineering applications, such as solar power
plant [4], solid oxide fuel cell [5] electronic packaging [4], electrical penetration
assembly [6], the aerospace sector for hermetically sealed terminators, landing
gears, and fuel systems [1-3,6]; the petrochemical industry for protecting sensors;
the medical industry for implantable devices and the automotive industry for airbag
equipment [1-3].

The GTM seal types can be categorized as matched seals and compression seals
[1,7]. For matched GTM seals, the component materials are selected so their
thermal expansion characteristics are relatively close to each other throughout the
sealing temperature range [8]. An example of material selection for a matched
GTM seal is borosilicate glass (the coefficient of thermal expansion (CTE) — 4.7 x
1075/ °C) and ASTM F-15 alloy (Kovar®, CTE — 5.1 x 107% °C) for a sleeve and
pin configuration. Compression GTM seals are designed such that the sleeve or
holder material has a CTE that is significantly higher than the glass and pin,
particularly below the softening point temperature of the glass [9]. An example of
materials for a hierarchical compression seal is 304 stainless steels (304 SS, CTE
— 18.5x107% °C) for the holder, soda-barium glass (CTE — 9.5 x 107%/ °C) and



ASTM F30 alloy (Alloy 52®, CTE — 9.3 x 107 °C) for the pin. The GTM
compression seals are of particular interest due to their abilities to maintain
hermeticity over a wide range of temperatures and pressures [10], which are often

used in extreme environments [11,12].

The GTM compression sealing is characterized by a scenario where the CTE of the
metallic holder exceeds that of the insulating glass, while being nearly equivalent
to the CTE of the pin material. The most common type of compression seals
includes stainless steel as the metallic holder, alkali barium silicate as the glass
member (such as Corning 9013 and 9010), and Alloy 52® as the pin material
[3,4,13].

Further classification of seals may be made based on the properties of the glass to
be used in the hermetic packing as "Soft" and "Hard" glass seals [1-3,6]. Soft
glass seals are made using glasses having a working range of around 1000 °C and
having a CTE in the order of 9 x 10 1/°C. Such glasses are generally one of the
three types: 1. soda-lime, 2. potash-soda-lead, 3. potash-soda-barium. Hard glass
seals are those made with glasses having a working range from 1000 °C to 1250 °C
and, more importantly, a CTE between 3 and 5 x 10° 1/°C. These glasses are
generally of the composition known as borosilicate glasses. Recently, alkali barium
glasses, produced by the melt-quenched technique, consisting of SiO2, Al.Os, BaO,
Na.O, K20, and LiO have been employed for hermetic packing since they
exhibited very promising CTE, glass transition temperature (Tg), density, chemical
durability, wetting and sealing properties [14,15].

Research of hermetic sealing glasses are primarily focused on the following areas:
lead-free sealing glasses to meet European RoHS (Restriction of Hazardous
Substances Directive) compliance, enhanced mechanical properties, tailored
thermal stability, good wetting behavior, and superior chemical durability of
sealing glasses [16,17]. The seal between glass and metal is achieved through a
process known as wetting, where the glass spreads and adheres to the metallic

surface. The sealing heat treatment process can establish bonds, either



mechanically or chemically, between the glass and metallic components [18]. Glass
composition, metals surface roughness and sealing heat treatment have impact on

the sealing bonds which are established from interface of GTM seal [19,20].

Difficulties encountered in the development of new GTM compression seals that
are more tolerant to the harsh environment are largely due to lack of
comprehensive understanding of the factors influencing high temperature
hermeticity. This study was designed to optimize the sealing properties, i.e.
optimizing the CTE and sealing interface characteristics, and increasing the
chemical durability. Particularly, the effects of the mixed alkali and Na,O/K>0O
ratio on the properties of the resultant glasses were studied to reveal the structural-
property relationship in these glasses. Mixed alkali effect (MAE) has been widely
used in the formulation of glasses to enhance certain properties such as chemical
durability, CTE, and resistivity of glasses [21,22]. However, MAE on the
properties of hermetic compression sealing of alkali barium glasses has yet to be
explored.

The purpose of this study is to produce alkali barium glasses for hermetic
applications. Additionally, the research aims to recognize how an alteration in the
Na,O/K20 ratio of glass influences the properties, hence, affects the sealing
process with 304 SS. The study also investigates the effect of sealing temperature
on the features of the alkali barium glass-to-304 SS interface to get better
understanding of the factors influencing high-temperature hermeticity in this
material system. The interfacial features of the glass-to-304 SS interface have been

explained in some detail.






CHAPTER 2

LITERATURE REVIEW

2.1. Glass to Metal Sealing

Hermetic seals involving glass and metal often incorporate two or more metallic
elements acting as shields, with the glass serving electrical insulation. One specific
type of glass to metal (GTM) seal includes a metallic shielding structure or hole
through which wires are inserted, insulated from each other, and sealed by fused

glass. Typical examples of this type include connectors and transistors [13].

This GTM seal assembly typically comprises three components: a metallic holder,
a glass, and a metallic pin. Figure 1 illustrates these components. Figure 1a depicts

them (metallic holder, glass, and metallic pin) before sealing treatment, and Figure

1b shows them after sealing treatment.

Figure 1. GTM sealing components (a) metallic holder, glass, and metallic pin
before sealing heat treatment, (b) GTM sealing connectors after sealing heat
treatment [23].



Some of the important requirements for a good GTM seal are [13,20,24,25] :
e The glass must wet the metal holder.

e The stress from thermal expansion and contraction must be lower than the

tensile strength of the glass; otherwise, sealing can fail.

In order to achieve mechanically strong and adherent hermetic sealing following

requirements need to be met [20,24,26] :
e Formation of a chemical bond at the interface between glass and metal.

e Keeping an optimal balance among the thermal expansion characteristics
of the components to prevent the formation of tensile stresses during

cooling from the sealing temperature.

Strong chemical bonding is crucial for a successful GTM sealing and can be
achieved by matching the coefficient of thermal expansion (CTE) values. The
difference in CTE between glass and metal can create mechanical stress,
potentially leading to a loss of adherence at the interface. Therefore, it is essential
to adjust CTE of the metal and glass components from room temperature up to the

glass transition temperature [25,27].

CTE is a critical parameter for classification of hermetic sealing. When the CTE
values of the metal and glass are nearly the same, the seal is termed a “matched
seal.” In a matched seal, equal or similar CTE is required for the metallic holder,
glass, and pin. In the matched seals, Kovar® metal is usually preferred due to its
low CTE, (4.9-6.2 x 107%/°C). For matched sealing combinations, as shown in
Table 1. Kovar® can be chosen as both the holder and the pin material. In general,
Kovar® metal acquires low thermal expansion which makes it suitable for effective
sealing, especially when paired with hard glasses. For instance, borosilicate glasses
(Corning 7052 and 7070) can be match sealed with Kovar®, due to their relatively
lower CTE (3.2-5.1 x107%/°C) [13,28,29]. However, in some cases, the metallic

holder covering the glass may have significantly higher CTE value than the glass.



This CTE difference between the glass and metal results in a high permanent

compressive strain (stress) in the glass component after sealing treatment. This type

of seal is referred to as ‘compression seal’ [13].

Table 1. Glass to metal seal combinations with glass and seal type [4,13].

Holder Holder | Glass Glass | Glass CTE Pin |PinCTE| Seal
Material CTE | (Corning| Type | (10°%°C) | Material |(10°%°C)| Type
(10°%/°C)| Code)
304 SS 19 9013 Soft 8.9 Ni-52 9.8 C
9010
316 SS 17 9013 Soft 8.9 Ni-46 9.2 C
9010
Kovar® 55 7070 Hard 5.1 Kovar® 55 M
7052
Ni-52 9.8 9010 Soft 8.9 Ni-52 9.8 M

C: Compression
M: Matched

The CTE (o) relationship for matched sealing is shown in Equation 1. The metallic
holder and glass should exhibit the same or similar thermal expansion at specific
temperatures. The CTE relationship for compression sealing is shown in Equation
2 where the metal holder has a higher CTE value than the glass [1,13].

Matched seal Olholder = Olglass ~ Olpin Equation 1.

Compression seal:  Oholder > Oglass = Olpin. Equation 2.



2.2. Compression Sealing

In compression sealing, the CTE of the holder component is significantly higher
than that of the glass, which serves as an insulating member. Compression seals
differ significantly from matched seals because they might not need a chemical
bond between the glass and the metal. During the sealing process, the glass and
metal seal at the melting point of glass, and during the cooling stage, the metal
shrinks more than the glass. This differential shrinkage puts the metal in tensile
stress, holding the glass in compression. Even though compression seals might lack
a chemical bond between the glass and metal, it is recommended to create a metal
oxide layer between these components. The oxide bond enhances the wetting

ability of the glass and provides nonporous seals [13].

There are different types of compression seals, but the most common type uses
stainless steel for the holder, alkali barium silicate glass (such as Corning 9013 and
9010) as the glass member, and Alloy 52® for the pin. Some examples of
compression seals with metallic holders exhibiting higher CTE are presented in
Table 1. Additionally, alkali barium silicate glasses like Corning 9013 and Corning
9010 find widespread applications in compression seals. This sealing method offers

several advantages over matched seals, as listed below [3,13]:

o Generally, compression sealing is stronger than matched sealing, even if it

is not thermally reliable.
o Itis more pressure and corrosion-tolerant than matched seals.

e The metals used in compression seals are typically more cost-effective than
those used in matched seals.

Achieving effective sealing is crucial for both matched and compression GTM
seals. This is typically accomplished through a bonding process called sealing heat
treatment. There are specific requirements for this process to ensure efficient GTM

sealing, as outlined below.



2.3. Sealing Treatment Process

The sealing heat treatment process involves interactions between the hermetic glass
and the metallic holder, as well as between the hermetic glass and the pin material.
Several crucial steps contribute to achieving a strong seal, with each step impacting

the adhesion between the glass and metal components.

The initial step focuses on meticulously cleaning the components, ensuring the
absence of residual dust, organic matter, or grease that could generate gas during
sealing. Next step is pre-oxidizing the metallic parts forms an oxide layer, vital for
fostering robust adhesion and mechanical compatibility between the glass and
metal components [13,30,31]. The third step involves the sealing heat treatment.
Once a uniform oxide layer between glass and metal components is obtained, the
sealing process can commence. Furnace sealing is commonly employed for the
GTM sealing process. In furnace sealing, furnace conditions and temperature
profiles must be controlled precisely since they are crucial factors for a successful
seal. The temperature profile of the sealing process can vary based on the specific
metals and glasses used. Nitrogen, argon, or a mixture of gases is generally used

for atmosphere control during this process [1,13].

Figure 2 displays a typical temperature profile used in the sealing process for
matched or compression seals. The temperature profile in Figure 3 specifically
applies to a sealing process involving commercially available alkali barium silicate
glass, such as Corning 9010 or 9013, as glass member and a metallic holder as
stainless steel (e.g., 304 SS or 316 SS), and a low expansion alloy such as Alloy
52® for the pin material. To visually illustrate the technical details, Figure 3
showcases the thermal expansion behavior of Corning 9010 glass, a corrosion-
resistant stainless steel, and Alloy 52®. Considering the information presented in
Table 1 and the discussion made in Section 1.2.1 the GTM seal example given here

represents a compression seal combination [4,13].
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Figure 2. Temperature profile for a hermetic sealing heat treatment profile [13].
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The details and progress of a typical sealing heat treatment can be understood by
referring to the temperature profile depicted in Figure 3. The components involved
in the thermal expansion vs temperature graph are Corning 9010 glass, corrosion
resistant steel, and Alloy 52® which respectively form the glass, metallic holder,

and pin members of the GTM seal.

In Figure 2 within the temperature regime before reaching region A, which exceeds
900 °C, the glass is a viscous liquid. The glass should be in a viscous liquid state at
the first sealing temperature so that it can efficiently suit into and get the geometric
form of the metallic holder. Region A signifies the initiation of cooling, where
temperatures remain above the glass softening point. This cooling rates should be
higher than region C. In region B, which is called the second or holding
temperature, a gradual cooling becomes, and it is chosen according to the glasses
Tg value or glass softening point. This second temperature allows the bond
formation of GTM. Also, it is important to glass seal with the holder. Throughout
the cooling process, the holder induces compression stress on the glass due to its
higher CTE. The pin material, Alloy 52®, with closely matched CTE values, also
seals effectively with the glass. In region C, the final cooling rate of the sealed
assembly is adjusted in such a way that no thermal shock occurs. In this region,
slowly cooling is important to prevent crack formations [1,13,30,32].

During the sealing process, mechanical and chemical bonds can develop between
the glass and metal. To initiate these bonds, the glass needs to wet the metal surface
initially. The upcoming sections will give information on the bond types possible

between glass and metal, along with the thermodynamics involved in glass wetting.

