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CHAPTER 1

INTRODUCTION

At present, crude oil price is climbing up by increasing of demand, while its
resources are declining to empty within this century. Many candidate energy resources
are being researched and evaluated their efficiency to use as reliable and inexpensive
resources. One of them is planar designed solid oxide fuel cells (pSOFC), which is the

best design generating high electric power with cost efficiently among other designs.

Solid oxide fuel cell (SOFC) is a device for the electrochemical production of
electricity from fuel gas and air at high temperatures, 750 °C - 1000 °C, in moderate to
high levels of moisture environment. This environment is the reason of many problems
for component materials especially interconnect (or bipolar) plate and sealant in planar
stack of pSOFC. A gas leak can happen if the component part damages during
operation. It leads to decrease of performance and low power generation. This leak is
also the reason of local hot spots and internal combustions inside the stack. The device,

consequently, is rapidly degraded and broken [1-2].

In order to select the proper seal materials for pSOFC, glass [3-6] and glass—
ceramics [7-10] are good candidate materials when their coefficients of thermal
expansion (CTE) matches to the adjoining components (typically should be in the range
of 9-13x10° K‘w). Nevertheless, they are brittleness materials and rigid bonding to the
metallic interconnects in pSOFC. Compressive sealants are the other types of the
sealant materials were developed. For example, metallic gaskets [11] and mica [12] are
more flexible and higher to thermal shock resistance. Unfortunately, the compressive
sealants are harmed by deformation at every loading, and a very high loading pressure

is needed to inhibit high leak rates, which leads to damage the cells.

In efforts to develop glass-ceramics sealants for SOFCs, many glass systems
have been studied, such as alkali and alkaline-earth silicates, aluminosilicate,
borosilicate, and aluminophosphate glasses [9, 13]. A number of potential problems,

which are coefficient of thermal expansion mismatch, poor thermo chemical stability,
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and worsen interfacial reactions with other cell components, have been considered for
designing a suitable sealing system. For example, the formation of a BaCrO, reaction
product at the interface between barium-containing glass-ceramic sealants and Cr-steel
interconnects (such as Crofer 22 and AISI 430 stainless steel) decreases the long-term

mechanical stability of the sealant [6].

Most of the invention of glass and glass-ceramic sealants contained B,O,. Boron
oxide is interesting due to its suitable effect on the viscosity of glass, which is important
for the joining process. In contrast, the volatilization of boron-containing species restricts
its application as a main component for SOFC sealing applications. Such as, glasses
with B,O, as the only glass former experienced up to a 20% weight loss and extensive

interaction with SOFC components, in both air and fuel gas atmospheres [14-15].

In this work, barium free compositions were designed and prepared from base
glasses in a system of R,0-Ca0-MgO-Al,O,-SiO, (R=Na, K) and non alkali system of
Ca0-Mg0-B,0,-Al,0,-Si0,. The primary requirements of pSOFC’s glass-ceramic sealant
were investigated which is T , T , coefficient of thermal expansion and joining ability with
AISI 430 stainless steel. The Na,0O, K,O and B,0, components were varied in the
compositions, measured their thermal properties and investigated phase transformation
in glass-ceramic sealants after thermal treatment at joining temperature, 900 °C and

working temperature of pSOFC, 800 °C.

The objectives of this study are described as follows;
- To develop the suitable glass and glass-ceramic composition for planar solid
oxide fuel cell sealant application
- To study the capability of the developed sealants to seal metal to metal, metal to

ceramic and ceramic to ceramic application.



CHAPTER 2

LITERATURE REVIEW

2.1 Solid oxide fuel cells

A solid oxide fuel cell (SOFC) is one type of fuel cell device. The principle
compositions of this device are composed of porous electrodes, which are cathode and
anode, interpolated by an electrolyte made of solid oxide ceramic. The system was
originally proposed by Nernst in 19" century [16]. Bauer and Preis proposed their first
ceramic fuel cell working at 1000 °C called “Nernst Mass” 85% ZrO, and 15% Y,0, and
other ZrO, based ceramics with a proper ionic conductivity at temperature 600-1000 °C
[17]. In basic function of SOFC, the electrical energy is obtained as a product from
reaction between oxygen and a fuel gas through a ceramic electrolyte membrane as

illustrated in Fig. 2.1.
At cathode, the reaction of oxygen gas, O, from air with porous cathode layer

(Sr, La,, MnO, g) occurs via

0, +4e” - 20% (2.1)

Only O ions could migrate through dense solid oxide electrolyte layer (8 mol%
Y,0, — ZrO,, YSZ) and react with hydrogen gas, H, or carbon monoxide, CO from fuel
gas at anode layer (Ni-YSZ cermet). The electrons are released from anode, and an
electric current was generated through external electric circuit to cathode side. The
reaction products are also water H,O and/or carbon dioxide CO, depend on input fuel

gas from equations below:
2H, + 20*~ > 2H,0 + 4e™ (2.2)

2C0 + 20% - 2C0, + 4e~ (2.3)

The overall reaction from (2.1) and (2.2) is:



2H, + 0, — 2H,0 (2.4)

and (2.1) and (2.3) is:

2C0 + 0, - 2C0, (2.5)

Fuel (H,, CO) Wasted gases (H,0,C0;)

2H, +20% 5 2H,0 + 4e-

2C0 + 20%~ - 2C0, + 4e~ j
Electrolyte I 02— T I

Anode

0, +4e~-20%"
Cathode
N, Air (03,N,)

Fig. 2.1 Schematic of electrochemical energy conversion to electricity in a SOFC device

There are three major developed designs of SOFC, which are flat-plate type
cells, tubular and monolithic [18]. In general, the planar stack concept (pSOFC) is
attractive among the SOFC designs because it can be produced in compact size with

high volumetric power density, and utilized in transportation applications.
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Interconnect Metal v
-

oxidant
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Fig. 2.2 Schematic of (a) tubular, (b) flat planar, (c) monolithic and (d) Serial configuration of

solid oxide fuel cells [18-19]



2.2 Current materials in SOFC

2.2.1. Anode

Early development of SOFCs, precious metals like platinum and gold were used
as anode, due to their stability. Currently, Ni/8YSZ (Ni with 8 mol% of YSZ) is widely
used because it can provide high electrical conductivity and competent ionic
conductivity and high activity for electrochemical reactions and reforming. Furthermore,
itself mechanical strength is high enough to support structure of entire cell as “anode
support’[20-21]. It prepared from 30 vol% nickel oxide powder and YSZ powder
followed by sintering at 1300 °C to obtain a porous anode layer in reduction hydrogen

gas. The expansion coefficient of this “nickel cermet” anode is about 12.5 x 10° K™,

2.2.2. Electrolyte

Yittria-stabilized zirconia (YSZ) is currently employed materials to be utilized as
electrolyte. Brown Boveri [22] and Westing house [23], in Germany and United State
respectively, have proved that YSZ electrolyte gives the SOFC to reach high power
density. YSZ has a good ionic conductivity and slight electronic conductivity at
temperature above 700 °C. Although, many production companies, such as Siemens-
Westinghouse and Mitsubishi Heavy Industries-Chubu Electric Power Company keep
the operation temperature of their system at 1000 °C, many scientists have tried to find
the other way to reduce working temperature to below 800 °C [18-20, 24], however, only
Minh [19] is acceptable. The advantages of lower operating temperature are mainly
connected to inexpensive metallic interconnects, such as ferritic stainless steel, instead
of expensive ceramic interconnects. The other reasons are about chemical stability and
reduced the thermal expansion mismatch components. ZrO, doped with 8 mol% Y,0O, is

general used as the electrolyte with CTE of 10.8 x 10°K".

Furthermore, new materials with higher oxygen ion conductivity were

developed and reported, for example gadolinium and Samaria doped ceria (GDC



and SDC) and LaGaO, (in particular the lanthanum gallate with the strontium doping

on the A site of the perovskite and magnesium on the B-site (LSGM), (LSGM) [25].

2.2.3. Cathode

Because of operating in a highly oxidizing environment, it is unable to use metals,

and precious metals because of their cost prohibitive. Porous layer of strontium doped

LaMnO, (LSM) is widely used as cathode as Sr, La,, MnO,s. LSM performs a good
electrochemical activity for oxygen reduction, a good stability at working temperature

around 1000 °C and its CTE is close to YSZ about 1.2 x10° K.

Some other materials are also being considered such as La, Sr,FeO,g (LSF)
and La,,Sr,Co FeO,5 (LSCF). They show much better ionic conductivity than LSM.
However some problems related to the compatibility with YSZ can arise, the use of these

materials with alternative electrolyte materials is being investigated [26-28].

2.2.4. Interconnect

Interconnect materials for SOFC are divided into two types depend on working
temperature of SOFC. The first one is ceramic interconnect, which is able to work at high
temperature. The second one is metallic alloy interconnect, which is cheaper and work
at lower temperature for intermediate temperature SOFC. Ceramic interconnects are
made of doped lanthanum and yttrium chromites, which perform high electrical
conductivity at high temperature, while their conductivity decrease at lower temperature
[19, 29-31]. Various inexpensive metals commonly employed to replace the ceramic
interconnects working at lower working temperature SOFC, which include various
austenitic and ferritic stainless steels such as AlSI430, Crofer22 APU. The Ni-based
superalloys also included. The developed metal alloy interconnects in recently works are

summarized in Table 2.1.