2.3.1. Thermodynamic Approach

From a thermodynamic viewpoint, wetting occurs when the energy related to the
new solid-liquid interface is lower than that of the corresponding solid-vapor

interface. The driving force for wetting is determined by the difference in surface
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energy between the solid-vapor and solid-liquid interfaces. This concept is often
studied through contact angle measurements between the liquid and solid [33,34].
The connection between wetting and contact angle is explained by Young's
equation. When the contact angle (0) measures less than 90°, it signifies that the
liquid wets the solid surface. Figure 4 demonstrates this relationship. In Figure 4a,
the liquid wets the solid because 0 is smaller than 90° however, in Figure 4b, liquid
does not wet the surface. For an effective hermetic glass seal, the glass must wet
the metallic holder, establishing adhesion between the two materials [33,34].

The wettability of glass on a metal surface can vary based on the glass
composition. For example, decreasing the SiO2/B.O3 ratio in the glass composition
can lead to a lower contact angle, thereby enhancing wettability with metals [35].
Another important factor influencing the wetting ability of a glass is the time and
temperature of the sealing heat treatment process. Generally, within specific
ranges, increasing the temperature and duration of the sealing heat treatment
decreases the contact angle between the glass and metal, improving their wetting
interaction [36,37].

a b
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Figure 4. Contact angle relation for solid and liquid. (a) liquid wets the solid,
(b) liquid does not wet the solid [34].
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2.3.2. Mechanical Bonding

The sealing process facilitates a mechanical bond formation between the glass and
metallic components. Two common theories have been developed to explain this
phenomenon: dendritic theory and electrolytic theory. The general aspects of these
mechanical bonding theories are shown in Figure 5. According to dendritic theory,
the reaction between the glass and the metal oxide results in metallic dendrites,
providing adherence and mechanical bonding. For instance, in a sealing operation
involving a Co-containing iron substrate, the reaction between the glass and the
metal oxide layer can produce Co dendrites at the GTM interface, establishing a
mechanical bond. Essentially, the presence of Co dendrites prompts the formation
of CoO within the glass, enabling mechanical bonding at the glass-metal interface
(Figure 5a). Equation 3 demonstrates the reaction responsible for dendritic
formation [25,27,33,38].

CoO(glass) +Fe(substrate) = CO(dendrite) + FEO(glass) Equation 3 [24].

The second theory, the electrolytic theory, offers an alternative perspective. For
instance, as the CoO-containing glass is bonded to an iron substrate in the presence
of air, metallic cobalt precipitates, as suggested by the dendritic theory. However,
according to this theory, these precipitates formed upon contact with the iron
substrate may act as sites for localized galvanic or electrolytic cells. Consequently,
this leads to the dissolution of iron into the glass, creating a pitted surface. This
textured surface allows the glass to flow, generating multiple mechanical keys that
firmly anchor the glass onto the substrate as shown in Figure 5b [36,37].

13
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Figure 5. Mechanical bonding theories for GTM seal: (a) dendritic theory,
(b) electrolytic theory [24].

2.3.3. Chemical Bonding

In the sealing process, a chemical bonding between the glass and metallic holder
can occur, exhibiting either an ionic or covalent character based on the chemical
characteristics of these components. As the glass becomes saturated with metal
oxide, robust bonds can form at the GTM interface. The metal oxide dissolves into
the glass, saturating it while leaving metallic ions on the GTM surface. Even at
higher temperatures, these metallic ions within the glass are still mobile so the
exchange at the glass-metal interface will be continuous. The solubility of metallic
oxides and the strength of these bonds can vary with the glass composition [27].
For example, increasing the alkali content of glass can reduce the chemical bond
strength between glass and metal because the alkalis can be dissolved with the
metal oxide layer [20,39].
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In terms of the chemical bonding between glass and metal, several theories provide
insights into the mechanisms involved. According to King's theory [20], strong
chemical bonds form at the glass and metal interface only when glass is saturated
with the oxide of the metal substrate. For example, FeO, representing the iron
oxide in the metallic holder, exemplifies this concept. King's research [20] suggests
that various metals can also establish a chemical bond with glass. In their studies,
when the appropriate metal oxide reaches its saturation point in the glass, metal
ions remain at the glass-metal interface, as depicted in Figure 6. As temperature
rises, the mobility of both metal and glass ions increases, facilitating an ongoing
exchange between the two. Conversely, with decreasing temperature, ion mobility
decreases, and the exchange of ions and electrons becomes concentration
dependent. Chemical activity plays a crucial role in these exchange reactions, and
factors like sealing profile, pressure, and atmosphere can be manipulated to control

the conditions favorable for chemical bonding [20,24].

In Figure 6a, the glass contains metal ions, signifying its saturation with metal
oxides or metal ions. As a result, the interfacial layer exhibits strong chemical
bonds characterized by a monoxide layer. In Figure 6b, both the underlying metal
and glass establish bonds with the bulk metal oxide layer. This results from the pre-
oxidation of the metal, and the strength of these bonds correlates with the strength
of the bulk layer. In Figure 6c, the interface is not saturated with a metal oxide
layer. Hence, the glass does not contain metal oxide. In this case, glass and metal

can only form weak Van der Waals bonds.
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Figure 6. Chemical bonds representing GTM seals. (a) glass saturated with metal
oxide and interface have strong bonds, (b) chemical bonding with bulk oxide layer,

(c) interface not saturated with metal oxide, weak Van der Waals bonds [24].

It is crucial to note that compression seals lack chemical bonding between the glass
and metal substrate. In compression seals, the metal subsequently undergoes more
significant shrinkage than the glass sample after the sealing process. This shrinkage
enables the metal to securely hold the glass in compression. While compression
seals are generally stronger than matched seals, it is important to recognize that
their strength primarily is derived from mechanical compression rather than

chemical bonding between the glass and metal [1,38].
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In addition to a well-designed sealing heat treatment profile, the metal and glass
components taking part in the operation must also possess some crucial properties
to achieve a fully hermetic, enduring GTM seal. Some of the important properties
are highlighted in the following sections.

2.3.4. Interfaces of Sealing Glasses and Metals

The harsh environmental conditions to which GTM seals are exposed have a
significant impact on the interfaces and bonding due to heat accumulation and
material oxidations. Hence, formation of both mechanical and chemical bonds
between the glass and metal is crucial for ensuring the longevity and reliability of

these seals.

The presence of iron (Fe) content on the metal substrate is particularly vital in
achieving strong adherence between glass and metal. Fe plays a pivotal role in
facilitating excellent adherence between the glass and metal by saturating the glass-
metal interface with ferrous oxide. This exceptional adherence can be achieved on
a smooth Fe surface through the saturation of the glass with ferrous oxide [40-42].

In King and Tripp’s study [27], a sealing process was performed using silicate
glass and steel containing 43% Fe. This process took place at 87 °C for 5 min
under an argon atmosphere. This study suggests that if the interface between glass

and metal is saturated with FeO, their bonding is well-established [30].

In another study conducted by Susan and et all [43], 304L stainless steels were
sealed with alkali barium glasses. Before sealing, the stainless steel underwent
peroxidation at various temperatures, resulting in the formation of MnCr,QO4 spinel
and a Cr.0O3 oxide/alloy interface. Through EDS and SEM analyses, SiO, was
identified near the oxide/metal interface and grain boundaries. However, it does not

have a continuous layer, while the peroxidation layer exhibited continuity.

In high-temperature environments, both glass and metal atoms exhibit mobility,
leading to continuous exchange at the GTM interface. Metal ions from the glass
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diffuse into the metal, gaining electrons and transforming into metal atoms.
Simultaneously, metal atoms diffuse into the glass, becoming ionized. This
dynamic equilibrium at the glass-metal interface is maintained when the glass is
already saturated with the appropriate oxide of the base metal.

At lower temperatures where atoms and ions are less mobile, the exchange may
primarily involve electrons. The extent of this exchange depends on electron
concentration. Therefore, the sealing temperature significantly influences sealing
adherence and bond formation, as higher temperatures facilitate increased mobility
and exchange between glass and metal atoms. So that, sealing profile has a critical
role on the strength of bonds [20,27,44].

2.4. Sealing Metals Properties

Metallic materials play a crucial role in GTM sealing, functioning as both the
holder and pin. These materials must possess specific properties to ensure a reliable
seal since the metal oxide layer facilitates chemical bonds between the glass and
metal. A critical factor influencing the sealing characteristics of metal components
is the machining process. It is crucial for the metallic components to eliminate all
burrs and sharp edges from the sealing area during machining. These imperfections
can create stress concentrations, potentially leading to mechanical failure in glass
insulators. In the sealing region, any longitudinal mold marks or scratches may lead

to leaks, as the glass never becomes liquid enough to fill such defects [13,38].

If metal parts consist of ferrous-based alloys having a considerable amount of
carbon, a decarburizing process becomes essential to prevent the formation of
carbon monoxide (CO) or carbon dioxide (CO.) gases at the glass and metal

interface.

Another critical requirement is ensuring that the metal is thoroughly cleaned.
Achieving clean metal components involves an initial step of degreasing followed

by chemical cleaning to remove surface contaminants, particularly oxides. The
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specific chemical cleaning process may vary based on the metal type, but
commonly involves the use of hydrochloric acid and alkaline cleaning solutions.
Following chemical cleaning, extensive water and alcohol rinses are necessary.
After the alcohol rinse, the metallic components should be dried thoroughly before

commencing the sealing process [13,38].

2.5. Sealing Glass Properties

Glasses have numerous applications due to their unique properties. In hermetic
sealing systems, especially in GTM sealing, glass serves several vital functions.
Firstly, it facilitates sealing with metal through the wetting phenomenon. Secondly,
it acts as an electrical insulator between the pin and metallic holder. Other
functions of glass in sealing applications include environmental protection,
chemical and mechanical protection, and serving as a diffusional barrier. The key

properties required for a glass for effective sealing applications include [31,45,46]:
e Low moisture permeability
e Low viscosity
e Thermal expansion compatibility with the metal components.
e Good adhesion on metal pieces
e High chemical resistivity
e High dielectric strength

e Controllable devitrification or no devitrification.
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2.5.1. Moisture Permeability

Glasses exhibit a high moisture barrier property. Corrosion poses a critical concern
to electronic devices with hermetic seals, known as electro-oxidation or metal
migration. This corrosion can occur in the presence of moisture. If there are mobile
ions and an electrical bias present, sufficient moisture can be emitted from the
encapsulate to create a continuous water path over the device, leading to corrosion.
Thus, a moisture barrier stands as an effective solution to prevent such corrosion in
electronic devices. Most organic materials are permeable to moisture. Figure 7
depicts the moisture permeability of various materials. It is obvious that metals and
pure crystals offer the most effective barrier. Glass exhibits an effective moisture

barrier property, which is slightly different from pure crystals.
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Figure 7. Moisture permeability of various materials [1].

It is important to note that both material thickness and moisture transition diffusion
can significantly impact moisture barrier properties. Glass is often selected for its
high moisture barrier property, to ensure effective sealing without corrosion [1].
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2.5.2. Viscosity

Viscosity is defined as the resistance of a liquid to shear deformation, measured as
the ratio between the applied shear force and the rate of flow [14]. Simply it is the
resistance of a material to flow. Glasses exhibit a wide viscous range, unlike
metals. This distinction presents challenges in using sealing glasses. Sealing
glasses must possess low viscosity at working temperatures. If the viscosity of a
hermetic glass is too high, issues may arise, such as problems with adherence to the
metal holder. In practical terms, the viscosity value of hermetic glasses at the
sealing temperature should range between 10° P (Working point) and 10° P
(Littleton Softening Point) where that of the metallic holder should not be less than
108 P [41]. It is crucial to note that both material thickness and moisture transition
diffusion can significantly impact moisture barrier properties. Glass is often chosen
for its high moisture barrier property, ensuring effective sealing without yielding to

corrosion.

The viscosity of glass plays a critical role in the sealing process. A broader fluid
range in glasses is a key factor contributing to the strength of seals. Glass viscosity
affects its behavior during sealing. A higher fluid range typically results in stronger
seals. Another crucial aspect is the rapid hardening of sealing glass, indicating a
steep viscosity versus temperature curve. Glass, as a supercooled liquid, can flow at

low temperatures, and its flow rate depends on temperature, time, and load [19,47].

Due to the strong inverse relationship between viscosity and temperature, even a
slight increase in sealing temperature can substantially reduce the sealing time as
depicted in Figure 8 where the variation of sealing temperature with the sealing
time for Corning 9010 glass is shown. Decreasing sealing time in sealing heat
treatments can be an advantage for metallic holder deformation. The reverse
scenario is unfavorable. In sealing operations, reducing the sealing temperature

discourages bond formation [45].
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Figure 8. Sealing temperature versus time graph for a sealing treatment [45].

2.5.3. Density

Glass density is affected by its composition and its thermal history. Morphology
changes and crystallization of glass also influences the density of glass. When the
free volume of the glass is significant, its density remains constant unless the mass
increases. Within this ample free volume in the glass network, other ions such as
monovalent alkaline ions and divalent alkaline earth ions can be accommodated.
The increase in mass with added alkali and earth alkali, without changing the
volume much, leads to an increase in the mass hence, density of the glass. The
increase in density is correlated to the ionic radius of the added alkali ion. Density
increases with the order Li < Na < K <Rb < Cs [14].

Density is a critical factor in sealing due to its impact on the sealing process. Non-
uniform density in glass preforms and the presence of bubbles within the glass can
cause bloating issues during sealing heat treatment. Additionally, low glass density
can lead to post-sealing cracks. The relative density between the glass and sealant
significantly affects the sealing process. When the density of the seal is lower than
that of the glass, it can influence the overall structural integrity and performance of

the sealed material. Achieving a balance in density compatibility between the glass
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and the seal is essential to avoid problems such as bloating, cracking, or other

structural weaknesses that may arise during or after the sealing process [13,44].

2.5.4. Thermal Properties

Ensuring a close match or compatibility in CTE between the glass and the metal is
one of the most critical factors for a successful hermetic sealing process. Hence,
factors influencing CTE hold immense importance when considering sealing
glasses. Glass composition significantly influences CTE, along with parameters
such as Tg and dilatometric softening temperature. However, thermal properties are
not only dependent on composition; the thermal history and heating rate used
during measurement also exert influence. Additionally, the morphology of the

sample can have a slight effect on the CTE [14].

Glass modifiers integrated into the glass network increase the CTE because they
prevent bond bending. CTE increases also depending on ionic radius. In binary
alkali silicate glass systems, CTE increases in the order: Li < Na < K. This order is
the same for sodium alkaline earth silicate glasses, which also depend on ionic
radius, resulting in the order: Mg < Ca < Ba. Another comparison is between alkali
earth and alkali oxides. For example, replacing alkali earth oxide (MgQO) with an
alkali oxide (Na20), increases the CTE because alkali earth oxides have a lower
strength field than Na.O.

Glass intermediate oxides incorporated into alkali silicate glasses decrease CTE,
since they tend to connect broken bonds and decrease Non-Bridging Oxygen
(NBO) sites. Consequently, the addition of Al.O3 to the alkali silicate glasses
decreases CTE [14].

English and Turner [47] developed a formula for calculating CTE based on the
glass composition, as shown in Equation 4. In this equation a, b and ¢ represent

appropriate constants and p1, p2, p3 represent the percentages of oxides in glass. A
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similar study on this subject has also been conducted by also Winkelmann and
Schott [47,48].

o= ap1t+bpztcpst... Equation 4.

The thermal expansion curve for glass encompasses three crucial points and
deviates from linearity, distinguishing it from other alloys and metals. A typical
thermal expansion curve for a glass sample is shown in Figure 9. CTE depends on
the relationship between the volume of glass and its temperature. Tq signifies the
initiation of viscoelastic behavior or the plastic region, whereas the dilatometric
softening point temperature marks the onset of the flow region. Above Ty, the glass
maintains plasticity; however, upon cooling to and below Tg, the glass becomes

rigid and brittle.

During continues cooling to room temperature, cracks or stresses may emerge in
the glass. To prevent this or achieve robust, stress-free seals, the CTE of the glass
and the metallic holder should be matched within the temperature range spanning
from the strain point to room temperature. While a certain amount of CTE
mismatch can be tolerated, surpassing a critical limit may result in cracking. The
difference in CTE can be influenced by the geometry of seals, thickness of glass,

and their applications [26,45].
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Figure 9. A typical thermal expansion versus temperature curve for a glass [45].
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Another important thermal property is thermal shock resistance of glass. Thermal
shock depends on the cooling rate and the thickness of glass layer. For a similar
mismatch of CTE, thinner layers have better thermal shock resistance than thicker
layers. Poor sealing between sealing glass and metal can be solved by design. Since
glass primarily fails in tension, this problem can be resolved by designing a

compression seal [14,45,49,50].

2.5.5. Chemical Durability

Chemical durability is a critical factor in ensuring a strong seal as it influences the
performance of seals. The chemical attack mechanism typically involves water and
mildly acidic liquids. Alkali ions present in the glass undergo exchange with ions
in the surrounding media. The resistance of glass to this exchange is the chemical
durability of the glass. Although glasses generally exhibit good chemical
durability, certain acids like hydrofluoric (HF) acid, can directly attack the network

bonds, leading to the exchange of alkali ions with HF in the surrounding media.

Chemical durability is often assessed by measuring weight loss. The exchange of
alkali ions in glass depends on ion mobility, where lower mobility corresponds to a
lower rate of chemical attack. Alkali ions with higher mobility tend to be more
prone to exchange. For instance, glasses with sodium (Na®) ions typically
experience more weight loss than glasses with potassium (K*) ions due to the
higher mobility, which is a result of lower ionic radius of Na* ions. Mixed alkali
glass often demonstrates higher chemical resistance than single alkali glass.
However, it is important to note that test methods and conditions significantly
affect the assessment of chemical durability. Factors such as solution pH,
temperature of the media, and duration of exposure can influence the observed
weight loss [51,52,53].

Strong hermetic seals with hermetic glass can be achieved since it does not emit

gases from glass to metal at operating temperature. So, chemical resistance of glass
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is an essential property for a good sealing. In sealing applications glass usually
performs as a protection from humidity and corrosive atmospheres. Sealing glasses
should have high resistance against attack from molten slats and reducing or
oxidizing atmospheres [45,54,55].

2.6. Sealing Glasses

Sealing glasses are often classified based on various characteristics such as
composition, dilatometric softening point, application areas, and CTE. Among
these, a categorization based on CTE is most often applied in the GTM sealing
technology, because it is one of the most important parameters for GTM sealing.
With respect to CTE, glass is commonly classified as hard or soft [13,24,33]. In a
general classification, hard glasses have a CTE lower than 6x107%/°C, while soft
glasses have a CTE higher than 8x107%°C. Some typical examples are listed in
Table 1. Hard glasses typically possess high transformation and softening
temperatures, with a typical working temperature range of 1000 to 1250 °C. An

example of a hard glass composition is borosilicate glass.

On the other hand, soft glasses exhibit relatively low transformation and softening
temperatures, making them suitable for various sealing and joining processes. The
working temperature range for soft glasses is generally around 1000 °C. An
important example of a soft glass is alkali barium silicate glass (potash-soda-
barium), which can be sealed with stainless steel using compression seals. Soft
glasses can be further categorized into three types: soda-lime, potash-soda-lead,
and potash-soda-barium [13,24,33].

Table 2 presents the thermal properties of some commercial silicate and
borosilicate glasses used in GTM sealing applications. Borosilicate glasses with
Corning codes 7040 and 7052 have lower CTE values than silicate glasses with
Corning codes 9010 and 0010, the CTE values being lower than 6x1075/°C. Thus,
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they are categorized as hard glasses. Also, their softening and working points are

higher than those of the soft glasses 9010 and 0010, as expected.

Table 2. Properties of some common sealing glasses [4,13].

Corning Name CTE x10%/°C Softening Working
Code (0-300 °C) Point (°C) | Point (°C)
7040 Borosilicate 4.8 700 1080
7052 Borosilicate 4.6 710 1115
9010 Potash-Soda-Barium 8.9 650 1010
0010 Potash-Soda-Lead 9.3 625 985

One of the important sealing glasses is alkali barium silicate glass, commercially
known as Corning 9013 or Elan 13. These glasses are used with stainless steel for
compression hermetic sealing processes. Some of the important properties of alkali
barium silicate glasses are shown in Table 3. In general, alkali barium silicate
glasses consist of SiO2, Al.O3, BaO, Na20, K20, and Li>O. Notably, these glasses
do not contain lead, offering several advantages for diverse applications.

In alkali barium silicate glasses:

e SiO2 functions as a network formerly. It improves properties such as
viscosity, CTE, and density.

e Al2O3 serves as an intermediate oxide, whose addition typically results in

decreased CTE and increased chemical durability.

e Li2O, NaxO, and K>O create NBO sites within the structure. This tends to
decrease chemical durability while increasing CTE.

e BaO contributes to chemical durability, resistivity, and CTE. Furthermore,
Ba2* ions play a crucial role in promoting dielectric permeability, making it
a significant addition to sealing glasses [26,38,47].
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Table 3. Properties of Corning 9013 (an alkali barium silicate glass) [15].

Property Value Unit
Density 2.64 g/lem?®
Softening Point (107 P) 659 °C
Annealing Point (10% P) 462 °C
Strain Point (10* P) 423 °C
Working Point (10* P) 481 °C
CTE (0-300 °C) 8.85-9.3 x 10°%/°C
CTE (25-679 °C) 9.92 x 10°/°C
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CHAPTER 3

EXPERIMENTAL PROCUDURE

3.1. Preparation of Glasses

On the basis of the formation of alkali barium glasses, a commercial alkali barium
glass (Corning 9013) was taken into consideration. The chemical composition
range of Corning 9013, as quoted by the manufacturer, was presented in Table 4. In
this study, alkali barium glasses were produced based on the compositions outlined
in Table 4 using the melt-quenching technique. Extra pure grade powders
purchased through local distributions were used to prepare batches of
predetermined composition. The sources of silica and alumina were SiO, and
Al20s3, respectively. The sources of LiO2, K20, Na20, and BaO oxides were lithium
carbonate (Li>COs3), potassium hydroxide (KOH), sodium hydroxide (NaOH), and
barium carbonate (BaCOz) powders, respectively. The powders were assumed to
decompose to their stable oxide during melting as follows:

Li.CO3 —3 LioO+CO>

2KOH —» K0 +H0
2NaOH — Nax0 + H20
BaCO; —» BaO +CO:

Identifications, chemical formulae, CAS numbers, and purity information for all

the powders are provided in Table 5.
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Table 4. Compositional range of Corning 9013 glass [15].

Oxide Weight percentage, (wt %)
SiO; 60-70
Al20s <10
BaO 10-15
Na,O 5-10
K20 <10
Li.O <5

Table 5. Specifications of the powders used in the production of alkali barium
glasses.

Powder Name Chemical CAS Number | Supplier Purity

Formula (wt %0)

Silicon dioxide SiO; 7631-86-9 Merc >99.0
Aluminum oxide Al;Os 1344-28-1 Merc 99.5
Potassium hydroxide KOH 1310-58-3 Merc >85.5
Sodium hydroxide NaOH 1310-73-2 Merc >85.5
Lithium carbonate Li.CO3 554-13-2 Albemarle 99.5
Barium carbonate BaCOs3 513-77-9 Merc >99

In this research, based on the composition of Corning 9013 glass, six different glass
compositions with varying Na.O and KO content were produced. The weight
percentage compositions of the glasses are presented in Table 6. The powder
quantities required for these compositions were calculated stoichiometrically. The
total Na,O + K>O content in the glasses was kept constant at 15 wt%. In the first
four glasses, coded as A-1, A-2, A-3, and A-4, the Na,O/K>O ratio was
progressively increased by 3 wt% increment in the Na;O content. This adjustment
implies a simultaneous decrease in K>O content in the glasses. In addition to the

glasses with mixed Na>O and K>O content, two more glasses containing only K,O
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or only Na2O were produced. They were coded as A-5 and A-6, respectively. Six
distinct glass compositions were produced to see the effect of chemical

composition on the properties of alkali barium glasses.

Table 6. Compositions of glasses produced in this study.

Glass Composition (wt%o)
SiO2 Al20s Li2O BaO Na2O | K20
A-1 65 5 3 12 3 12
A-2 65 5 3 12 6 9
A-3 65 5 3 12 9 6
A-4 65 5 3 12 12 3
A-5 65 5 3 12 15 -
A-6 65 5 3 12 - 15

The production of glasses began with batch preparation. The batches of
approximately 30 g were prepared by weighing and mixing the required
ingredients. After calculating the quantities of the ingredients to be used for a
particular glass, the powders were carefully weighed (+0.0001 g) to their required
amounts using a high-accuracy analytical balance (Sartorius CP3202S).
Subsequently, the powders were thoroughly mixed with a glass spoon in a platinum
crucible. The next step in glass production was melting. The platinum crucible
containing the batch was placed in an electrically heated furnace (Nabertherm HT
16/16). The melting took place at 1550 °C for 30 min in laboratory conditions
without controlling the melting atmosphere. Following the melting, the platinum
crucible was dipped into a container filled with water without allowing water to
contact with the glass produced inside the platinum crucible. Then, the glass was
taken out of the crucible and was crushed using an agate mortar with pestle. The
glass powders crushed were remelted in the same furnace at the same temperature.
The melting operation was applied for the third time at the same conditions to get

the chemical homogeneity in the glass produced. After the third melting, the glass
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was cast into a molybdenum (Mo) mold. Mo was selected as the mold material due
to its high thermal shock resistance and its non-reactivity with alkali barium glasses
[56]. The nominal dimensions of the mold were 20 mm x 5 mm x 5 mm in length,

width, and depth, respectively.