Table 2.1Composition of metallic alloy interconnects for SOFC

Alloy Element (mass%)
Fe Ni Cr Co Ti/Zr Al Nb/Ta Mo Cu Si Mn C P Y/La Others
Crofer22 B/L - 20-24 - 0.03-0.2 0.12 - - 05 05 03- 003 005 004 -
APU 0.8 0.2
AlSI430 B/L 075 16-18 - - - - - - 0.75 1 0.12 - - -
JS-3 B/L - 23.1 - 0.05 \0.01 - - - 0.01 0.39 0007 - 0.09 -
AlSI446 B/L - 25 - - - - - - 1 1.5 02 0.04 - 0.25N,
0.03S
AlSI441 80.68 02 176 - 0.18 0.045 0.46 - - 0.47 0.33 0.01 0.024 - 0.001S
AlSI1040 B/L - 0028 - - - - 0019 - 02 074 041 0.024 - 0.0328
0.001V
Fecralloy B/L - 22 - 0.1 5 - - - - - - - 0.1 -
Nicrofer 9.5 B/L 25 - - - - - - 05 041 0.2 - - 2.1B
6025HT
Ferritic T1 B/L 02 226 - 0.06 0.1 - - - 0.1 0.4 - - 0.1 -
Hastelloy-  17.8 495 22 - - - - 8.7 - 0.33 0.88 - - - -
XR
Nimonic 1 BL 19-22 - 0.15- 0.15 - - 0.07 08 07 012 0015 -  0.108
0.35
AE435
E-brite B/L - 26.5 ~ - = — 1 = - - - - - -
TIMETAL - - - - 0 YA P o3 e oy e S - 0.35 - 0.06 - - 4Sn
834 B/L Ti

Note: B/L is remaining balance to 100%

2.2.5. Sealant for planar SOFC

Sealant is necessary part for planar design SOFC as shown in Fig. 2.3. There are

various types of developed seal for pSOFC. They can be classified into rigid bonded

seals, compressive seals, and compliant bonded seals [2].

Rigid bonded sealant is a sealant which is non-deformable at room temperature.

It is a brittle joint, therefore, it is susceptible to fracture by tensile stresses during thermal

change or thermal

expansion mismatches between the sealant and adjacent

components. Consequently the requirement of the sealant is that its CTE must be

matched with each other joining components. The materials used in this group are

glasses and glass-ceramics.



Compressive sealants are made of deformable materials that do not bond to the
pSOFC components. They are applied as gaskets sealing under compressive load of
entire stack. The sealing surfaces can slide pass one another without a disruption in
hermeticity and each stack components are free to expand during thermal change. It is
not necessary to consider CTE matching, however, a load frame is required to maintain
the desired level of compression on the stack over the entire period of operation. The
load frame introduces many problems in stack, including oxidation of the frame material,
relaxation of load by creep and increase cost to maintenance the SOFC. The success
compressive seal materials are mica-base sealants because they have internal slippage
planes and more oxidation resistant than metal powder. However, the leak problem from

interface reactions and crystallization still presents [32].

Metal Interconnect

Fig. 2.3 Schematic of edge seal of pSOFC [2]

The compliant bonded sealant is unlike rigid bonded sealing, which can be
deformed even at room temperature. This reduces the effect of CTE mismatch to some
degree. However, there are still potential problem with cell deforming and non-
uniformities in gas distribution. Furthermore, all sealant concepts in this group are metal-
base and electrical conductive materials. Therefore, they cannot use directly as single

sealant between cell and interconnect in pSOFC without insulating layer to prevent




internal shorting. They may be used combining with a second sealing such as glass

sealant in a multi-seal stack design.

2.3 Glass and glass-ceramic sealant for pSOFC

Glass and glass-ceramic are one of the first materials, which utilized as pSOFC
sealant materials. They are still most important sealants among the other types of
developing sealants because they have stability in both reducing and oxidizing
environment of the SOFC stack. In addition, they are inexpensive and can be easily
applied to the sealing surfaces as a powder pasts or casted tape, perform good wetting
on both surface of YSZ and metal interconnect such as stainless steel, are high

electrical resistant, and can be tailored CTE matching to adjacent pSOFC components.

The general requirements of glass and glass-ceramic properties are listed as
followed [10, 33-36]:
Thermal properties: CTE between 9 — 13 x 10° K. It should be stable for 5,000

h for mobile application and for 50,000 h for stationary application at 650-900 °C
operating temperature.
- Chemical properties: resistant to vaporization and compositional change in

severe oxidizing and wet reducing environments at 650-900 °C.

- Electrical properties: electrical resistivity > 1 x10° Q-cm
Viscosity: viscosity should be between 10°-10° dPas at sealing temperature and
>10" at working temperature.

- Mechanical properties: resist to external static and dynamic forces during
transportation and operation. Resist to thermal cycling failure during start-up
and shut-down of cell stacks

- Seal ability: sealing load <35 kPa. Withstand differential pressure up to 14-35
KPa across a cell stack, total fuel leakage <1% for the duration of the cell life.

- Fabrication flexibility: flexible design, low cost and high reliability.

In general, glass sealant compositions are designed to soften and flow at the

temperature above working temperature in order to reach a hermetic seal. At working
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temperature and long period of operation time, the glass fully crystallized to form a rigid
bonded seal. The crystallization in glass is advantageous for many reasons, such as the
crystallized glass is typically stronger than starting glassy phase, and it is possible to
tailor their CTE by controlling the crystallization kinetics and the crystalline phase.
Various glass-forming systems were considered as pSOFC sealants, which based on
phosphates, borates, and silicate. However phosphate and borate glass are not stable
in humidified environment of SOFC, since they can react with cell components by
formation of volatile species [37-38]. At present, many researchers reported their best
developed glass and glass-ceramic sealants have been based on silica with various
type of modifiers to increase CTE and improve adhesion and joining properties. In order
to developed glass and glass-ceramic sealants, there are important properties to
consider, which are glass transition temperature (T ), glass softening temperature (T ),
thermal expansion coefficient (CTE) and thermal stability. At first the basic theory of
glass structure and their function of composition are considered in the following

paragraph.

Glass structure is composed of three major components, which are network
formers, network modifiers, and intermediate oxides. In addition, it may be included
additive as a minor component. The glass structure includes all components is shown in
Fig. 2.4. SiO, and B,0O, are commonly employed as glass former in developed glass and
glass-ceramic sealants for SOFC. The cations from network formers (Si and B ion) act as
the centers of polyhedral units, including tetrahedra and triangles. The network modifiers
are commonly alkali oxides, for example, Li,O, Na,O, K,O, etc, and alkaline earth, for
example, MgO, CaO, BaO, SrO etc. Network modifiers occupy random positions
between the polyhedra and give additional oxygen ions to modify the network structure,
neutralize local charge, and glass properties. The intermediate oxides are AlLO, and
Ga,O,, which their cations have higher valance and lower coordination number compare
to network formers. They can or cannot participate in glass network; therefore, they
could be act as glass former if they participate in a glass network and as a glass

modifier if not. The additives are used to tailor the properties for sealant, but in some



1"

cases, they are not necessary. Some examples of additives in glass and glass-ceramic
sealants are rare earth metal oxides, such as La,O, and Nd,O,, and transition metal
oxides, such as TiO,, ZnO, and Y,0,. Some additives are called or referred to as
nucleating agents, which can influence crystallization in glass (devitrification), such as
Zn0O, NiO, TiO,, Cr,0O,, and ZrO,. The oxygen ion link to the polyhedral unit are called
bridging oxygen, but if this ion does not link to the polyhedral unit, it is referred to as or
called non-bridging oxygen. The modifiers and additives play a role in creating non-
bridging oxygen species to balance charge neutrality in a glass structure. The functions

of different oxide components in glass structure are shown in Table 2.2.

@ Former @ Modifier @ Intermediate

O Oxygen O Non-bridging oxygen @ Additive

Fig. 2.4 Glass network structure [33]
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Table 2.2 Function of different oxide constituents in a seal glass [2, 33, 39]

Glass constituent Oxide Function

Network former Sio,, B,O, Form glass network
Determine T ,and T,
Determine CTE

Determine adhesion/wetting with other SOFC components

Network modifier Li,0, Na,O, K,0 Create non-bridging oxygen species
BaO, SrO, Ca0O, MgO Modify glass properties suchas T, T,, and CTE
Intermediate ALO,, Ga,0, Hinder devitrification
Modify glass viscosity
Additive La,0,, Nd,0,, Y,O, Modify glass viscosity
Zn0, PbO Increase CTE
NiO, CuO, CoO, MnO Improve glass flow ability
Cr,0,, V,0, Improve seal glass adhesion to other cell components
TiO,, ZrO, Induce devitrification

2.4 Literature survey of recently developed glass-ceramics sealant

In recent years, there are abundant of glass and glass-ceramic sealants for
pSOFC. There are many review papers such as Steele and Heinzel [40], Fergus[41],
Reis and Brow [42], Lessing [8], Singh [43], Kilner et al. [44], Mahapatra and Lu [33],
and recently by Donald et al.[45]. The glass compositions are summarized in Table 2.3
and selected properties are shown in Table 2.4. The investigated sealants could be
classified glass compositions into following groups:

- Alkaline earth silicate
- Alkali alkaline earth silicate
- Alkaline earth borosilicate

- Alkaline earth borate

All glasses and glass-ceramics for pSOFC sealant application have been
investigated for joining with metal interconnects at temperature 900 °C and working
temperature of pSOFC is below 800 °C. The metals interconnect are austenitic and
ferritic stainless steel as reviewed in section 2.2.4. The investigated glasses and glass-

ceramics for pSOFC sealants are based on alkaline earth silicate compositions; for
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example, BaO-Al,0O,-SiO,. Many authors reported their invented sealants based on this
system by adding various oxide to tailor their properties including B,O,, CaO, MgO, SrO,
Na,O, La,0,, NiO, V,0O,, Y,0,, ZrO,, PbO, MnO and TiO, [9, 35, 39, 46-49]. Low silica
and silica free borate base compositions were also investigated [50-52]. There are also
included glass-ceramics composite system, such as oxide powder reinforced by adding
MgO [53], boron nitride nanotube [54], YSZ nano- and micro-particle[55], sodium and

sodium-free silicate particle [66] and silver particle[57].

The interface between glass sealant and metal interconnect in general is not
present serious problem after joining, however, it is highly critical in long term operation
[68-60]. Alkaline earth aluminosilicate glasses and glass-ceramics are more stable,
however, there are the problems from the formation of high different CTE of BaCrO,
(21.0-23.0 x10° K'[61]) and low CTE of monocelsian BaAlLSi,O, (2-3 x10° K'[10, 61])
from barium oxide containing glass-ceramics and ferritic stainless steel [6, 62] as

following reaction.

2Cr,05 + 4Ba0 + 30, —» 4BaCr0, (2.6)

Barium free glasses and glass-ceramics are another trend of development to
avoid the reaction problems of barium and chromium containing alloys [48-49, 53, 63-

72].

Alkali-containing glass-ceramics are generally avoided in compositions because
it is able to harmfully react with metal during cell operation. The Na" ion containing in
glass-ceramics decrease their electrical resistivity because of high ionic mobility.
However, pore and crack-free interface was recently reported in system Na,O-CaO-

ALO,-SiO, by Smeacetto [73]-[64], while their electrical resistivity still was not reported.