The rectangular prism shaped glass pieces taken out of the Mo mold were used to
produce specimens for dilatometer testing, density measurements, and chemical
durability tests. The glass pieces were annealed at 600 °C in a furnace (Protherm-
Mos 170/10) for 1 h. Then, the annealed glass pieces were cut precisely using a
cutting machine (Struers-Minitom). The pieces cut was subjected to grinding using
a sensitive grinding machine (Struers-Labopol-1). The grinding process involved
application of 200, 400, and 600-grit grinding papers consecutively, each for 5 min
duration. After the grinding process was complete, glass specimens with parallel
surfaces were obtained. The clearance of specimens was below 2 pm. The nominal
dimensions of the specimens after the grinding process were 17 mm x 3.5 mm X
3.5.mm in length, width, and depth, respectively. Achieving parallel surfaces is a
critical requirement for accurate dilatometric measurement. The flowchart showing
the production steps applied in the preparation of alkali barium glasses is illustrated

in Figure 10.
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Batch preparation with Si0,, Al;03,BaCO;,LiC0O;, NaOH,KOH powders

34

Melting at 1550 °C for 30 min

=

Crushing using mortar with pestle.

=

Remelting at 1550 °C for 30 min.

-

Crushing using mortar with pestle.

=

Remelting at 1550° C for 30 min.

=

Casting into the Mo mold

=

Annealing at 600 °C for L h

I

Cutting and grinding to obtain samples for measurements.

Figure 10. The flowchart shows the production steps applied for the preparation of

alkali barium glasses.

3.2. Characterization

3.2.1. X-Ray Diffraction (XRD) Analysis

XRD analysis was performed on all glasses using a Rigaku-Miniflex 600 X-ray

diffraction analyzer to prove that the samples are glass. Cu-Ko radiation (A =
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1.5418 A) was utilized in the analysis conducted between 26 of 10° and 70° at a
voltage of 40 kV and at a scan rate of 5 °/min. The XRD measurements were
performed on the pulverized powders obtained after the third melting operation.
The XRD measurements were carried out at TUBITAK-SAGE.

Furthermore, interface analysis of the sealing samples and 304 SS were conducted
using the Bruker D8 Advance X-ray diffraction analyzer. Cu-Ka radiation (A =
1.5418 A) was employed for the analysis, performed over a 20 range of 10° to 80°
at a voltage of 40 kV and a scan rate of 2 °/min. The purpose of these XRD
measurements is to ascertain the presence of crystallinity in the glass after the
sealing treatments. These XRD measurements were carried out on the sealing
samples in solid forms at METU-METE.

3.2.2. X-Ray Fluorescence (XRF) Analysis

XRF analysis was conducted only on glass A-3 using a Rigaku ZSX Primus Il X-
ray fluorescence analyzer. X-rays with an energy range of 0.1 to 50 A were
employed. The analysis revealed the concentration of each element in the glass by
utilizing the unique wavelengths of each element. XRF measurements were
performed on solid glass samples having a 15 mm radius. To achieve this sample,
glass A-3 was cast on flat Mo surface. After the casting process, the glass was
annealed at 600 °C for 1 h. The XRF measurements were carried out at METU

Central Laboratory.

3.2.3. Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) Analysis

ICP-OES analysis was applied to only A-1 glass to determine Li>O content of the
glass using an ICP-OES analyzer (Thermo Scientific/ICAP 7000) and EPA 6010D
or EPA 3052A method of elemental analysis. The combination of these methods
enables the detection of all elements in glass. Thus, the composition of the glass is
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determined precisely. The ICP-OES measurements were carried out at TENMAK
Bor Arastirma Endiistrisi (BOREN).

3.2.4. Scanning Electron Microscopy (SEM) Analysis

SEM analysis was performed to examine the interface between glass and metal
using Hitachi-FlexSem 1000-2. Before the examination, samples were coated with
approximately 0.1 um of gold. High vacuum conditions and backscatter electrons
were utilized to analyze the glass surface. The operational voltage of 20 kV was
applied for all examinations. A backscatter was employed to distinguish glass and
metal phases. The SEM examinations were conducted at TUBITAK-SAGE.

3.2.5. Energy Dispersive Spectroscopy (EDS) Analysis

An EDS attached to SEM was employed to get compositional analysis of all
glasses. All EDS analyses were performed on various areas of the sample to get
reliable information on the compositions of the glass. The analysis was performed
nine times, on three separate regions of three separate samples for all glasses. The

EDS analysis was performed at the operational voltage of 10 kV to 20 kV.

EDS analysis was also conducted on glass-metal sealing samples to comprehend
the glass-metal phases, interface, and the presence of any cracks between glass and
metal, as well as to examine the chemical bonds between them. The EDS analyses
were conducted at TUBITAK-SAGE.

3.3. Property Measurements

3.3.1. Density

The density of glasses was measured by Archimedes' technique. A precision digital
balance (Sartorius CP224S) and Xylene with a density of 0.865 g/cm?® [57], were
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utilized for measurements. Samples of glasses with a rectangular prism shape, free
from pores or bubbles, were selected for density measurements. The samples were
immersed in xylene for 4 h, and the weight measurements were performed using
the balance. The density of the glass was calculated using Equation 5.

p (glass) = (air) x (xylene) | m(xylene—air) — m(xylene) Equation 5.

Where:

e p(glass): The calculated density of the glass

m(air): The weight of the glass measured in air.

m(xylene): The weight of the glass measured in xylene.

m(xylene-air): The weight of the glass measured in air after removing the

xylene from the surface of the sample.

p(xylene): The density of xylene

3.3.2. Thermal Expansion Coefficient (CTE)

The CTE of glasses was measured using a dilatometer (Linseis-L75 Vertical Bench
Top Model). Rectangular prism-shaped glass samples without any pores or bubbles
were selected for the dilatometer measurements. Prior to the measurements, all
glasses were annealed and had parallel surfaces. After measuring the initial length
of the glass with a caliper, it was placed in the dilatometer, and measurements were
conducted between 25 °C and 500 °C with a heating rate of 4 °C/min. The
dilatometer provided the length vs temperature curve for all glasses. CTE was
determined at all temperatures by smoothing the curves using the dilatometer
instrument software. Quartz served as a calibration sample during CTE
measurements, and calibration measurements with quartz were repeatedly

performed throughout the thermal expansion coefficient measurements.
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3.3.3. Differential Scanning Calorimetry (DSC)

DSC analysis was performed using a DSC analyzer (SDT Q600 V20.9) in
accordance with the ASTM D 3418. All analyses were conducted on glass powders
obtained through the third melting process. A platinum pot was used in the
analyses. Approximately 7 mg of glass powder was weighed for each analysis. The

analysis took place between 25 °C and 700 °C in a nitrogen atmosphere with a scan

rate of 20 °C/min.

3.3.4. Chemical Durability

The chemical durability of the glasses was measured regarding weight loss method.
First, a 0.1 M HCI solution was prepared using hydrochloric (HCI) acid supplied
from Merc (CAS number 1.00317) and the glass sample was immersed in this
solution at room temperature for 72 h in accord with the DIN 12116 standard. No
significant weight loss was observed in the glasses at the end of the 72 h of
immersion time in the HCI solution. Then, chemical durability tests were
performed using hydrofluoric (HF) acid. A 0.0185 M HF solution was prepared
using HF supplied from Merc (CAS number 1.00317) and the glass sample was
immersed in this solution at room temperature for 6 h. The solution was stirred
continuously throughout the 6 h of test using a magnetic stirrer. The weight of glass
samples was carefully weighed (+0.0001 g) using a precision digital balance
(Sartorius CP224S) before and after the test. The weight loss occurred in the

samples during the test period was noted.

3.4. Sealing Treatment

The initial step in the sealing heat treatment involved the preparation of glass
pellets. Glass remnants on the edges of the platinum crucible after casting the third

melt were crushed to obtain glass powders. These powders were sieved to achieve
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a particle size less than 25 pum. Then, 0.4 g of the powder was dry pressed
uniaxially at a pressure of 38 MPa in a stainless-steel die using a hydraulic press
(Ar Hidrolik-AHP-K50). The glass pellets had a diameter of 7.5 mm and a depth
of 2.5 mm.

Before the sealing heat treatment, the 304 SS plates were cleaned with an alkaline
solution. The solution was prepared by mixing 0.75 M sodium hydroxide (NaOH)
solution with 0.41 M sodium cyanide (NaCN) solution. The cleaning process was
performed at 70 °C using a 4-milliampere current using electronic powder supply
(Yildirnm Elektronik-GPA23035) for 5 min for each sample. In this alkaline
cleaning process, stainless steel plates function as the anode, while the 304 SS
serves as the cathode. Thanks to the assistance of current, an electrochemical

cleaning process is carried out.

Sealing heat treatments were performed firstly on the A-4 glass pellets and cleaned
304 SS plate in a furnace (Protherm PTF 17/75/450) under an argon atmosphere.
A-4 was selected to determine sealing profiles temperature, because of its lowest
Tg and highest CTE values as compared to the other glasses. Six different sealing
profiles, each having specific temperatures, were utilized. For A-4 glasses sealing
profiles: first temperatures of 920 °C, 950 °C, and 980 °C, and second temperatures
of 450 °C and 480 °C were applied. The holding period at the first temperature was
20 min whereas that was 1 h at the second temperature. The heating and cooling
rates were 5 °C/min. Based on the sealing performance of A-4 glass, 980 °C and
480 °C were selected for the optimum sealing profile, respectively. Once the
optimum sealing profile was determined for A-4 glass, only these temperatures
were applied to A-1, A-2, and A-3 glasses. Table 7 shows the sealing profiles
applied to the glasses. Figure 11 shows a typical sealing heat treatment profile
applied to the glasses.

In order to examine the glass and metal interface of the samples exposed to the
sealing heat treatments, SEM examination was conducted. Prior to SEM

examination the samples were cut using a sensitive cutting machine (Struers-
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Minitom) and were mounted with epoxy. Epoxy was chosen for mounting because
the heat involved in Bakelite mounting operation could potentially damage the
glass and metal interface. After epoxy mounting, the grinding and polishing
processes were done at (Stuerts-Labopol). The grinding was performed at
sequential steps using 80, 200, 400, 600, and 800 grit grinding papers. Grinding
durations varied depending on the depth of the glass and metal interface within
each sample, with average grinding periods of 10 min, 10 min, 5 min, 5 min, and 5
min, respectively. Additionally, the polishing step was performed for 10 min. In
polishing, 6 um and 1 pum of Diapat-P water-based polycrystalline diamond
suspensions were used. After completion of the metallographic preparation
procedures for the samples, they were coated with gold for SEM examination.
Figure 12 outlines the steps applied to the glasses for the SEM examination of the

samples exposed to sealing heat treatment.

SEM analysis was conducted to understand the effects of sealing heat treatment on
bonding of the glass samples to the 304 SS plate and detecting any potential cracks
at the interface. EDS analysis was also performed on the samples to comprehend

the chemical nature of the metal and glass regions.
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Table 7. Sealing profiles with temperature and time applied to glasses and 304 SS.

First Temperature of Sealing Second Temperature of Sealing
Glass Profile Profile
Temperature Time Temperature Time
(°C) (min) (°C) (min)
A-4 980 20 480 60
980 20 450 60
950 20 480 60
950 20 450 60
920 20 480 60
920 20 450 60
A-1 980 20 480 60
A-2 980 20 480 60
A-3 980 20 480 60
1200
980, 20 min
1000
)
< 800
L
>
g 600 480,1h
£ 400
e
200
0
0

0 100 200 300 400 500 600
Time (min)

Figure 11. A typical sealing profile applied to the glasses and 304 SS.

40



Crushing the glass pieces from third melting using mortar with pestle

4

Sieving the glass powder to get particle size less than 25 pm

=

Weighing 0.4 g of glass powder

=

Dry pressing powders using a hydraulic press

=

Cleaning the 304 stainless steel plates with an alkaline solution

=

Application of the sealing heat treatment

=

Mounting, grinding, and polishing the sealed samples

=

Coating the samples with gold

1

SEM examinations of the samples

Figure 12. The steps involved for the sealing and SEM examination of the glass
pellets and 304 SS.

3.5. Wetting Angle Measurements

The wetting angle of the glasses exposed to sealing heat treatment was measured
before cutting and preparing them for the SEM examination. The profile projector
(Mitutoyo-PV-5000) was employed for the wetting angle measurements. First, the
sealed glass was securely fixed with the help of a holder. Subsequently, the light

was directed from backside onto the fixed sample, causing the shadow of the glass
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pellet on the 304 SS plate to be reflected on the projection. The metal part was then
brought to the 0° position on the device, and the glass pellet was removed. The
angle it made on the metal was measured on both the left and right sides of the
GTM sealing surface and was noted. Figure 13 shows the shadow of the glass
pellet on the 304 SS plate, which was utilized for measuring the wetting angle. The
green and red lines in Figure 13 indicate how the wetting angle measurements were
done.

Figure 13. Wetting angle measurement with a projector.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Characterization of Glasses

4.1.1. Glass Products

Figure 14 illustrates various glass pieces relevant to this study. Glass pieces from
the first melting are depicted in Figure 14a. These pieces showed bubbles and
indicated a lack of homogeneity. Figure 14b shows the photograph of a glass
sample used for dilatometric, density, and chemical durability measurements. The
sample was obtained after the third melting operation by casting into a Mo mold,
followed by cutting and grinding to 17 mm x 3.5 mm x 3.5 mm dimensions, in
length x width x depth, respectively. The glass pellets and 304 SS sheet before
sealing process are shown in Figure 14c. The glass pellets were produced by
crushing and sieving glass pieces obtained from the third melting process. After
obtaining powders with a size of less than 25 pum, they were uniaxially pressed.
Figure 14d displays an example of a sealed sample of glass pellet and 304 SS.
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Figure 14. Various glass pieces from this study. (a) Glass pieces from first melting,
(b) Glass sample from molding, cutting, and grinding which was used for
dilatometric, density and chemical durability measurements, (c) Glass pellet with
304 SS sheet before a sealing treatment, (d) Sealed glass pellet and 304 SS.

4.1.2. X-Ray Diffraction (XRD) Analysis

The amorphous nature of the samples was confirmed through XRD analysis.
Unlike crystalline materials, amorphous substances lack a periodic arrangement in
three-dimensional space. In amorphous materials, atoms are randomly distributed,
leading to X-ray scattering in numerous directions and resulting in a broad hump
across a wide range of 26 angles. In contrast, crystalline materials exhibit high-

intensity, narrower peaks in their [58].
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XRD patterns for all glasses are shown in Figure 15. It is obvious that all glasses
exhibit a broad hump between 26 of 20 and 35°. Furthermore, no matches with
crystalline peaks were evident in the XRD software analysis, confirming their

amorphous structures.
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Figure 15. XRD patterns for all glasses which obtained as powder from third
casting.

4.1.3. Compositional Analysis

EDS, XRF, and ICP analyses were performed to ensure the successful achievement

of the intended composition in the glasses produced.

The EDS analysis results, and their standard deviation (STD) values presented in
Table 8, specify the oxide percentages by weight for each glass. Three samples per
glass were examined across three distinct regions. The mean average values were
taken into consideration to establish the content of each oxide for every glass. It is

believed that this approach of analyzing multiple samples and regions improves the
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reliability and representation of the elemental composition assessment, providing a

comprehensive understanding of the glass composition.

Table 8. EDS analysis results and their STD values for all glasses.

Glass Composition (Wt%) (+STD)
SiO; Al;,O3 Li-O BaO Na,O K20

A-1 |64.81+3.04| 5.09+1.21 - 15.71+2.74| 3.18+0.73 | 11.31 +0.66
A-2 |64.22+243| 599+1.84 - 16.41+3.72| 5.28+1.27 | 8.10+0.60
A-3 [64.22+0.88| 6.38+1.01 - 1509+1.71| 831+1.04 | 6.00+1.98
A-4 |65.02+2.27| 5.80+1.67 - 18.15+1.39|11.70+1.16 | 3.38+0.74
A-5 [63.03+1.27| 4.81+1.28 - 10.70+ 0.08 | 14.82+0.16

A-6 |66.90+0.07| 5.66+0.40 - 12.30+£0.25 15.14 +0.08

The EDS analysis results consistently align with the intended compositions of the
glasses. The SiO content for all glasses, with a targeted value of 65%, falls within
the range of 64.22% to 66.90%, indicating consistency with the intended
composition. The STD of SiO2 exhibits varying values for each glass, and this
difference may be attributed to the challenge of detecting Li using EDS. In the
analysis, there is a tendency to overestimate the amount of an element that has a
higher concentration compared to others to achieve a total percentage of 100%.
However, there are variations in the Na;O and KO values among the glasses,
although they are still relatively close to the intended content. It's noteworthy that
the STD values of these oxides are smaller, indicating that the Na.O and KO ratios
exhibit similar values across all glass regions. Another point is that the Al.O3
content in all glasses, aimed at 5%, appears to be higher in the EDS analysis. A
similar trend is observed in the BaO percentages. This is attributed to the limitation
of the EDS technique, as Li cannot be reliably detected using the SEM detector
with a Beryllium window, which has a higher atomic number than Li [59].

Conclusively, there are slight variations in certain oxide content due to the inability
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of EDS to detect Li. The undetected Li.O could potentially contribute to the

observed increase in BaO or Al,O3 percentages.

A typical EDS spectrum for the glasses is shown in Figure 16. The spectrum
confirms that the glasses primarily consist of SiO2, BaO, Al203, K20, and Na2O. It
IS important to note that Li»O is not detected in the analysis. The absence of any
other oxides in the glass compositions indicates that there was no contamination

resulting from the melting environment.

Figure 16. EDS spectrum for glasses.

XRF analysis was conducted on annealed A-3 glass. The analysis result was
presented in Table 9 where a comparison with the intended composition and EDS
analysis was also provided. XRF may not reliably detect certain elements like Li,
consistent with EDS analysis limitations. The weight percentages of K20 and Na;O
in XRF results closely match the intended composition and EDS analysis. Al.Oz in
XRF aligns well with the intended composition, but SiO, content appears to be
lower in XRF as compared to the intended composition and EDS results.
Additionally, the higher BaO content in XRF and the detection of CO. raise
concerns about the reliability of the XRF data. Consequently, the XRF data were

normalized by eliminating CO> concentration from the glass composition.
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Table 9. Intended composition, EDS, and XRF results for A-3 glass.

Composition (wt %)
A-3 Glass
SiO2 | A0z | Li2O| BaO Na2O | K20 CO2
Intended
Composition 65 > 3 12 o 6 )
EDS 64.22 6.38 15.09 8.31 6.00 64.22
XRF 57.5 5.89 _ 17.70 8.00 5.08 5.70
XRF
(Normalized) 60.98 6.24 _ 18.77 8.48 5.38 -

ICP-OES analysis was specifically conducted to detect Li>O content for A-1 glass.
The data were subsequently utilized to calculate oxide percentages. ICP-OES
analysis is particularly valuable in determining Li>O proportions in glasses. The
results indicate that the Li»O in A-1 glass is 3.10 wt%, and as per elemental results,
Li is 1.456 %. In the intended composition of all glasses, including A-1 glass, Li.O
was 3 wt%. Conclusively, ICP-OES analysis data align closely with the intended

Li»O content of the glass.

4.2. Glass Properties

4.2.1. Density

The theoretical density for each glass was calculated based on their composition
and the density of individual oxides by making use of Equation 4. Measured
densities were obtained using Archimedes' technique. The calculated and measured
density values with their standard deviation values for all glasses are presented in
Table 10. Notably, A-5 glass, containing 15% Na.O and no K:O, exhibits the
lowest density, while A-6 glass, which does not have Na;O and contains 15 %

K20, has the highest density. Another important aspect is the small STD values of
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densities. This implies that the glasses have a homogeneous structure, as the
density measurements are consistent across all samples obtained from different

regions of the glasses.

The density measurements were conducted to verify the variations in the
composition of glasses. Results revealed that data obtained for the densities of
glasses agree with the composition of the glasses. That is, the glass containing
more KO had a greater density. Density is a critical factor in sealing applications
due to its impact on the sealing interface. Glasses with bubbles and cracks inside
may fail to seal. Also, density data provide insights into the chemical durability of
glasses [13,14]. A comparison of the densities of the glasses with Corning 9013
glass (the reference glass) showed that glasses produced in this study have lower
density than Corning 9013 glass, though the differences are not much. The
difference in density could be due to the compositional dissimilarity. Additionally,
thermal treatments applied to glass can influence changes in density. The annealing
process plays a significant role in glass density [60]. Annealed glass has less
volume hence greater density than chilled glass. It is believed that Corning 9013
glass is well-annealed after the shaping process. Therefore, it has greater density

compared to the glasses produced in this study.

Despite variations in both theoretical and measured densities due to compositional
changes, the density values for all glasses were relatively consistent as seen in
Figure 17. This consistency can be attributed to the similar density values of alkali
components, except BaO, and a slight difference between the compositions of the
glasses. A-5 glass had consistently lower density than A-6 glass. Similarly, among
the glasses containing both K2O and NazO, the glass containing more K20 had a
greater density. This is an expected result since K* has a larger ionic radius and
atomic weight than Na*. The atomic weight of K™ is 39.09 but Na* has atomic
weight of 22.98 [61]. As a result, K2O has a density of 2.32 g/cm?® whereas Na,O
has a density of 2.27 g/cm? [62,63].
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Figure 17. Theoretical and measured densities for the glasses studied.

Table 10. Theoretical and measured density results with STD for all glasses.

Density (g/cm?)
Glasses* Theoretical Measured (= STD)

A-1 2.7263 2.6246 +0.0019

A-2 2.7239 2.6137 £0.0011

A-3 2.7215 2.6101 £0.0019

A-4 2.7191 2.6093 £0.011

A-5 2.7167 2.6039 £ 0.0017

A-6 2.7282 2.6270 £ 0.0012
Corning 9013 2.6403 +0.0014

* Composition of the glasses was presented in Table 6.

It is obvious from the data presented in Table 10 and in Figure 17, theoretical

density values calculated are consistently greater than the measured density values
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for all glasses. The observed differences between theoretical and measured density
values in glasses can result from inhomogeneities or invisible nanovoids within the
glass structure. Furthermore, as discussed earlier, the cooling rate and thermal
treatments applied to glass influence density. Since the density of the glasses was
measured in as-chilled form, they had larger volume, leading to variations between

measured and theoretical density values.

4.2.2. Thermal Expansion Coefficient

The CTE values measured at different temperatures for the glasses studied along
with Corning 9013 are presented in Table 11. The CTE values applicable at
different temperature ranges for Corning 9013 were provided by the manufacturer,
as shown in Table 3. The variations of CTE with temperature for the glasses
studied are shown in Figure 18. Two noteworthy points of attention can be drawn
from the results presented in Table 11 and in Figure 18. First one, as expected,
CTE values of all glasses increase as temperature increases. English and Turner
[47] stated that temperature stands out as a crucial parameter influencing CTE
changes in glass. As the temperature increases, the material gains more energy at
the molecular level. The internal energy of the material rises and atoms/molecules
exhibit greater movement. This energy causes atoms or molecules to move faster
and over a larger area. The increased mobility and vibration of atoms result in a
change in volume per unit length of the material, leading to expansion. The CTE
expresses the change in volume per unit length of a material for a unit change in
temperature [64]. As the temperature rises, the CTE, which represents the amount

of this expansion, increases.
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Table 11. CTE values measured at different temperatures for the glasses studied.

Glasses CTE x10°/°C
At100°C | At200°C | At300°C | At400°C | 100-400°C
A-1 8.30 9.13 9.61 9.89 9.09
A-2 8.66 9.33 9.76 10.05 9.21
A-3 8.40 9.39 9.89 10.33 9.27
A-4 9.07 10.09 10.71 11.15 10.11
A-5 8.52 8.89 9.15 9.23 8.87
A-6 7.80 7.95 8.01 7.93 7.87
Corning 9013 7.90 8.00 8.40 8.60 8.25

—A1
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—A3
— A4
—— A5
— A6

14 -
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I
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Figure 18. Variation of CTE with temperature for all glasses.
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Second one, there is a correlation between CTE values and glass composition,
where an increase in Na,O content leads to higher CTE values. This is obvious
from the results of A-5 and A-6 glasses. For a given temperature, A-5 glass
exhibited greater CTE than A-6 glass. Similarly, among the glasses containing both
K20 and NazO, the glass containing more Na,O had a greater CTE at all
temperatures. In other words, CTE consistently increased as Na;O content of the
glass increased. This phenomenon can be explained by the individual CTE of Na*
and K*. English and Turner as well as Winkelmann and Schott reported the
calculated CTE values of oxides for temperature ranging from 25 °C to 91 °C
[47,48]. Table 12 presents the calculated CTE values for Na* and K* derived from
their studies. Na has a higher CTE than K at ambient temperatures. Consistent with
their findings, in this study, the CTE of glasses increased with the rising Na*
content in the glass structure. Meanwhile; some studies [7,65] on alkali silicate
glasses with two alkalis reported that CTE of glass increases as K* in the glass
structure increases between 25 °C and 300 °C. The increase in CTE was reasoned
as “due to the larger ionic radius of K" resulting in a weaker field strength
compared to Na*, the substitution of Na>O with K20 led to a substantial increase in
the presence of O% and consequently decreased the rigidity of the glass network”.
Furthermore, the influence of ionic radius on CTE is more significant than the
transport properties, and a mixed alkali effect was observed on CTE [66,67].