Table 2.3 Developed glass compositions for SOFC sealants from many authors
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Compositions

Glass Reference
Na,0 MgO CaO BaO SrO Cr,0, ZnO B,0, AlLO, SiO, Y,0, La,0, Others
Alkaline earth silicate
BCAS4 - 92 556 - - - - 55 253 - - - [74]
BCAS5 8.8 574 - - - 54 221 - - - [74]
7A 16.9 18.82 6.43 - - - 214 4788 - 6.83 1.0NiO [75]
7(Sr)-2B 16.92 18.83 - 435 - - 2 214 4792 - 6.84 1.0NiO [76]
7A-Cr 16.82 18.72 6.4 - 0.5 5 - 213 4764 - 6.8 - [75]
10B 16.48 18.34 6.27 - 0.5 - 2 208 46.67 - 6.66 - [70]
10C 16.14 16.85 9.21 - 0.5 = 2 204 4573 - 653 - [70]
G-18 - 8.8 564 - - - 73 54 221 - - - [39, 67]
YSO-4 - 37 f QA2.2 4 27 93 272 149 - - [77]
Glass #27 - 15 - 266 - 15 19 41 352 - 2.2Ti02 [78]
Mg1.5-55 8.9 - /507 - - - - 40.4 - - [46]
Mg1.5-40-5B-10Pb 7.4 3 42 3 - o 3.5 24.4 - 22.7PbO [46]
Mg1.5-40-15B- 4.7 AP - 7.5 1241 27.8 - - [46]
Alkali alkaline earth silicate
SACN - 2025 - z = - 10-14 50-55 - - - [64, 79]
SACNZn 027 316 - - - 9.1 - 194 384 - - - [73]
Alkaline earth borosilicate
L2 - - 474 - - - 1083 9.0 177 - 1586 - [9]
LO6 - - 200 - - - 600 50 150 - - - [76]
LO9 - - 500 - - - 300 50 150 - - - [76]
SrLaB - - - 1562 - - 205 9.0 35 - 518 - [51]
MA12 8.4 - - - - - 88 97 227 - 504 - [80]
VS1 - - - 339 - - 1562 - 262 247 - - [65]
VS2 - - - 298 - - 134 - 230 - 338 - [65]
VM1 166 - - - - - 192 - 331 3141 - - [65]
VM3 20.1 - - - - - 231 169 399 - - - [65]
BaBSi - - 500 - - - 199 240 19 22 2.0zr02 [62]




15

Compositions

Glass Reference
Na,0 MgO CaO BaO SrO Cr,0, ZnO B,0, ALO, SiO, Y,0, La,0, Others
23 - - 6.6 46.7 - - 8.1 24 197 - 16.5 [39]
L09 - - - 686 - - 187 46 8.1 - - [81]
POO - - - 253 - - 151 101 495 - - [81]
A2 - - - 60.6 - 126 50 218 - - [82]
VS1 - - = 33.9 - 162 26.2 247 - [65]
17 - 39 55 239 - 174 77 151 - 265 [83]
Glass #59 - » - 343 232 - 156 26.9 - - [78]
A0 - - -61.8 - fd14.0 24.2 - - [82]
A2 - = - 606 - - 126 50 218 - - [82]
Alkaline earth borate
14a - 20.0 20.0 10.0 - - 40.0 10.0 - - - [83]
MA1 - 8.1 7 i - 339 94 - - 48.6 [80]
BM1 - 10.5 - 456 - - 43.0 2 - - - [80]
BMA1 (GC) - 6 S Yoo - 322 89 - - 462 [80]
BM2 (GC) - 9.7 ~ Y o0 - - 402 - - - - [80]




Table 2.4 Selected properties of some glass composition for SOFC sealants

Glass code T, (°C) T.(°0) T,°C) CTE (x10°K")  Electrical resistivity (x10° (:cm) ~ Ref.
MBS - - 700 10 100(400-700 °C)

L2 655 862 710 11.1 (RT-655 °C) - [9]
10B 755 904 - 8.4 (200-600 °C) - [70]
10C 756 906 - 8.71(200-600 °C) - [70]

17 620 - - 8.8 - [83]
14a 576 - - 9.4 - [83]

BCAS4 609 755 672 11.9 (RT-609 °C) 5.2 (700 °C) [74]

0.88 (800 °C)

BCAS5 608 720 660 12.4 (RT-608 °C) 0.36 (700 °C) [74]

0.09 (800 °C)

7A 685 912 716 8.69 (200-500 °C) - [75]

MA1 623 887 671 9.01 450 (700 °C) [80]
9.5-10.3 (GC) 28 (800 °C)

MA12 638 907 723 8.33 - [80]

7.65-8.78 (GC) -

BMA1 620 785 656 9.66 350 (700 °C) [80]
9.24-10.0 (GC) 30 (800 °C)

BM1 570 804 616 10.06 46 (700 °C) [80]
9.36-10.77 (GC) 5.8 (800 °C)

BM2 582 845 593 111 22 (700 °C) [80]
11.18-12.13 (GC) 3.8 (800 °C)

7A-Cr 675 895 721 8.48 (200-500 °C) - [75]

VS1 626 - - 7.76 (RT-626 °C) - [65]

VS2 620 - - 5.26 (RT-620 °C) - [65]

VM3 735 - - 1.99 (RT-735 °C) - [65]

L09 - - - 10.98 - [81]

18 - 630 685 11.8 (25-630 °C) - [39]

10.8 (GC) -

G18 - - - 10.5 - [67]
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Glass code T, (°C) T.(°C) T(°C) CTE (x10° K') Electrical resistivity (x10° Q-cm) Ref.
G018-281 652 - 927 4.6 (20-300 °C) - [84]
SACN 700 780, 900 - 9.7 (200400 °C) - [64, 79]
Mg1.5-55 715 - 750 10.1 - [46]
SACNZn 740 950-1020 - 7.8 (200-400 °C) - [73]
10 (GC) -
A0 622 763,907 10.83 - [82]
A2 602 830 - 10.67 - [82]

2.5 Effect of glass composition on properties of glass and glass-ceramic sealants

2.5.1. Thermal expansion

Thermal expansion coefficient of glass and glass-ceramic sealants is one of the
most important properties for consideration. It should match with other joining
components in SOFC to avoid thermal stress. Thermal stress always increases due to
difference in CTE between the adjoined SOFC component and the sealant during
operation. Tensile stress (CTE of component > CTE of sealant) and compressive stress
(CTE of components < CTE of sealant) are generally occurred at the interface [85]. It

should not exceed 1 x10° K '[45, 86].

The CTEs of cathode lanthanum manganate, YSZ electrolyte, and metallic
interconnects are 12.4 x10° K'[87], 8.5-10.5 x10° K" and 11-15 x 10" K'[88]. In order
to seal these cell components the CTE of the sealant should be 8.5-15 x 10° K’W,

however, in practice, desired CTE is in range of 9-13 x 10° K.

After thermal treatment, the CTE of glass can change by two reasons, which are
(i) rearrangement of structure and (ii) crystallization of crystalline phases with different
CTEs. The CTEs of crystalline phases in alkaline earth oxide containing glass-ceramics
are shown in Table 2.5. Barium oxide borosilicate glass can crystallize BaAl,Si,O, during
heat treatment at 750-800 °C. BaAlSi,O, has three polymorphs including monoclinic,

orthorhombic, and hexagonal celsian with different CTEs. Celsian phase has the lowest
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CTE and it increases with thermal treatment time until complete crystallization. Therefore

the CTE of BaO-containing seal glass decreases from 11.5 x10° K" t0 7.5 x10° K [39].

Similarly to SrO-containing borate seal glass, the CTE decreases from 9.5 x10° K™ to

6.78 x10° K after heat treatment for 50 h at 800 °C [565]. The other alkaline earth

containing glass-ceramics, which can be crystallize high CTE crystalline phases such as

enstatite, clinoenstatite, forsterite, calcium orthosilicate, are also interested.

Table 2.5 CTE of crystalline phases in glass-ceramics sealants [10, 85, 89]

Crystalline phase Formula CTE (x1O’6 K’W)
Quartz SiO, 11.2-23.3
Cristobalite SiO, 12.5-50
Enstatite MgSiO, 9.0-12.0
Clinoenstatite MgSiO, 7.8-13.5
Protoenstatite MgSiO, 9.8
Forsterite Mg,SiO, 9.4
Wollastonite CaSio, 9.4
Calcium orthosilicate Ca,SiO, 10.8-14.4
Barium silicate BaSiO, 10.5-12.5
Ba,Si,O, 12.6
Barium borate BaB,0, o, =4.0
O, =36.0
Barium zirconate BazrQ, 7.9
Hexacelsian BaAlSi, O, 6.6-8.0
Monocelsian BaAlSi,O, 2.3
Orthorhombic celsian BaAl,Si,0, 4.5-71
Hexacelsian SrAlSi, O, 7.5-11.1
Monocelsian SrAlLSi, Oy 2.7
Orthorhombic celsian SrAlLSi, O, 5.4-7.6
Cordierite Mg,Al,Si.O,, 2.0

2.5.2. Chemical stability

The glass-ceramic sealant must be operated in both oxidizing and reducing

atmosphere and interfaced with ceramic and metal components at high temperature;
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therefore, it must possess high chemical stability. Chemical stability should be
considered in two aspects, which are the stability of bulk glass and stability of glass

interfaces with other components of SOFC.

2.5.2.1. Chemical stability of bulk glass

Two main aspects of chemical stability should be considered, which are
vaporization of glass and its chemical interaction with oxidizing and reducing
atmospheres. The vaporization affects the changes of glass compositions, mechanical
properties, and electrical properties. Alkali oxides and boron oxides have show higher
vaporization at SOFC operating temperature because they have low melting points and
high vapor pressures. While alkaline earth oxides, rare earth metal oxides, and alumina

do not vaporize from a seal glass [90-91].

Alkali oxide containing borate glass and borosilicate glass can vaporize in the
form of gaseous borates and alkali metaborates [78]. Na,O vaporizes from Na,O
containing silicate glass sealant at 750 °C and from sodium borate glass at 1000 with

much as 13 wt.% loss in wet atmosphere to formation of Si(OH), [33, 92].