Table 12. Calculated CTE values of alkali ions [47].

lon CTE x10°/°C

English and Turner Winkelmann and Schott
Na 12.96 10.0
K 11.7 8.5

From another perspective, the increase in the CTE with higher Na™ content is
correlated with the alkali ion radius. The smaller ionic radius of Na*, in comparison

to K™, results in a greater amplitude of atomic vibration for Na* ions. Consequently,
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Na* ions more effectively disrupt the glass network, leading to an increase in CTE.
While Na* generally exhibits a higher CTE than K* at room temperature, this
dynamic shifts with increasing temperature, and the influence of K* content
becomes more pronounced in elevating the CTE [14].The impact of K* on CTE
may become more significant than that of Na* as the temperature rises. While the
generalization about Na* and K*, CTE behavior at room temperature holds true, the
specific dynamics at elevated temperatures are influenced by the overall glass
composition and the intricate interactions between alkali oxides and other

components of the glass network.

The glasses containing both K20 and Na2O had greater CTE values as compared to
those contained either Na;O or KO, signifying the mixed alkali effect on CTE.
Shermer [67] observed that increasing the content of one alkali in the glass
structure, without a simultaneous increase in other alkalis, led to an increase in
CTE. This phenomenon is consistent with the understanding that changes in alkali

content can influence the physical properties of glass [68].

The CTE for A-6 glass is lower than that of the reference glass at all temperatures.
Although A-5 glass has greater CTE than that of the reference glass at all
temperatures, the glasses containing both K>O and Na,O had greater CTE values at
all temperatures. Additionally, there is a significant difference in CTE values
between A-5 glass and 304 SS. This difference can cause cracks during sealing
heat treatment because of the stress developing between them. Considering the
CTE of 304 SS (approximately 17.8 x 10°%/°C between 0 °C and 300 °C) [69], it is
reasonable to have a larger CTE for the glass. For that reason, A-5 and A-6 glasses
were excluded from further studies. The rest of the studies were performed only on

glasses containing both K>O and Na.O.

When the CTE values of the glasses are compared, A-4 glass exhibits the highest
CTE, whereas A-1 glass has the lowest CTE at all temperatures.
A-1 glass, and A-2 glass exhibit similar CTE values. However, A-3 and A-4

glasses show different CTE values with increasing temperature, possibly because
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of the mixed alkali effect. A-3 and A-4 glasses may demonstrate a mixed alkali

effect due to their compositions.

Typically, the introduction of a second alkali into the glass network does not lead
to a linear response, giving rise to what is known as the mixed alkali effect. This
effect has been extensively utilized in the glass properties for various technical
requirements, including CTE, chemical durability, and other physic-chemical
characteristics. When multiple alkali metals are incorporated into a glass
composition, their interactions with the glass network can result in non-linear and
sometimes unexpected changes in the properties of the glass. This non-linear
behavior can be attributed to the different ionic sizes, charges, and mobility of the
alkali metal ions, as well as their interactions with the glass network-forming
elements [70]. So that, the mixed alkali effect can lead to properties with both the

highest and lowest values [71].

Mean average CTE values were calculated for all glasses. The variation of CTE
with Na,O/K:0 ratio for A-1, A-2, A-3, and A-4 glasses is shown in Figure 19. An
increase in CTE values with the rising Na2O content in the glass is obvious. This
finding emphasizes the significant impact Na2O content on the thermal expansion
properties of these glasses, highlighting the importance of composition in

determining CTE values.
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Figure 19. Variation of CTE with Na,O/K-O ratio for A-1, A-2, A-3, and A-4

glasses.

Guo [7] reported that CTE of alkali barium glasses, which also include alkaline
earth oxides like CaO and MgO, yet with lower Na* and K* content, exhibited CTE
values around 8 x 10°%/°C at approximately 100 °C. In the current study, there is no
alkaline earth metal content, and the Na* and K" content is higher compared to
their research. Consequently, the CTE values indicate differences between the two
studies.

Sealing glasses can be categorized based on their CTE values into soft and hard
glasses. Soft glass seals are crafted using glasses with a working range of
approximately 1000 °C and exhibit a CTE on the order of 9 x 10%/°C. In contrast,
hard glass seals involve glasses with a working range spanning from 1000 °C to
1250 °C and, crucially, possess a CTE falling between 3 and 5 x 10°%/°C [1-3,6]. In
the context of this research, the developed alkali barium glasses can be categorized

as soft glasses.

The glass with higher density had lower CTE. This observation suggests that
changes in the composition of the glass have intense effects on various properties,

including density and CTE.
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4.2.3. Glass Transition Temperature (Tg)

Tg is not a single temperature, but rather a range. The value of Tg can vary
depending on the measurement technique used for example DSC and dilatometer,
both of which provide reliable results for glass analysis. The heat flow versus
temperature curves obtained from DSC analysis for A-1 and A-4 glasses are shown
in Figure 20 and Figure 21, respectively. The Tg for A-1 and A-4 glasses are noted
as 481 °C and 443 °C, respectively. DSC measures the heat flow rate difference
between the sample and reference, where specific heat changes or volume changes
occur at the Tg [72]. For DSC measurements, the heat flux changes were selected

at three points, and the software determines the Tg value.

Another technique used for determining Tg is dilatometric analysis, where
temperature versus length graph is generated using the dilatometer software. The
Tg values obtained from the dilatometric analyses for A-1 and A-4 glasses are
illustrated in Figure 22 and Figure 23, respectively. In dilatometer measurements,
the length versus temperature curve exhibits a different orientation around Tg
[14,73]. Tg can be visually identified on the graph, but software precisely
determines Tg. In dilatometer measurements, four points are typically selected,

with two points before and two points after the heat exchange.

The Tg values as determined by both DSC and dilatometer techniques are
presented in Table 13. It can be recognized that the Tg values determined by both

measurement techniques are very close to each other.
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Figure 20. Heat flow versus temperature curve for A-1 glass.
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Figure 23. Linear expansion versus temperature curve for A-4 glass.
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Table 13. Tg of the glasses as determined by both DSC and dilatometer techniques.

Glass Tg (°C)
DSC Dilatometer
A-1 481 478
A-2 470 472
A-3 457 458
A-4 443 451
A-5 - 403
A-6 - 415
Corning 9013 465 468

Tg in glasses is influenced by important parameters such as composition of glass
and the activation energy of glass, with the latter being a function of temperature.
The activation energy of molecular motion decreases with the presence of NBO.
An increase in the cation radius leads to a higher concentration of NBO. Therefore,
generating NBO with larger cation ions has a significant impact on the Tg [14]. As
seen in Table 13, among the glasses studied, Tg increases as K* content in the glass
is increased. Thus, A-1 glass exhibits the highest Tg, while A-4 glass has the
lowest Tg. Alkaline cations introduce the silicate tetrahedral, and larger cations
result in higher hindrance. In alkali silicate glasses, increasing the alkali radius

leads to an increase in Tg [74,75].

In comparing Tg values between Corning 9013 and the glasses studied, A-2 and A-
3 glasses exhibit Tg values closer to Corning 9013 than other glasses. It is essential
to emphasize that Tg is a critical parameter in determining the second temperature
of sealing profile. During cooling, where the glass and steel can form chemical
bonds with metal, Tg is of virtual importance. During the cooling or second
temperature section of the sealing process, the temperature in the furnace should be

around Tg or higher than Tg for effective sealing [13,42].
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After determining the Tg values, the second holding temperatures in the sealing
profile were taken as 450 °C and 480 °C.

4.2.4. Chemical Durability

The chemical durability of the glasses studied was assessed using hydrochloric
(HCI) acid solution at room temperature as described in Section 2.5.5. Weight loss
occurred in glasses was taken as a measure, as per DIN 12116 standard. However,
no significant weight loss was observed in the glasses in the experiment carried out
for 72 h in the prepared HCI solution. Then, to evaluate the chemical durability of
glasses, hydrofluoric (HF) acid, a potent chemical acid known for its etching
properties on glass surfaces, was employed [75]. HF induced weight loss in the
glasses. Chemical durability results obtained by immersing the glasses into a
0.0185 M HF solution are shown in Figure 24. It is obvious that the total weight

loss occurred in glass increases as the Na* content in the glass increased.

The chemical durability of glass is inherently linked to its composition. An increase
in the alkali ratio in the glass tends to decrease chemical durability due to the rise
in the number of NBO sites. From a general perspective, the chemical durability of
glasses can be associated with NBO, as the addition of alkali components to the
network increases NBO, thereby impacting a decrease in chemical durability.
NBOs increase the reactivity of the glass, making glass more susceptible to
chemical attack. The improved reactivity, especially in the presence of water or
other chemical agents, results in increased vulnerability to chemical dissolution
[14,34]. Furthermore, chemical attack typically involves the breaking of bonds and
the dissolution of ions from the glass structure. The presence of NBOs facilitates
this process by providing readily available sites for chemical interactions. NBOs
enhance the mobility of ions within the glass network, making it easier for ions to
migrate through the structure, promoting chemical dissolution and leaching [49].
Glasses with more NBOs tend to be more soluble in water. Water molecules can

penetrate the glass structure more easily, leading to the dissolution of ions and the
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breakdown of the glass network. [14,53]. Conversely, incorporating intermediate
oxides like Al2Oz into the glass structure decreases NBO and increases the

chemical durability of glasses [3,14,53].
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Figure 24. Variation of weight with time in HF solution.

The impact of alkali components can vary based on the radius of alkali ions. If Na*
ions increase and K" ions decrease in the glass, the chemical durability will
decrease. Na* ions have smaller ionic radius and are more mobile than K* ions. As
the K* content decreases and Na* content increases, Na* ions become dominant in
the glass structure. The increased mobility can enhance ion exchange and leaching,
making the glass more susceptible to chemical attack. Furthermore, Na* can act as
a catalyst in certain chemical reactions that may contribute to the breakdown of the
glass network. The increase in Na" content, with decreasing the K* ions may
enhance alkali-catalyzed reactions, leading to a decrease in chemical durability
[53].
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When a comparison is made among the glasses studied, it is evident that glasses
with a higher Na* concentration, like A-4 glass, exhibit greater weight loss.
Conversely, A-1 glass, with a higher K* ion content, displays lower weight loss
than other glasses. The chemical durability results reveal that A-1 glass is more

durable than the other glasses studied.

4.3. Sealing

Beyond the softening temperature, glass becomes a viscous liquid, allowing it to
form a seal with metal. Therefore, the sealing temperature of glass should be higher
than the softening temperature. The softening temperature for Corning 9013 glass
has been reported as 659 °C [15]. But a temperature of around 950 °C is applied as
the first temperature during sealing heat treatment. The sealing treatment
temperatures applied to get a seal between glass pellets and 304 SS are tabulated in
Table 14. The investigations initiated with A-4 glass that was selected for two main
reasons. Firstly, it has the lowest Tg value, it is easier for creation of interface
between glass and metal. Secondly, it has the highest CTE, allowing it to spread on
the surface and clearly illustrate the bonds between glass and metal if they exist.
Sealing heat treatments were conducted at all different sealing profiles with
different temperatures for A-4 glass. Results of these sealing heat treatments
revealed that the best sealing interface characteristics with the sealing profiles of
950°C and 450 °C.