Vaporization of B,0, can increase in wet environment [78]. B,O, reacts with
water to form HBO, gas, and then breaks the glass network. BO, gas, which vaporizes
from CaO-SrO-ZnO-B,0,-Al,0,-TiO,~SiO, glass sealant, increases with temperature
and heat treatment time. The weight loss cause by vaporization of B,H,0, increases
from 0.16 to 0.98 mg/cm2 when the atmosphere is changed from oxidizing atmosphere
to 30% H,O reducing atmosphere, after heat treated at 800 °C for 168 h. The weight loss

of the glass increases from 2 to 20 mol%[78].

Addition of CaO in Na,O-silicate glass can increase the chemical resistance to
water-induced phase separation, while B,O, performs the opposite effect [91]. AlO,
shows its effect on improving the chemical stability of glass sealants [91]. AL,O, inhibits
the formation of the hydrated, open network structure surface layer. Addition of transition

metal oxides, for example, ZrO, and TiO,, also can improve the chemical stability.



20

2.5.2.2. Chemical stability of interface

A sealant should have high interfacial stability with other SOFC components
without strength decrease and flaw formation to achieve gas-tightness. There are many
factors such as compositions, wetting behaviors, and bonding conditions (temperature,

pressure, and atmosphere) should be considered.

The reaction between glass and glass-ceramic sealant and metal interconnect is
more severe than the other SOFC components. The interactions depend on the glass
and interconnect compositions, atmospheres, and sealing conditions. Ferritic stainless
steel is preferred to use as interconnect because it has high electrical conductivity by
forming of Cr,0, [93]. Consequently, various chromia forming stainless steel alloys are
being developed as interconnect, for example, Crofer22 APU, AISI430 and AlSI441
alloys [93].

Glass in system Na,O-CaO-silicate glass reacts with pre-oxidized AlSI430
stainless steel in 3% H,O reducing atmosphere at 800 °C after 200 h and forms Cr, Fe,
Mn and O enriched interface of 1-2 um thick [94]. Addition of B,O, into Na,0-CaO-
silicate glass system increases the thickness to 20 um. Although, the boron oxide is
believed to improve glass wetting on metal alloy by decreasing viscosity, in recent
works, B,O, is avoided or kept to be lowest in glass compositions. It was found that
chromium and iron diffuse up to 50 pm into BaO-MgO-borosilicate and BaO-ZnO-

borosilicate glasses after thermal treatment at 850 °C for 100 h[46].

In general, glass sealant wets the YSZ electrolyte very well. Interface stability
problem between glass sealant and YSZ electrolyte was not found [9, 33, 95]. However,
there are a few case of the problem, for example, a BaO-CaO-borosilicate glass reacts
with YSZ and form BaZrO, after heat treatment at 750 °C for 1200 h[39]. In a conclusion,

the interfacial stability is not major consideration.
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2.5.3. Mechanical properties

2.5.3.1. Bonding strength

There are a few papers reported about bonding strength of glass and glass-
ceramic sealants with other SOFC components. However, the high bonding strength is
preferred. It depends on glass composition, sealing condition, thermal treatment, and

interfacial morphology.

The bonding strengths of Na,O-silicate glass/MgO composite sealant and SrO-
CaO-borosilicate glass with Crofer22 APU stainless steel are 1.87 and 6.2 MPa,
respectively [33, 96]. The bonding strength of SrO-CaO-borosilicate glass with Crofer22
APU stainless steel decreases from 6.9 to 0.5 MPa after 500 h in air, in contrast, it
increase to 7.0 MPa after heat treatment at 800 °C for 250 h in 30% H,O reducing
atmosphere. The reason of increasing bonding strength in the wet atmosphere is not
reported. The bonding strength of BaO-CaO-silicate glass with a metallic interconnect is
reported in term of fracture energy at room temperature and shear strength at 800 °C.
The fracture energy of interface increases from 12 to 23 J:-m’ after heat treatment at 800

°C for 120 h [33].

Pore and crack-free interface can affect to the bonding strength. Some works
improve the surface strength by preoxidizing the surface of stainless steel. A SrO-CaO-
borosilicate glass with preoxidized Crofer 22 APU stainless steel decrease from 6.2 to
2.6-2.9 MPa because of an oxide layer at the interface [60]. Na,O-CaO-silicate glass
cannot join with AlISI430 stainless steel, but it bonds well with pre-oxidized AlSI430
stainless steel. The reason is that pre-oxidation layer of AlSI430 stainless steel form a 1-

5 pm thick Cr-Mn-Fe oxide layer which aids the bonding [97].

2.5.3.2. Thermal cycling stability

The sealant has to operate up to thousands of thermal cycles. The interfaces of
the glass and glass-ceramic sealant are under thermomechanical stress. Crack initiation
occur at the interfaces or in the glass or glass-ceramic sealant [85]. The crack is the

reason to gas leakage, and degradation of cell performance. The thermomechanical
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stress at the interface between glass or glass-ceramic sealant and metal interconnect
generates thermal strain and mechanical strain. The thermal strain, & depends on the

CTEs of glass and the adjoined component and the temperature difference according to
& = (ay — a,)AT (2.7)

Where a; and a.are the CTEs of glass and adjoined SOFC component,
respectively. AT is the temperature difference during the thermal cycle under
examination. Furthermore, mechanical strain depends on the differential pressure in the

cell, load of cell unit, and externally applied load.

Crack can propagate in opening mode or sliding mode. The sliding mode
dominates the failure of a glass sealant [59]. The fracture of glass sealant/ interconnect
interface occurs when the thermomechanical stress generated exceeds the tensile
strength. The stress is concentrated at cell edges where a seal glass bonds with other
components. It increases along the inner edges of seal glass close to the fuel because
the temperature from electrochemical reaction is higher. The maximum
thermomechanical stress depends on the seal configuration, such as seal thickness.

The smooth and thin glass seal is more advantageous.

2.5.3.3. Sealing ability

Sealing ability is ability to resist gas leak and mixing in cell stack. In order to
evaluate the sealing ability of glass and glass-ceramic sealans, the leakage rate is
measured. In general, the glass is sandwiched between two SOFC components such as
metallic interconnect and electrolyte to measured the leak rate. There are different
studies use different and incomparable experimental methods. For example, the
difference of leakage rate units are reported in literature, the first is leakage rate is
measured by the leaked gas volume across a tri-layer assembly per unit time per unit
seal length at constant pressure gradient and expressed as standard cubic centimeter
per minute per centimeter (socm-cm%), however, the required pressure gradient is not
defined clearly [98]. Secondly, the gas leakage is measured from the pressure drop

. . 2 A1 .
across a sandwich sample in Pa -m™s . It not clearly about the area of sandwich sample
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or seal glass is used in expression [99]. Another one, leakage rate is reported as volume
of gas leakage across the sealant in L-min” [33]. In this case, the pressure is not well
defined. However, it can review each work individually as followed. The leakage rate of a
SrO-Ca0-Y,0,-B,0,-Si0, glass sealant varies from 10”to 10 sccm-cm’' as a function of
temperature [100]. Alkaline earth silicate glass with low boron and phosphorous
contents mixed with ZrO, powder performs good sealing ability after thermal treatment
at 650 and 800 °C for 50 h with leakage rate lower than 0.094 sccm-cm"w). The leakage
rate of glass in the BaO-CaO-Al,0,-B,0.-SiO, system is 1.0-9.5 x10” Pa-m”s” at 800
°C [99]. The leakage rate of Na,0-Al,0,-SiO, glass/MgO composite sealant is 0.5-1.2

L-min" after heat treatment at 750 °C, but decreases to 0.2-0.4 L-min” after 2500 h.

It can be seen that leakage test is variously defined by different studies and may
depend on sample geometry and specific design. A standard leakage test procedure is

thus needed so that the literature results can be confirmed and compared.

2.5.4. Electrical resistivity

The electrical conductivity in glass and glass-ceramics is generally controlled by
ionic charges from alkali and alkaline earth oxide compositions and by electrons and
holes from transition metal in the glass and glass-ceramic composition [101]. The
electrical resistivity of glass and glass-ceramic depends on the composition and the
devitrification including phase separation and crystallization of starting glassy phase. It
also depends on the operating temperature and should be more than 1 x10™ Q-cm in

order to avoid a shorting circuit [36, 102].

A borate glass has higher electrical resistivity than a silicate glass when the
modifiers are present in both systems. The reason is that the addition of modifier ions in
a borate glass reduces non-bridging oxygen ions due to “boron anomaly” while the non-
bridging oxygen ions increase in a silicate glass [33, 91]. The electrical resistivity
increases when the ionic radius and valence of modifier ions increase, for example, the
electrical resistivity of Cs >Rb">K">Na" for alkali oxide containing glasses and Ba >

Sr2+>Ca2+>I\/Ig2+ for alkaline earth oxide containing glasses [101]. Because the modifier
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ion creates non-bridging oxygen species, the electrical resistivity was decreased by
adding higher amount of modifier. Thus, higher modifier contents should be avoided for

glass and glass-ceramic sealants.

The initial addition of intermediate oxide could increase the electrical resistivity,
in contrast, it decrease with higher addition [92]. For example, two ionic sites in glass
system Na,O-Al,0,-SiO,, which are Na-non-bridging oxygen site and Na'[AIO, ] site.
The concentration of Na-non-bridging oxygen site and Na' ions are decreased at initial
addition of ALLO,, resulting in an increase in electrical resistivity. Further addition of Al,O,
increases the concentration of Na+[AIO4/2] site and decreases the electrical resistivity

because of increasing mobility of Na" ions.

Effect of crystallization in glass on the electrical resistivity is exactly dependent
on the composition and the morphology of crystalline phases and remaining glass
matrix. The temperature also affects the electrical resistivity of glass and glass-ceramics.
The electrical conductivity of glass and glass-ceramics increases with temperature
because the diffusivity of modifier ions increases with temperature. At temperature

below Tg, electrical resistivity shows Arrhenius behavior [77]

X E
p = exp (k—T) (2.8)
Where E the activation energy for ionic mobility is, T is temperature, A is

constant, and k is Boltzmann constant.

If the temperature is above T, the electrical resistivity decrease according to

Vogle-Tamman-Fulcher equation.

p= %exp (T—BTO) 29)

Where A’ , B and T, are constants.



CHAPTER 3

EXPERIMENTAL PROCEDURE

The experimental procedure has been divided into two parts. The first part is
development of barium free glass compositions from selected glass and glass-ceramics
system from literatures to study the possibility to preparation and joining with metal
interconnect and YSZ electrolyte. The selected compositions should be completely
melted at 1450-1500 °C and their CTE should be in the range of requirement. Barium
free glass-ceramic compositions were designed and prepared in a system of R,O — RO
- AlLO,- SiO,, where Riis referred to as an alkali metal or alkali earth, such as Na, K, Ca
and Mg. Na and K were varied to increase CTE of glass-ceramics by crystallization of
high CTE Nepheline and Kaliophilite phases, and study their effects on the other
properties. The primary requirements of pSOFCs glass-ceramic sealant, which are T, T,
coefficient of thermal expansion and joining ability with chromium-forming ferritic
stainless steel, AISI 430 stainless steel and Crofer 22 APU stainless steel, will be
investigated. The Na,O and K,O components were varied in the compositions, their
thermal properties and phase transformation in glass ceramic sealant after heat
treatment at the joining temperature (900 °C) and working temperature (800 °C) were

investigated.

In the second part, the alkali free and maintained concept of barium free glass -
ceramics from the basic chemical composition as the first part were developed in order
to avoid the decrease of electrical resistivity and high chemical reaction with the
interconnect in long term use of glass—ceramics containing alkali oxide. Consequently
this part is a development of alkali free and barium free glass—ceramic sealants from

akermanite and diopside based on MgO-Ca0O-B,0,-Al,0,-SiO, system.
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3.1 Part I: Development of glass-ceramics seal in a system of R,0O [R = Na, K]|-MgO-
Ca0O-Al,0,-SiO,

3.1.1. Glass formula selection

The glass compositions were selected from the literatures and phase diagram in
consideration of coefficient of thermal expansion and thermal properties such as
softening temperature. Then glass compositions which have ability to completely melted
at temperatures between 1450-1500 °C and have a good thermal properties were
selected to develop and examination their properties for joining and sealing with AlSI430
and YSZ ceramics. The selected glasses, which their compositions were shown in Table
3.1, were prepared by the melting process. Their expected constitutional compounds
were calculated and shown in Table 3.2. The constitutional compounds are assumed to
be primary crystalline phase after the thermal treatment and fully crystallization, thus, the

CTEs of glass-ceramics depend on the crystalline phase compositions.

Table 3.1 Starting glass compositions

Sample Chemical composition (mol %)
SiO, ALQO, CaO MgO Zn0O Tio, Na,O K,O Bi,O,

AZS11 50 5 = 21 20 4 - - -
AAS3 60 18 12 - = 10 - - ;
SACN 52 12 25 - - - 11 - ,
CMS1 50 10 20 10 - - 10 - ,
CMS2 55 10 10 20 - - 10 - -

S1 51 9 5 25 - - 5 5 -

S2 54 10 5 23 - - 4 4 -

S3 55 8 2 26 - - 2 2 5

SN 53.5 11.5 7.5 27.5 - - - - -




Table 3.2 Crystalline phases and CTEs of glass compositions

compound calculation (CIPW norm) of glass-ceramics
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and constitutional

Sample Crystalline phase compositions CTE (10°K™) Reference
AZS11 Enstatite solid solution+ cristobalite + 10.2 (200-400 °C) [85]
willemite solid
AAS3 Anorthite + cristobalite 8.5 [85]
SACN Ca,ALSIO7 + NaAISiO, 9.4-9.8 (300-500 [64]
oc)
CMS1 Na,0-AlL,0,2Si0,+ - -

Na,0-2Ca0-3Si0,+Ca0 SiO,

CMS2 2MgO-Si0,+ Na,0-AlL0,2Si0, :

s1 2MgOSi0, + K,0-Al,0,2Si0,+ \
Na,0-AL0,2Si0,

s2 MgO-SiO,+ -

Na,0"Al,0,6510,+K,0-Al,0.-6Si0,

S3  MgO-Si0,+ Na,0-Al,0,6Si0,+ 2MgO-SiO,+ -
K,0-Al,0,65i0,+ CaO-AlL0,2Si0,

SIN MgO-SiO,+ CaO-ALQ, 2Si0,+2MgO:-SiO, :

After testing the glass forming ability of the selected compositions, the results

are shown in Chapter 4, the glass compositions in Table 3.3 were designed from CMS1

and CMS2 compositions by varying amount of Na,O and K,O in glass compositions.

Both alkali oxides were also studied their “mixed-alkali effect” on CTE and electronic

resistivity by adding 5% each oxide in Table 3.3.
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Table 3.3 List of glass compositions

Compositions (mol%)

Oxides
CM11 CM12 CM13 CM14 CM21 CM22 CM23 CM24
Sio, 52.5 50 50 50 52.5 50 50 50
ALO, 12.5 10 10 10 12.5 10 10 10
CaO 22.5 20 20 20 12,5 10 10 10
MgO 12.5 10 10 10 225 20 20 20
Na,O - 5 10 - - 5 10 -
K,O - 5 = 10 - 5 - 10

3.1.2. Glass preparation

Glass compositions were prepared from chemical grade reagents, which are
CaCO,, MgCO,, Na,CO,, K,CO,, AlLO,, and SiO, (see Appendix A). Batch of mixed
oxides was loaded in a platinum crucible and melted at 1450 °C for 2 hour in electric
furnace. The molten glass was then poured in a graphite mould. Cast glass was cut and
cropped for the dilatometric measurement. The rest was quenched to room temperature
by air, and ground for other subsequent measurements and testing. Glass powder was
ground in an agate mortar and sieved through a 230 mesh screen (<63 um). The as-
fabricated glass must be homogeneous with non-crystallization and undissolved phases.
Particle size distribution of glass powder was performed by laser light scattering

technique using Malvern Mastersizer 2000 (Malvern Instruments Ltd, UK).

3.1.3. Determination of glass transition temperature and crystallization

temperature

Thermal properties of glass powder were analyzed by differential thermal
analysis, DTA (DTA7, Perkin Elmer, USA). An as-fabricated glass sample was ground in
an agate mortar and sieved through a 230 mesh screen (< 63 um). Approximately 20
mg of glass powder was loaded in a platinum crucible lining with a thin layer of alumina

powder in a sample holder of DTA furnace. Standard alumina was used as a reference
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material. They were heated from room temperature to 1200°C with a heating rate of 10
K- min". Glass transition temperature (Tg) and crystallization temperature (T, were

determined.

DTA is able to measure reaction energy (in term of endothermic and exothermic
energy) and temperature, glass transition temperature, phase transition temperature and
energy, and specific heat or heat capacity of materials as a function of temperature. In
this part, DTA with thermal analyzer software was used to examine T and T, of selected
glass. T, was determined automatically by computer software, which is a midpoint (T,)
between extrapolated onset temperature (T,) and extrapolated end temperature (T,) in

Fig. 3.1. T, was determined by onset temperature as shown in Fig. 3.2.
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Fig. 3.1 Glass transition region measured temperatures [103]
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Fig. 3.2 T, and T, determined using computer software.

3.1.4. Microstructure and crystallization observation

Homogeneity and undissolved phases of as-fabricated of glass samples were
determined by an optical microscope; OM (Olympus BX60M, Olympus optical co. Itd.,
Japan) under reflected light with magnifications ranging from 50X to 1000X. Digital
images were taken using a digital camera (Olympus DP12, Olympus optical co. Itd.,

Japan).

Crystalline phase in glass and glass—ceramics was detected and examined by X-ray
diffractometer (Bruker D8 Advance, Germany). The operating condition is: 10 °< 20 < 60 °,

step size of 0.02° and 40 kV.

3.1.5. Dilatometric measurement

Dilatometric measurement of glass and glass—ceramics was used to examine
the coefficient of thermal expansion (CTE), glass transition temperature (Tg) and
dilatometric softening temperature (T,) of as-melted glass and crystallized glass (glass-
ceramics). In order to prepare the sample, as-melted glass was cut into 5 mm x 5 mm x
25 mm. While in case of glass-ceramic samples, the compacted glass powders were
heat treated at 900 °C for 2 h with heating and cooling rates of of 5 K min”"
consequently, it was cut into 5 mm x 5 mm x 25 mm. CTE was determined by a slope of

linear range from dilatometric curve (Netzsch DIL402C, Netzsch, Germany).
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3.1.6. Joining test

Joining test was performed by joining glass paste between AISI 430 stainless
steel (SC17, Thainox Stainless Public Co., Ltd.). The glass will be ground and sieved
below 63 pm. The powder of glass was blended with the 1 % PVA solution to form
viscous paste. The glass paste was spread on the surface between the couple of AlSI
430 stainless steel plates (50 x 25 x 0.3 mm) as a sandwich. Before application of the
glass paste, the stainless plates were thoroughly cleaned in alcohol using an ultrasonic
bath for 10 minutes. The sandwich sample was then heated to up to 900 °C keeping at
this temperature for 2 hours with heating and cooling rate of 3 K-min". The cross section
of joined sandwich specimens was observed using SEM/EDS. For joining with YSZ

ceramic, the method is the same as joining with AISI 430 stainless steels.

Cross section of joining sample between glass—ceramics and AlSI430 stainless
steel was observed by scanning electron microscope; SEM (JEOL JSM-6400 model)

and energy dispersive spectrometry; EDS (OXFORD Instrument ISIS 300).

3.1.7. Electrical resistivity measurement

In order to measure the electrical resistivity of glass-ceramics, a pellet shape of
pressed glass powder was sintered in an electric furnace with a heating rate of 5 K-min™
dwelling at 900 °C for 2 hours. The surface of as sintered sample was ground into
smooth and clear surface before coated with silver paste. The impedance spectra was
collected over the frequency range of 5 Hz to 13 kHz, and the temperatures range of
600 — 800 °C in air using HP 4192A LF Impedance Analyzer, (Hewlett Packard, Japan).
The impedances were measured at every 50 °C interval. The sample was soaked at
each temperature for 30 min before collect the data to ensure the stable temperature.
The experimental setup is illustrated in Fig. 3.3. The impedance spectra were plotted

between real part Z' and imaginary part Z”, which is called Nyquist plot.
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Fig. 3.3 Experimental setup of impedance analysis

The bulk electrical resistivity was calculated from;

Where

3.2 Part Il: Development of glass-ceramics seal in system MgO-CaO-B,0,-Al,O, —

sio,

__RA (3.1)
p= electrical resistivity in (-cm
R=electrical resistance in Ohm, Q

L= sample thickness in cm

= . 2
A= cross-section area of sample in cm

In this part, some experiments were done in “Institut fir Gesteinshittenkunde”

(GHI) laboratory, RWTH Aachen, Germany. The experimental procedures of glass

preparation, thermal property measurement and electrical resistivity are followed the

same experiments in Part |. However to clarified of some differences in detail, the

experimental procedure in the same articles in part | is explained again.