To better observe bond formation and interface characteristics, the sealing profile
with temperatures of 980 °C and 480 °C was selected for A-1, A-2, and A-3
glasses. The sealing results will be evaluated and discussed in four subsections.
The first section will focus on the sealing profile with the initial temperature of
920°C for A-4 glass. The second section will cover the sealing profile at 950°C as
the first temperature for A-4 glass. The third section will discuss the sealing profile
with 980°C for A-4 glass. The final section will address the sealing profile at
temperatures of 980°C and 480°C for A-1, A-2, and A-3 glasses.
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4.3.1. Sealing of A-4 at 920 °C Temperature

Typical microstructures of the seal developed between A-4 glass and 304 SS with
a sealing profile: 920 °C and 450 °C are shown in Figure 25. The glass and 304 SS
regions are clearly distinguished in the microstructure. The glass is located on the
upper side whereas 304 SS is located on the bottom side of sealing. Additionally,

the glass includes inhomogeneity, cracks, and voids inside.
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Figure 25. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 920 °C and 450 °C

temperatures.
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There two different magnification SEM photos of this sealing profile is shown in
Figure 26. The interface between glass and 304 SS is shown at X1000 in Figure
26a. It is obvious that the glass and 304 SS form chemical as well as mechanical
bonds. Figure 26b at X5000 provides a clear view of the Fe diffused inside the
glass. The glass and 304 SS interface are clearly seen in the red box inserted in the
figure. There is no region where bonding between A-4 glass, and 304 SS is absent.
The yellow arrow inserted in the microstructure in Figure 26b indicates the
direction of the line where EDS line analysis was taken from 304 SS through the
glass. The EDS line analysis results taken along yellow line is presented
graphically in Figure 27. The analysis detected Fe, Cr, Si, O, Na, K, Ba, Ni, and Al
elements. Li was not detected since EDS is incapable of detecting Li. It is believed
that Fe, Cr, and Ni come from 304 SS while Si, O, Na, K, Ba, and Al come from
the glass.

The concentrations of the elements other than Si, O, Fe, and Cr within the glass and
304 SS regions were very low. Thus, in the evaluation of the analysis results
between the glass and 304 SS the variations of Si, O, Fe, and Cr along the glass-
304 SS will be considered. Discussions will be based on the colored EDS line
analysis, as shown in Figure 28. This approach will aid in the interpretation of
results and facilitate discussions on the elemental changes in the glass-304 SS

interface.

This sealing data is a representative of Figure 5a discussed in Section 2.3.2
exhibiting dendritic Fe structures inside the glass, contributing to strong
mechanical bonds [24,77]. From a point of chemical bonding, as mentioned in
Section 2.3.3, Fe ions are saturated the glasses inside similar to the drawing shown
in Figure 6a, implying that this sealing also has strong chemical bond between A-4
glass and 304 SS at the at interface. The analysis supports the conclusion that a
sealing profile at 920 °C and 450 °C temperatures, is sufficient to establish bonds

between the A-4 glass and 304 SS during the sealing process.
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Figure 26. SEM micrographs showing the sealing interface developed with a
sealing profile: 920 °C and 450 °C temperatures for A-4 glass. (a) Glass and 304
SS interface at X1000, (b) Glass,304 SS and interface at X5000.
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Figure 27. EDS line analysis for 304 SS, interface, and glass regions of the arrow
indicated in Figure 26b.
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Figure 28. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
Figure 26b.

Joshi and Chhibber’s study [76] on GTM sealing revealed the presence of Fe, O,
Na, Al, and Si elements at the interface between glass and sealant. The existence of
these ions confirms the bonding between glass and metal. Their study suggests that
continuous transitions from the metal to ionic stage in the glass sealing interface
contribute to strong adhesion between them. Furthermore, they note that the rapid
diffusion of Fe?* ions, owing to their high solubility, enhances the adhesion of the
GTM interface [76].

Typical microstructures of the seal developed between A-4 glass and 304 SS with
a sealing profile: 920 °C and 480 °C temperatures are shown in Figure 29. The
glass and 304 SS regions are clearly distinguished in the microstructure. The glass

is located on the upper side whereas 304 SS is located on the right side of sealing.
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Figure 29. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 920 °C and 480
°C temperatures.

There two different magnification SEM photos of this sealing profile is shown in
Figure 30. The interface between glass and 304 SS is shown at X1000 in Figure
30a. Figure 30b illustrates at X5000 the interface, crack, 304 SS and glass sections
are highlighted with red lines. Despite the presence of a crack within the interface,
304 SS and glass were sealed to each other. The EDS line is represented by the
yellow line in Figure 30b. The EDS results of yellow line is demonstrated in Figure
3L
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In this case, the interface is not saturated with Fe, resulting in weak Van der Waals
chemical bonds may be at the GTM interface (Figure 6¢). From the point of
mechanical bonds perspective, there cannot be seen any dendritic or electronic Fe
saturation to the glass, so mechanical bonds cannot detect in this sample. The
presence of a crack could be a result of the glass possibly cracking during the
sealing operation, potentially due to differences in CTE between 304 SS and A-4

glass or a higher second temperature of sealing profile, such as 480 °C.

Figure 30. Sealing interfaces for A-4 glass and 304 SS with a sealing profile 920
°C and 480 °C temperatures, (a) Glass and 304 SS at X1000, (b) Glass,304 SS and
interface at X5000.
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Figure 31. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
Figure 30b.

When comparing the sealing profiles which all have 920 °C as the first
temperature, with different second holding temperatures (450 and 480 °C), it can
be concluded that 920 °C is suitable for the sealing temperature of A-4 glass and
304 SS. This temperature results in an interface with bonds between the glass and
304 SS. However, increasing the second holding temperature from 450 °C to 480
°C can lead to the formation of cracks at the glass side. The increase in temperature
can also elevate the compression stress between the glass and 304 SS, potentially

causing the glass to crack during the cooling operation.

4.3.2. Sealing of A-4 at 950 °C Temperature

Typical microstructures of the seal developed between A-4 glass and 304 SS with a

sealing profile: 950 °C and 450 °C temperatures are shown in

Figure 32. The glass and 304 SS regions are clearly distinguished by EDS analysis
in the microstructure. The glass is located on the left side whereas 304 SS is
located on the right side of interface. The A-4 glass in this sealing experiment has
not got bubbles. The line analysis of EDS shows a decrease in Si content in some

glass areas. This is a result of a crack inside the glass.
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Figure 32. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 950 °C and 450 °C

temperatures.

There two different magnification SEM photos of this sealing profile is shown in
Figure 33. The interface between A-4 glass and 304 SS is shown at X1000 in
Figure 33a. It is obvious that the A-4 glass and 304 SS form chemical as well as
mechanical bonds. Figure 33b at X5000 provides a clear view of the Fe diffused
inside the glass. The glass and 304 SS interface are clearly seen in the red box
inserted in the figure. There is no region where bonding between A-4 glass, and
304 SS is absent. The yellow arrow inserted in the microstructure in Figure 33b
indicates the direction of the line where EDS line analysis was taken from glass
through the 304 SS. The EDS line analysis results taken along yellow line is
presented graphically in Figure 34. The analysis detected Fe, Cr, Si, O, Na, K, Ba,
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Ni, and Al elements. It is believed that Fe, Cr, and Ni come from 304 SS while Si,

O, come from the glass.

Fe can diffuse into the glass region, facilitating the formation of strong bonds
between glass and 304 SS. The interface between glass and metal is saturated by
Fe, and these have diffused through the glass. This sample corresponds to the type
mentioned Section 2.3.3 and illustrated in Figure 6a, by chemical bonding. The
presence of Fe inside the glass establishes mechanical bonds between them,
aligning with the dendritic theory as mentioned in Section 2.3.2 and illustrated in
Figure 5b [24,77].

a

100 ym

Figure 33. Sealing interfaces for A-4 glass and 304 SS with a sealing profile 950
°C and 450 °C temperatures. (a) Glass and 304 SS interface at X1000, (b) Glass,
304 SS interface and Fe diffusional region at X5000.
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Figure 34. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
Figure 33b.

Typical microstructures of the seal developed between A-4 glass and 304 SS with a
sealing profile: 950 °C and 480 °C temperatures are shown in

Figure 35. The glass and 304 SS regions are clearly distinguished in the
microstructure. The glass is located on the left side whereas 304 SS is located on
the right side of sealing. According to the line EDS analysis A-4 glass in this
sealing experiment has not got bubbles. The line analysis of EDS shows a decrease

in Si content in some glass areas. This is a result of a crack inside the glass.
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Figure 35. A typical microstructure and line EDS analysis results of the seal
developed between A-4 glass and 304 SS with a sealing profile: 950 °C and 480 °C

temperatures.

There two different magnification SEM photos of this sealing profile is shown in
Figure 36. The interface between A-4 glass and 304 SS is shown at X1000 in
Figure 36a. It is obvious that the A-4 glass and 304 SS form chemical as well as
mechanical bonds. Figure 36b at X5000 provides a clear view of the Fe diffused
inside the glass. The A-4 glass, and 304 SS interface are clearly seen in the red box
inserted in the figure. The yellow arrow inserted in the microstructure in Figure
36b indicates the direction of the line where EDS line analysis was taken from
glass through the 304 SS. The EDS line analysis results taken along yellow line is
presented graphically in Figure 37. According to the analysis there is a region
inside the glass with rich Fe and Cr ions. Furthermore, O2 can be diffused through
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glass when the glass was a viscous liquid, so that the O concentration, is show
different ratios inside the glass and interface [78,79]. Especially, it has lower
concentration where is the near interface regions. Glasses saturated by Fe, as
shown in figure, which is a proof that there is a strong chemical bond between A-4

glass and 304 SS as mentioned Section 2.3.3 and illustrated in Figure 6a.

Figure 36. SEM micrographs showing the sealing interface developed with a
sealing profile: 950 °C and 480 °C temperatures for A-4 glass. (a) Glass and 304
SS interface at X1000, (b) Glass and 304 SS interface at X5000.
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Figure 37. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
Figure 36b.

When comparing the sealing profiles which all have 950 °C as the first
temperature, with different second holding temperatures (450 and 480 °C), it can
be concluded that 950 °C is suitable for the sealing temperature of A-4 glass and
304 SS. The sample with a sealing profile 950°C and 450 °C, there is only one
region inside the glass where Fe and Cr ions are absent. This region may have
formed during the sealing operation. However, in the second section, Fe and Cr
ions may get stuck inside the glass without any connection with the A-4 glass and
304 SS interface.

4.3.3. Sealing of A-4 at 980 °C Temperature

Typical microstructures of the seal developed between A-4 glass and 304 SS with
a sealing profile: 980 °C and 450 °C temperatures are shown in

Figure 38. The A-4 glass, and 304 SS regions are clearly distinguished in the
microstructure. The glass is located on the right side whereas 304 SS is located on

the left side of sealing.
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Figure 38. A-4 glass with a sealing profile: 980 °C and 450 °C temperatures and
EDS analysis.

There two different magnification SEM photos of this sealing profile is shown in
Figure 39. The interface between A-4 glass and 304 SS is shown at X1000 in
Figure 39a. Figure 39b, at X5000 provides a clear view of interface. The glass and
304 SS interface are clearly seen in the red box inserted in the figure. The yellow
arrow inserted in the microstructure in Figure 39. Figure 39b indicates the
direction of the line where EDS line analysis was taken from 304 SS through the
glass. The EDS line analysis results taken along yellow line is presented
graphically in Figure 40. According to the EDS analysis demonstrated in Figure 40
there is no visible interface between the A-4 glass and 304 SS. Therefore, the

sealing treatment appears to result in a mechanical bond and weakly Van der Walls
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bonds, rather than a strong bond between them. In Section 2.3.3 and Figure 6¢

illustrated this kind of sealing.

a b
Line

Figure 39. Sealing for A-4 glass with a sealing profile: 980 °C and 450 °C
temperatures, (a) Glass, 304 SS, sides at X300, (b) Glass, 304 SS, and crack at
X1000.
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Figure 40. EDS line analysis for Si, Fe, O, and Cr taken from the arrow indicated in
Figure 39b.

To identify the crystalline structure at the interface of A-4 glass and 304 SS, XRD
analysis was performed. Figure 41 displays the XRD pattern of the GTM sealed
sample with a sealing profile: 980 °C and 450 °C (indicated by green lines),
alongside the XRD pattern of 304 SS (orange lines), with the peaks labeled for 304
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SS. The sealed samples show the same peaks with 304 SS. But it shows different

peaks also. This means there are some crystallinities inside glass or at interface.

Additionally, to confirm the presence of any crystallinity at the interface or within
the glass, XRD analysis was conducted on A-4 glass samples obtained from the
same sealing sample in powder form as indicated in Figure 42. A-4 glass shows the
amorphous bump between 20°- 35°, it is same with Figure 15. This is proof that the
glass preserves its amorphous structure, but there may be some crystallinity at the
GTM interface.

304
— 080-450 Sealed

Intensity (a.u)

20 (°)

Figure 41. XRD patterns of A-4 and 304 SS sealed sample with a sealing profile
980°C-450 °C temperatures and 304 SS peaks.

79



Intensity (a.u)

T T T T T T T T T T T T T T 1

0 10 20 30 40 5 60 70 80
20 (°)

Figure 42. XRD pattern of A-4 glass after the sealing treatment of 980-450.