3.2.1. Glass formula selection

The glass compositions were selected by considering the glass-ceramics based

on akermanite and gehlenite system. From the previous studies, the volumetric mean

thermal expansion coefficient of akermanite and gehlenite are 32.1 x 10° K and 28.3

x10° K" in the temperature range of 298-1400 K, reported by Merlini et al [104].
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Tulyaganov et al. [105] studied the system of CaO-MgO-SiO, system and reported that
glass-ceramics have been prepared and obtained fully dense crystalline phases
consisting of diopside, akermanite and wollastonite at 800°C with thermal expansion
coefficient in the range of 9.4 — 10.8 x 10° K (100 — 500 °C). The akermanite based
glass-ceramics from the SiO,-Al,O0,-B,0,-MgO-CaO-Na,O-F system were successful
sintered and crystallized at low temperature between 750 °C — 800 °C [106]. The
reported CTEs of sintered glass-ceramics at 700 °C were 10.3-11.3 x 10° K" and
800 °C were 10.1-10.3 x 10° K. In this study, the glass compositions 3 (31-37) series
as shown in Table 3.4 are selected by CIPW normative mineral calculation (developed
by R. Conradt [107]). CIPW normative mineral calculation originally used to calculate the
normative crystalline phase content of igneous rocks, with a stringent evaluation of the
constitutional relations of the predominant ternaries or quaternaries of glass forming
systems [108-109]. The selected compositions are located near invariant lines where
akermanite is major crystalline phase in system MgO-CaO-AL,0,-SiO,. The glass 31
composition was designed and calculated by giving highest akermanite phase as
70 wt.% of primary crystalline phase and forsterite as a secondary crystalline phase

(Table 3.5).

The liquidus temperatures of selected compositions were calculated by
FactSage computer software version 6.1 [110]. The calculated compositions were
plotted their positions in the phase diagram as shown in Fig. 3.4. In glass composition 3
series, the amount of ALO, is varied from 0-14.05 wt % in order to decrease the liquidus
temperature following liquidus surface in phase diagram as showed in Fig. 3.4. The

calculated results of constitutional compound of each composition are plotted in Fig. 3.5.

Table 3.4 Designed glass compositions

Oxides (wt.%) 31 32 33 34 35 36 37
Si02 43.66 44.33 44.92 44.23 40.97 43.78 43.60
AI203 0.00 1.83 3.66 7.7 14.05 1.65 16.49
MgO 27.54 22.74 20.07 17.67 19.69 21.99 10.68
Ca0 28.80 31.10 31.35 30.93 25.29 32.58 29.23

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 3.5 Constitutional Compound Calculations (CIPW norm), and FactSage

calculations of glass designed glass composition

Compounds (CIPW norm) (wt.%) 31 32 33 34 35 36 37
M2S (Fosterite) 30.02 20.00 15.01 13.19 24.81 18.50 6.00
CMS?2 (Diopside) 4.99 9.97 4.45 0.00 0.00 0.00
CAS2 (Anorthite) 5.02 9.99 19.56 26.76 3.00 45.00
C2MS2 (Akermanite) 69.98 69.99 65.04 62.80 37.02 78.50 49.00
C2AS (Gehlenite) 11.41
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Fig. 3.5 Equilibrium plot of Constitutional Compounds of glass 31 - 37 calculated by

FactSage

The example of plot of constitutional compounds vs temperature in Fig. 3.6

shows the constitutional compounds at equilibrium and “the liquidus temperature”; the

temperature at which slag curve rises up to become 100 wt.%. It was useful to help to

determine and select only low liquidus temperature for melt and preparation. The other

plots, glass 32 to 37 compositions, are shown in Appendix B and the liquidus

temperatures are summarized in Table 3.5 . The glass compositions 34, 35 and 37 were

selected to prepared because their liquidus temperature were low enough and easy to

melt and pour at 1500 °C.
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B,O, was used to decrease their liquidus temperature and original viscosity. The
glass compositions 34 and 35 were modified by adding B,O, from 5-20 wt.%. While the
glass composition 37, which it's liquidus temperature is low enough to melt, B,O, was
added only 5 wt.%. This composition locates at the eutectic point with the lowest
liquidus temperature of 1200 °C. The final selected glass compositions for sealing

property study are shown in Table 3.6.

Table 3.6 Glass compositions in system Mg-Ca-B,0,- Al,O,-SiO,

Oxides (wt.%) SiO, ALO, MgO CaO B,O,
34 44.2 7.2 1.7 30.9 -
34-5B 42.0 6.8 16.8 294 5.0
34-10B 39.8 6.4 15.9 27.8 10.0
34-15B 37.6 6.1 15.0 26.3 15.0
34-20B 35.4 5.7 14.1 24.7 20.0
35 41.0 14.0 19.7 2563 -
35-5B 38.9 13.3 18.7 24.0 5.0
35-10B 36.9 12.6 17.7 22.8 10.0
35-15B 34.8 1S 16.7 215 15.0
35-20B 32.8 k2 15.8 20.2 20.0
37 43.6 16.5 10.7 29.2 -
37-5B 41.4 157 10.1 27.8 5.0

3.2.2. Glass preparation

The raw materials for melting glass were prepared from reagent grade of oxides,
carbonates and silica sand (listed in Appendix A). The mixed powders were melted at
1500 °C for 2 hours in a platinum crucible. The melted glass then was poured in cold
water in form of frit. In order to acquire the homogenous glass, the frit was repeated to
melt and quench with the same condition. Glass frit was ground in an agate mortar and

then sieved through 230 mesh standard sieve (<63 um) and 325 mesh standard sieve
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(<44 um). Particle size distribution was examined and analyzed using laser light

scattering technique.

The flow chart of overall experiment including thermal characterization, thermal
treatments, electrical resistivity measurement, hot-stage microcopy and viscosity
measurement, joining test between glass-ceramics/stainless steel, and thermal cycle

and gas leak test is shown in Fig. 3.7.

( As-fabricated glass powders (frits) )
1

( Grinding and Sieving )

( Forming J ( DTA (Tg, Tc) J ( Hot-stage MicroscopeJ ( Joining testing J

Heat treatment . . Viscosity determining J )
at 900 °C for 2 h and Electrical resistivity ] ( Thermal cycle testing

800 °C for 100 h measurement

| Cross-section observing)

by SEM/EDS
* XRD and y
o Dilatometric Measurment

Fig. 3.7 Flow chart of overall experimental procedure in part Il from starting glass powders

3.2.3. DTA and dilatometric measurement of glass and glass - ceramics

Powder of glasses with size < 63 um were characterized their thermal properties
in the same experimental procedures as in Part I. Thermal properties including with T,
and T, were measured using differential thermal analysis (DTA, NETZSCH STA 409,

Germany) with a heating rate of 5 K min”.

Dilatometric measurement was operated by dilatometer. Compacted glass
powder (<63 pm) were heat treated at 900 °C for 2 h with heating and cooling rates of 5

K min", consequently, it was cut in to 5 mm x 5 mm x 25 mm for investigating CTE.
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Furthermore, long term stability of CTE was examined. The sample was continued to

soak at 800 °C for 100 h and was investigated the change of CTE.

The crystallized phases of sintered specimens were analyzed by X-ray

diffraction.

3.2.4. Hot - stage microscopy experiment

Hot stage microscope (Fig. 3.8) with geometry analysis software (EMI2) was
used to calculate the percentage of the decrease in height, width and area of the 2D
sample images (shadow). The cylindrical shaped of pressed glass powder with height
and diameter approximately 3 x 3 mm was placed on a thin platinum plate with alumina
support. The measurement was operated from room temperature to 1300 °C with a
heating rate of 5 K min". The temperatures corresponding to the characteristic viscosity
points (first shrinkage (T.5), maximum shrinkage (T,,), softening (T,), half ball (T,;) and
flow (T.) were obtained from the taken photographs during the hot-stage microscopy

experiment following Scholze’s definition and refined by Pascual [111].

The viscosity curves were carried out from Vogel-Fulcher-Tamman (VFT)

equation;

logn=A+( = ) (3.1)

=
by calculating fixed viscosity values from HSM characteristic points [111]. Where 7 is
viscosity (dP-s) which is related to temperature T (K) or thermal parameter from hot

stage microscope. A, B and Ty , are constants.
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Fig. 3.8 Hot-stage microscopy experimental setup

3.2.5. Joining test

Joining test was started by glass paste preparation. Powder of glass with size
less than <44 ym was mixed with the binder solution between ethyl cellulose and
terpeneol (raw materials details shown in APPENDIX A). In order to prepare the solution,
5 wt % of ethyl cellulose was solved in a closed glass bottle of terpineol solution. Then
the solution was stirred by using magnetic stirrer and put the bottle in warm water for 24
h. The temperature should not exceed 50 °C. To make glass powder paste, the glass
powder was mixed with 18-25 % of ethyl cellulose and termpineol solution. The paste
was injected through a 2 mm diameter of syringe nozzle on 50 mm x 50 mm x 3 mm
Crofer 22 APU stainless steel (supported by Forschungszentrum Jilich, Germany) as
illustrated in Fig. 3.9 (a). The glass paste was dried at room temperature for 1 - 2 days.
Then another plate of crofer 22 APU stainless steel was put on top and heated to 900 °C
for 2 h with slow heating and cooling rate of 3 K-min™'. The sandwich sample was loaded

with 1 kg of refractory brick or about 3.9 x 10’ N'm”. The same sample was continued to
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soak at 800 °C for 100 h. The sandwich sample was cut and ground to investigate their
microstructure of cross section and interfacial reaction between glass — ceramics and
Crofer 22 APU stainless steel using scanning electron microscope; SEM (JEOL JSM-

6400 model) and energy dispersive spectrometry; EDS (OXFORD Instrument ISIS 300).

For joining the glass-ceramic with 8 mol% ythria sterbilized zirconia (8YSZ)
ceramics, 8YSZ ceramic plates were acquired from MTEC laboratory (National metal
and materials technology center). They were prepared from nano particle and sintered
at 1250 °C. The glass paste was pasted on it and followed the step in the same way of

Crofer 22 APU stainless steel.

3.2.6. Thermal cycle and leak test

Thermal cycle testing were observed by examining gas leak of heat treated
sandwich sample, which glass-ceramics were sealed between Crofer 22 APU plates
after heat treated each thermal cycle. One of Crofer 22 APU plate was drilled with 1 cm
diameter for gas inlet as show in Fig. 3.9(a). Each thermal cycle was started by elevating
temperature with 3 K min" to 800 °C, dwelling at this temperature for 12 h then cooling
down to room temperature with rate of 3 K min". Leak test was measured at room
temperature. The experimental setup is illustrated in Fig. 3.9(b). Leak rate was
measured by monitoring volume change of water level in manometer with time under
pressure of 2 psi of Helium gas (99.9995% pure, Praxair (Thailand) Co., Ltd). The
calculate leak rate (L) in standard cubic centimeters per minute at STP (sccm) was
normalized by outer sealing length. The leak rate of the system without sample
(background leak rate) was measured before each test and subtracted from as-

measured leak rate.
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-

—4 Crofer 22 APU
GC sealant
v Sample and
Sample holder
Manometer
(a) (b)

Fig. 3.9 lllustration of (a) test sample assemble of glass-ceramics (GC) sealant and

Crofer 22 APU stainless steel plates, (b) gas leak test experimental setup

3.2.7. Electrical resistivity measurement

Electrical resistivity of glass—ceramic sample in this part was processed in the

same way as described in section 3.1.7.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Part I: Development of glass-ceramics sealant in system R,0-MgO-CaO-Al,0,-Si,0

4.1.1. Glass selection

The beginning of this research was the selection of glass system to use as the
sealant at high temperature. The glass compositions listed in Table 3.1 were prepared
by melting at temperature from 1450-1550 °C in a Zircon—mullite crucible in order to
study possibility of use a commercial crucible. The results showed the reactions
between glass composition and crucible, and the glass could not be completely melted.
Then the platinum crucible was used as melting crucible. The glass AZSIl and AAS
could not be obtained by melting at 1450 °C in platinum crucibles. The glass AZSII
could be poured out from the crucible, but there were phase separation with white colors.
Another glass composition AAS could not be poured out since the melting temperature was
too low to melt this composition. In summary for this step, there were only three glass
compositions, which were SACN, CMS1 and CMS2, could be completely melted at 1450 °C.
The results are shown in Fig. 4.1. These three compositions contained as high as 10
mol % of Na,O, which might decrease the properties according to sealing requirements,
such as electrical resistivity and chemical reaction with stainless steel. Consequently the
glass compositions were designed by varying the amount of alkali oxides in order to

study their effects.

Glass composition S1, S2, S3 and S1N were selected from constitutional
compound calculation as shown in Table 4.1. The compositions were selected by
considering the content of clinoenstatite (MgO-SiO,) which its CTE is 13.5 x 10° K (300-
700 °C). The compositions were designed based on the previous three compositions
those can be melted at 1450 °C. In this case, Na,O were decreased and balance with
K,O by 1:1 ratio, in assumption of mixed alkali effect which is able to improve electrical

resistivity by replacing Na“ ion with the larger radius K" ion [112]. From the



43

Constitutional Compound Calculation, the primary crystalline phases of the composition
S1, which contained 5 mol % Na,0O and 5 mol % K,O, were forsterite (2MgO-SiO,),
nepheline (Na,0-Al,0,:2Si0, ) and kaliophilite (K,0-Al,O,-2Si0,). The composition, that
was reduced the concentration of alkali oxides (Na,O and K,O) to 4 mol% each,
clinoenstatite phase (MgO-SiO,) was found as the major crystalline instead. Then the

calculation result of non-alkali oxide composition S1N showed the highest of

clinoenstatite (MgO-SiO,) and the second phase was akermanite (2Ca0-MgO-2SiO,).

Melted in Zircon-Mullite crucible Melted in Pt-crucible
Glass
1450 °C 1550 °C 1450 °C
AZSII O
AAS Un obtained
SACN
CMS1
CMS2

Fig. 4.1 As-melted glass from different crucible and temperature
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Bismuth was added in glass S3 as fluxing agent, and improvement the CTE. The
result of melting experiment showed that all molten glasses could be poured out from
the crucible with low viscosity (flow freely), however, the glass was crystallized very
quickly. In Fig. 4.2, the pictures of melted glass are shown with their microstructure of
crystalline phase by optical microscope. The XRD patterns were confirmed that the
separate crystalline phase on glass S1and S2 was forsterite (Fig. 4.3). Because there is
a few of crystalline phases on a surface of small piece of glass sample, no crystalline
pattern was found in XRD peak of S2 (Fig. 4.4). But the morphology of crystalline phase
in S2, observed by optical microscope, was the same as in S1 glass. Thus it could be

implied that the crystalline phase was forsterite.

Table 4.1 Constitutional compound calculation of selected glass composition

Compositions (wt %)

Compound
S1 S2 S3 S1N
K,0-Al,0,-6Si0, - 23.64 11.82
K,0-Al,0,-2Si0, 16.79
Na,O-Al,O,6SiO, - 2917 16.92
Na,0-Al,0,-2Si0, 9.99
MgO-SiO, - 57.28 41.35 58.69
2MgO-SiO, 43.63 - 15.65 5.39
Ca0-Mg0-2Si0, = - 2.30 4.54
2Ca0-Mg0-2Si0, - - - 31.38

Ca0'AL0,2Si0, : \ 6.94
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S1

S2

S3

S1N

Fig. 4.2 As — melted glass after melted at 1500 °C, 2 h in platinum crucible

F = Fosterite (Mg,SiO,)

10 20 30 40 50 60 70

20

Fig. 4.3 X-ray diffraction pattern of containing crystalline phase glass piece S1
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Fig. 4.4 X-ray diffraction pattern of containing crystalline phase glass piece S2

F = Fosterite (Mg,SiO,)

F

B

T T T T 1
10 20 30 40 50 60 70
20

Fig. 4.5 X-ray diffraction pattern of containing crystalline phase glass piece S3

From above, there were four glass compositions, which were completely melted.
Their glass transition temperature (Tg) and crystallization temperature (T,) are showed in
Table 4.2. Two crystallization peaks of T, (T, and T_) were found in all glass
compositions, it meant that crystallization of different phase was observed. XRD patterns
of sintered glass (glass—ceramics) could be used to confirm the system of crystalline
phases. The identified crystalline phases in glass—ceramics after heat treated glasses at

900 °C, 2 h, are shown in Table 4.3. Nepheline was found as major crystalline phase
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with diopside (CaMgSi,O,) and wollastonite (CaSiO,) in the glass-ceramics containing

around 10 mol % Na,O (S1, S2 and SACN).

Table 4.2 Differential thermal analysis of as—melted glasses

Glass T, (C) T, (C) T, (C)
CMS1 654 740 824
CMS2 640 748 834
SACN 684 777 847
SIN 742 836 924

Table 4.3 Detected crystalline phases in glass—ceramics after sintered at 900 °C, 2 h,

obtained by XRD.

Crystalline phase CMS1 CMS2 SACN S1N
Nepheline X X X
Diopside X X - X
Forsterite - - - X
Wollastonite - 2 X

Thermal expansion of glass—ceramics sample after sintered at 900 °C, 2 h are
shown in Table 4.4. The CTE of AISI430 stainless steel is also measured to compare with
sintered glass. After sintered, crystallized S1N glass show the lowest CTE, which is out

of range of requirement (should be 9-13 x 10° K'1).

In conclusion of glass selection, the glass composition base on CMS1, CMS2
and SACN were selected to improve and study other properties in the further

experiments.
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Table 4.4 Thermal expansion of sintered glass at 900 °C for 2 h using dilatometer

comparison of AlSI430 stainless steel

Sample CTE (x10° K"
(50-600°C)
CMS1 12.47
CMS2 12.80
SACN 12.91
SN 8.68
AISI430 stainless steel 11.97

4.1.2. Preparation of glasses in CM1 and CM2 series

Glass composition close to CMS1, CMS2 and SACN were divided into two
seriess, which are CM1 and CM2. Then the alkali oxides, which are Na,O and K,O were
varied from 0, 5 (mixed), and 10 mol %. The compositions are listed in Table 3.3. All
compositions were completely melted at 1450 °C, 2 h in a platinum crucible. The
crystalline or undissolved phase was not found in bulk glass. The powders of glasses
were prepared and their particle size distributions are shown in Table 4.5. The median of

particle size (d,) of glasses were between 31 —41um.

Table 4.5 Particle size distribution of glass powder

Glass Particle size distribution (um)
ds, dq,

CM11 39.525 86.153
CM12 35.512 67.349
CM13 41.362 90.451
CMm14 31.146 59.132
CM21 36.161 78.694
CM22 34.356 69.771
CM23 34.732 55.651

CM24 34.634 73.889
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4.1.3. Thermal properties of glass and glass-ceramics in CM1 and CM2 series
The thermal properties of glass and glass-ceramics are shown in Fig. 4.6. The
results showed that the T, and T, of all glasses were in range that be possible to use as
sealant, which T, was lower than 800 °C. It should become soft enough for joining at 900

°C.

Table 4.6 Thermal properties including T,, T, T, (°C) and CTE ( x10° K’W) of bulk glass
and glass-ceramics (after sintered at 900 °C, 2h) in CM1 and CM2 series.