Typical microstructures of the seal developed between A-4 glass and 304 SS with a
sealing profile: 980 °C and 480 °C temperatures are shown in Figure 43. The glass
and 304 SS regions are clearly distinguished by EDS analysis in the microstructure.
The glass is located on the left side whereas 304 SS is located on the right side of
sealing. The A-4 glass in this sealing experiment has not got bubbles. The line
analysis of EDS shows a decrease in Si and increasing in O content in some glass

areas. This is a result of a crack inside the glass.
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Figure 43. A-4 glass with a sealing profile: 980 °C and 480 °C temperatures, and
EDS analysis.

There two different magnification SEM photos of this sealing profile is shown in
Figure 44. The interface between A-4 glass and 304 SS is shown at X300 in Figure
44a. In Figure 44b at X3000 provides a clear view of interface. The glass and 304
SS interface are clearly seen in the red box inserted in the figure. The yellow arrow
inserted in the microstructure in Figure 44b indicates the direction of the line
where EDS line analysis was taken from glass through the 304 SS. The EDS line
analysis results taken along yellow line is presented graphically in Figure 45.
Figure 44b, clearly shows Fe diffusion, so strong chemical bonds were formed.

From Lian’s research, glasses were sealed with SS at 810 °C, followed by slow
cooling to room temperature. A significant stress at the interface was observed due
to the large difference in CTE. Additionally, round shaped BaCrO4 crystals were
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present at the interface, suggesting a nucleation and crystallization process like

their production [79].

a

Figure 44. Sealing interfaces for A-4 glass with a sealing profile: 980 °C and 480
°C temperatures, (a) Glass, 304 SS, interface at x300 (b) Glass, 304 SS, interface
and Fe diffusion at X1000.
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Figure 45. EDS line analysis for Figure 42b; glass, Fe which located glass sections.

When comparing the A-4 glass to 304 SS sealing process at different sealing
profiles, it becomes evident that increasing the second or holding temperature from
450 °C to 480 °C results, decreases the bond formation. Consequently, all
experiments conducted at 480 °C second temperatures exhibited cracks either
inside the glass or at the interface between the glass and 304 SS.
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To identify the crystalline structure at the interface of A-4 glass and 304 SS, XRD
analysis was performed as same with previous example. Figure 46 displays the
XRD pattern of the GTM sealed sample with a sealing profile: 980 °C and 480 °C
(indicated by orange lines), alongside the XRD pattern of 304 SS (blue lines), with
the peaks labeled for 304 SS. The sealed samples show the same peaks with 304
SS. But it shows different peaks also. This means there are some crystallinities

inside glass or at interface.

Additionally, to confirm the presence of any crystallinity at the interface or within
the glass, XRD analysis was conducted on A-4 glass samples obtained from the
same sealing sample in powder form as indicated in Figure 47. A-4 glass shows the
amorphous bump between 20°- 35°, it is same with Figure 15. This is proof that the
glass preserves its amorphous structure, but there may be some crystallinity at the
GTM interface. For a conclusion, glass and metal interface can have crystallinity
but, after the sealing treatments glasses prevent their amorphous structures. In SEM
photos, glasses show cracks due to the thermal stress, not for crystallinity.

304
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Figure 46.XRD patterns of A-4 and 304 SS sealed sample with a sealing profile
980°C-480 °C temperatures and 304 SS peaks.
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Figure 47.XRD pattern of A-4 glass after the sealing treatment of 980-480.

For the sealing profiles comparison, the first temperature of 920 °C may not be
sufficient for other compositions. As depicted in figure 25, A-4 glass exhibited
bubbles at this temperature, which can impact sealing performance and the bonds
between glass and metal [44]. Therefore, sealing temperatures of 950 °C or 980 °C
can be employed for A-4 glasses, showing only slight differences in microscopic
examination. But, in the sealing profile from 950 °C and 450 °C temperatures A-4
glass, and 304 SS has a mechanical bond from Fe diffusional area and interface
was saturated by Fe. Because of that this sealing profile can be better for A-4 glass.

In the case of other glass pellets sealing experiments, 950 °C was initially chosen
as the first temperature. However, A-1 glass pellets, when sealed with 304 SS at
this temperature, cracked upon removal from the furnace in every attempt.
Consequently, sealing operations for other glass pellets were carried out at 980 °C

as the first temperature of sealing profiles.
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4.3.4. Sealing of All Glasses with a Sealing Profile 980-480 °C

Temperatures

There two different magnification SEM photos of A-1 glass and 304 SS with a
sealing profile: 980 °C and 480 °C temperatures are shown in Figure 48. The
interface between A-1 glass and 304 SS is shown at X90 in Figure 48a. In Figure
48b at X1000 provides a clear view of interface. The A-1 glass, and 304 SS
interface are clearly seen in the red box inserted in the figure. The yellow arrow
inserted in the microstructure in Figure 48b indicates the direction of the line
where EDS line analysis was taken from glass through the 304 SS. The EDS line
analysis results taken along the yellow line is presented graphically in Figure 49.
According to the line EDS, Fe, Cr ions were diffused into the glass, interface has
Fe ions inside. So, A-1 glass, and 304 SS has mechanical bonds. Throughout the
interface between them, there are some diffusional regions. For A-1 glass, this

sealing profile is sufficient. Thanks to that interface is saturated by Fe.

Figure 48. Sealing interfaces for A-1 glass, (a) GTM interface at X90, (b) Glass,
304 SS, interface and Fe diffusion at X1000.
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Figure 49. EDS line analysis for Figure 44b; glass, Fe, Cr are located interface, and
304 SS sections.

There two different magnification SEM photos of A-2 glass and 304 SS with a
sealing profile: 980 °C and 480 °C temperatures are shown in Figure 50. The
interface between A-2 glass and 304 SS is shown at X300 in Figure 50a. In Figure
50b at X8500 provides a clear view of interface. The glass and 304 SS interface are
clearly seen in the red box inserted in the figure. The yellow arrow inserted in the
microstructure in Figure 50b indicates the direction of the line where EDS line
analysis was taken from glass through the 304 SS. The EDS line analysis results
taken along the yellow line is presented graphically in Figure 51. According to the
line EDS analysis indicates nearly sharp elemental changes, however, there is no
evidence of Fe diffusion through the glass. In Section 2.3.3 and Figure 6c
illustrated this kind of sealing. Dendritic bonds could not be detected due to the

non-presence of Fe in the glass.

Successful sealing is achieved in this sealing profile. Unlike A-1 glass, A-2 glass,

and 304 SS cannot form strong bonds at this sealing profile.
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Figure 50. Sealing interfaces for A-2 glass, (a) Glass, 304 SS, interface at X300, (b)
Glass, 304 SS and interface at X8500.
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Figure 51. EDS line analysis for Figure 46b; A-2 glass, and 304 SS sections.

There two different magnification SEM photos of A-3 glass and 304 SS with a
sealing profile 980 °C and 480 °C temperatures are shown in Figure 52. The
interface between them is shown at X300 in Figure 52a. In Figure 52b at X1000
provides a clear view of interface. The A-3 glass, and 304 SS interface are clearly
seen in the red box inserted in the figure. The yellow arrow inserted in the
microstructure in Figure 49b indicates the direction of the line where EDS line
analysis was taken from glass through the 304 SS. The EDS line analysis results
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taken along the yellow line is presented graphically in Figure 53. Additionally,
there are regions where Fe and Cr have diffused into the glass. According to the
line EDS analysis, Cr diffusion is clearly seen in interface, which is different from
other glasses.

In Shen Li’s study, the interface between glass and 304 SS was formed by an oxide
layer. Line EDS analysis in that study showed an increase in Cr and Mn ratio when
crossing the interface [80]. However, this study involves the peroxidation of SS
before the sealing process. Nevertheless, in the present sample, Cr and Fe are

clearly visible inside the GTM interface.

Consequently, with a sealing profile 980 °C and 480 °C temperatures, successful
sealing is achieved for A-3 glass. Thanks to the diffusion of Cr and Fe ions,
interface is saturated by Fe and Cr and A-3 glass can form a strong bond with the
304 SS. As mentioned in Section 2.3.3 and Figure 6a.

Figure 52. Sealing interfaces for A-3 glass, (a) Glass, 304 SS, interface at X300, (b)
Glass, 304 SS, interface and Fe, Cr diffusion at X1000.
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Figure 53. EDS line analysis for Figure 48b; glass, Fe, Cr located interface, and
304 SS sections.

For a comparison of the sealing microstructure among A-1, A-2, A-3, and A-4
glasses in the same sealing profile (980 °C - 480 °C temperatures), all exhibit an
interface between glass and 304 SS. However, in A-2, there is no diffusion of Fe or
Cr through the interface, resulting in only weak Van der Waals bonds between
them. (Figure 47) Despite A-1 glass having numerous bubbles inside, there are
regions where Fe ions have diffused, allowing for sealing with steels in this sealing

profile with strong bonds. (Figure 45)

A-3 glasses display the best sealing microstructure in this profile, as the interface
contains Fe and Cr that saturate the interface, so, they give strong bonds. (Figure
52) In A-4 glasses, the Fe diffusional region is visible, but the glasses in this
second temperature exhibit many cracks. Consequently, the Fe diffusional areas are
located within the glass cracks, this second temperature may be too high for A-4

glasses. (Figure 44)

4.4. Wetting Angle

The wetting angles developed between the glass pellets of each glass and 304 SS
exposed to different heat treatment schedules are tabulated in Table 14. The

wetting angle was measured for all of the glasses exposed to the sealing heat
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treatment. A-4 glass exhibited wetting angles between 10° and 12°, while A-1, A-2,

and A-3 glasses have wetting angles ranging from 20° to 38°.

Trejo et al. [81] reported a decrease in the wetting angle of alkali barium glasses
with increasing sealing temperature. For example, if the sealing temperature is, 700
°C wetting angle around 100°, for 75 h sealing. However, If the sealing
temperature is increased to 850 °C the wetting angle is lower than 60°. Similarly,
Joshi and Chhibber [76] observed an increase in glass wettability over metal
substrates at higher temperatures, attributed to glass pellet shrinkage. However, in
the current study, no correlation between sealing temperature and wetting angle
was observed. This discrepancy might be related to differences in wetting angle

measurement methods.

As shown in Table 14, A-4 glass exhibit an average CTE of 10.2 x 10%/°C between
100-400 °C, higher than other glasses, while 304 SS has a CTE of 17.8 x 10%/°C
between 0-300 °C [69]. The notable difference in CTE values results in A-4 glass
spreading more widely on 304 SS during the sealing process. The close CTE values

contribute to A-4 glass having lower wetting angles than other glasses.
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Table 14. Wetting angles measured between glass pellets and 304 SS at different
sealing treatment temperatures.

Glass Pellet First Temperature | Second Temperature | Wetting Angle
of Sealing (°C) of Sealing (°C) Q)
A-4 980 480 12.48
980 450 10.60
950 480 11.48
950 450 12.44
920 480 10.36
920 450 12.46
A-1 980 480 28.70
A-2 980 480 19.42
A-3 980 480 23.31

A comparison of the glasses exposed to the same sealing profiles has revealed that
the wetting angles can be ranked as follows: A-1 glass > A-3 glass > A-2 glass >
A-4 glass. A-1 glass, with the lowest CTE, exhibits a higher wetting angle due to
more pronounced differences with stainless steel whereas A-4 glass, with the
highest CTE, exhibits a lower wetting angle due to less pronounced differences
with SS.
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CHAPTER 5

CONCLUSIONS

A study on the production of alkali barium glasses with different Na2O/K20

ratios but in constant alkali ratio, investigating their effects on glass properties

such as density, CTE, Tg, chemical durability, and sealing behavior with 304

SS has yielded the following conclusions:

Alkali barium glasses are successfully produced by melting the batch
materials at 1550 °C for 30 min and casting the melt into molds at normal
laboratory conditions.

Density, Tg, and chemical durability of the glass decreases but CTE
increases as Na>O/K>O ratio increases.

The microstructure developed between 304 SS and glass sealing is
influenced by the sealing profiles, as well as the composition of the glass.
A-4 glass exhibits the most favorable sealing interface with a sealing profile
950 °C and 450 °C temperatures, attributed to the saturated interface by Fe

and their bonding with glass region.

The best microstructure in terms of interface futures for A-3 glass is
obtained when a regulated sealing profile is applied at 980 °C and 480 °C
temperatures due to the diffusion of Fe and Cr to the glass region and
saturated interface by the A-3 glass and 304 SS.
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CHAPTER 6

FUTURE STUDIES

This study can be further enhanced by modifying the SiO. content to observe its

effects on the CTE and sealing behavior of glasses.

The sealing behavior of all glasses studied can be investigated by varying the

sealing profiles to optimize the interfaces.

Glass shearing tests can be applied to all sealed samples to assess the strength of

sealing.

Furthermore, the impact of peroxidation on 304 SS in the sealing profile can be
explored, including the determination of peroxidation thickness, temperature, and

time through variations in peroxidation conditions.
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