Thermal Properties CM11 CM12 CM13  CM14  CM21 CM22 CM23 CM24

Tg by Dilatometer 730 714 653 642 640 595 636 647
Tg by DTA 724 727 654 667 730 625 640 684
T, by DTA 828 817 740 862 925 847 748 892
T, by Dilatometer 785 776 709 "7 s 651 688 719
CTE (bulk glass) 7.45 7.88 115 11.21 7.21 11.68 10.4 10.27
CTE (900 °C, 2h) 8.72 8.52 12.98 13.83 8.71 12.55 13.28 14.19
1.0 T E T X T T T T T
CM11 glass
—— CM12 glass
0.8+ CM13 glass Ty .
——CM14 glass )
——CM21 glass
0.6 4 ——CM22 glass -
- ——CM23 glass
S —— CM24 glass
3 0.4 1 g i
3
o
0.2 i
0.0 -

v ) v ) v ) v )
0 200 400 600 800
Temperature (°C)

Fig. 4.6 Dilatometric curves of glasses in CM1 and CM2 series

In order to compare the effect of 5 mol% single alkali oxide (Na,O and K,0) and

mixed alkali oxide addition on T, and T, the data are plotted in Fig. 4.7 and Fig. 4.8. The
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result showed that single alkali oxide in CM13 and CM14 reduced T, and T, Mixed
alkali oxide in CM12 also had an effect on T and T,. In case of CM2 series, alkali oxides
also decrease T, and T, of glass in the series. The mixed alkali oxides in this series

showed more effect more than single alkali oxide as shown in Fig. 4.8.
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Fig. 4.7 Comparison of T and T, of bulk glass CM1 obtained by dilatometer
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Fig. 4.8 Comparison of T and T, of bulk glass CM2 obtained by dilatometer

The CTEs of as melted—glasses in case of alkali-free glass composition CM11 and
CM21 were the lowest in their series. In CM1 series, the CTE of glass compositions with

mixed alkali oxides CM12 were higher than alkali free composition, but the composition, with



51
10 mol% Na,O, CM13 showed the highest CTE in this series as 11.5 x 10° K. While mixed
alkali oxide composition CM22 showed the highest CTE in their series. The CTEs of all
glasses increased after sintering at 900 °C for 2 h. The CM13 composition showed the
CTE in range of requirement, which is 9 - 13 x 10° K" The CM14 and CM24
compositions, which were containing 10 mol% of K,O, perform the highest CTE after
sintered at 900 °C for 2 h. Their CTEs were slightly higher than requirement. The
crystallization temperature of glass compositions those containing 10 mol % Na,O were
the lowest in their series. It could be explained that glass containing Na,O, which was a
network modifier in silicate glass structure, decreased its T, and viscosity. In general,
the crystallization easily occurred in low viscosity glass; consequently, the nucleation of

crystalline phases took place easier in this case.
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Fig. 4.9 Comparison of CTE of bulk glass CM1 obtained by dilatometer
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Fig. 4.10 Comparison of CTE of bulk glass CM2 obtained by dilatometer

4.1.4. Dilatometric result and crystallization behavior of heat treated glass-

ceramics in CM1 and CM2 series

4.1.4.1. Dilatometric result of glass-ceramics after heat treatments

Table 4.7 are the CTE of glass, glass-ceramics obtained by heat treated at 900
°C for 2 h, and continue heat treated at 800 °C for 10 h. The dilatometric curves were
plotted in Fig. 4.11. Although CTEs of glass-ceramics of non-alkali oxide (CM11 and
CM21), were higher than that of glassy, their CTE, were still lower than that requirement
of 9-13 x 10° K. While the CTEs of 10 mol% K,O samples, CM14 and 24 after longer
heat treatment process were higher than 13 x 10° K. The crystalline phases were
detected and discussed in next section. The glass-ceramics of 10 mol% Na,O CM13
and CM23 seemed compatible with AlSI430 stainless steel and YSZ because the CTE
was in range close to 13 x 10° K even after heat treated at 800 °C, 10 h. In case of
mixed alkali oxides glass-ceramics, it was found that the CTE of glass-ceramics CM22
was close to the stainless steel and YSZ. Consequently, the CM13, CM22 and CM23

were selected to study the possibility for sealing in SOFC.
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Table 4.7 CTE of glass and heat treated glass—ceramics with different condition (x1O’6 K,

range 100 — 600 °C)

Conditions CM11  CM12 CM13 CM14 CM21 CM22 CM23 CM24

Bulk glass 8.13 7.88 11.5 11.21 7.21 11.68 10.4 10.27
GC-900°C, 2h 8.72 8.52 12.98 13.83 8.71 1255  13.28 14.19
GC-900°C, 2h + 800°C, 10h  8.70 8.20 1245 15.82 8.70 13.17 1311 15.26
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Fig. 4.11 Comparison of dilatometric curves of glass and glass—ceramics with different

heat treatment condition
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4.1.4.2. Crystallization Behavior

The crystallization of heat treated glass-ceramics at 900°C for 2 h was
investigated by XRD. The results show in Table 4.8. It could be summarized that
formation of nepheline (NaAISiO,) and kaliophilite (KAISIO,) phases were found with the
addition of Na,O and K,O in these glass systems while diopside crystalline phase was
only found as the major crystalline phase in mixed both alkali oxide glass-ceramics
CM12 compositions. The Na and K played a role in increasing CTE of glass—ceramics in
this system. According to dilatometric results, it implied that kaliophilite crystalline phase
in glass-ceramics gave an increase of CTE greater than that of nepheline phase. The
CTE of nepheline glass—ceramics was reported as high as 16.4 x10° K [113-114], while
CTE of kaliophilite glass-ceramics was 21.68 x10° K [115-116]. The other detected
crystalline phases in the glass-ceramics, which their CTEs were higher than 9 x10° K
were forsterite (9.4 x10° K’T), akermanite (10.8 x10° K’1), clinoenstatite (7-13.5 x10° K’W)
and gehlenite (9.4 x10° K'q). All of these were acceptable since their CTEs were not
much different than that of other crystalline phases. The diopside (5 x10° K’W) crystalline
phase found in glass-ceramics CM11 and CM12 was the cause of their low CTE in their

crystallized form as glass-ceramics.

Table 4.8 Crystalline phases of glass—ceramics after sintered at 900°C for 2 h obtained

by XRD pattern

XRD results CM11  CM12 CM13 CM14  CM21 CM22 CM23 CM24
Diopside (CaMgsSi,Oy) X X - - - - X -
Clinoenstatite (MgSiO,) X - - X X - - X

Akermanite (Ca,Mg(Si,0,)) - - X - - X - -
Nepheline (NaAISiO,) - - X - - X X -
Forsterite (Mg,SiO,) - - - - - - X -
Gehlenite (Ca,AlLSIO,) - - - X - - - -
Kaliophilite (KAISIO,) - - - X - - - X
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4.1.5. Electrical properties

The electrical resistivity of the sintered pellets of all glass compositions were
investigated by using AC-Impedance Analyzer. The Impedance spectra of glass-
ceramics sample in CM1 and CM2 series are shown in Fig. 4.12 and Fig. 4.13

respectively.

In ceramics especially semiconductor ceramics, there were two first semicircles
corresponding to bulk resistivity (arc at high frequency) and grain boundary resistivity
(arc at middle frequency next to bulk resistivity), respectively [117-118]. For glass and
glass-ceramics, the grain boundary was absence or very low in case of fully crystallized
glass, consequently, only first semi-circle of impedance spectra was found referring to
bulk resistivity. The electrical resistivity of glass-ceramics in this work was considered in

term of total resistivity (p¢).

The electrical resistivity was obtained from total resistivity from semi-circle
spectra, which was extrapolated to real part axis (Z’) from Nyquitst plot. The electrical
resistivity of glass was decreased by increasing temperature from 600 to 800 °C
because the alkali ions such as Na' ion and K" ion could move easier in the glass and
grain boundary at high temperature. The electrical resistivity of glass-ceramics in CM1
series showed that the glass-ceramics containing 10 mol % K,O (CM14) had the higher
electrical resistivity than mixed alkali-oxides (CM22) and 10 mol % Na,O. However, it
was slightly less than that of alkali free glass-ceramics CM11. On the other hand, the
electrical resistivity of the glass-ceramics with 10 mol % Na,O (CM24) was lower than
alkali free glass-ceramic (CM21). Glass-ceramics CM11 was also the highest electrical

resistivity at all temperatures among all glass compositions in both series.
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57



T T T
CM21 = 600°C
300 o 650°C ]
A 700°C
v 750°C 1
< 800°C
£ 2004 -
o
7 frequency, ®
& quency
4 -
N
100 =" =
1 ..I L™ N
- "
| = gumtoce, L
(] ° :
&\ a \ L
L
0 T T T T
0 100 200 300
Z', kQ-cm
T T
CM23 = 600°C
100 e 650°C |
A 700°C
v 750°C
frequency, ©® < 800°C
-— 1
€
Q
S
4
o~ 504 -
N
guEEE B g -
n
4 n
u
[ ]
N
0 T T T
0

Z', kKQ—cm

-Z", kQ-cm

-Z", kQ-cm

58

200 T T T
CM22 = 600°C
e 650°C |
A 700°C
150 v 750°C |
< 800°C
1004 frequency, ® 1
-
FLIL LN |
50 . ™ - i
n
o ® Q\.
A\ () 1
0 \o L]
T T T T
0 50 100 150 200
Z', kQ-cm
T T
CM24
1000 = 600°C ]
e 650°C
A 700°C
v 750°C
O, 4
frequency, ® < 8ooC
-
500 4
p——
n n
L] [ ]
o0 © .
\. .
S g
0 T |. T T
0 500 1000

Z', kQ-cm

Fig. 4.13 Impedance spectra, in Nyquist diagram form, of glass-ceramics in CM2 series

at different temperature.

The total resistivity (p;) of glass-ceramics can be illustrated as an Arrhenius

relation [119] below.

Pt = Po€Xp (i_;)

(4.1)

Where E, is activation energy, p, is constant, k is the Boltzmann constant, and

T is the temperature of measurement. From this equation E, is derived from the slopes

of the linear range of the log Resistivity (p; vs. 1000/T). The Arrhenius curves of glass-

ceramics in CM1 series and CM2 series are plot in Fig. 4.14 and Fig. 4.15.



Table 4.9 Electrical resistivity of glass—ceramics at 600-800 °C
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Resistivity kCd-cm

Temperature
(°C) CM11 CM12 CM13 CM14 CM21  CM22  CM23  CM24
600 155554  360.80 140.68 1253.82 29416 17482  97.96  993.30
650 76390 20302 9018 66040 18578 11250  59.04  481.80
700 49530 12250 56.58 32500 10524 6334 2568  253.78
750 28652 8378 3774 17100 7900 4064 1488 13822
800 170.06  56.04 1974 89.60 4674 2934 1122 7830
Temperature (°C)
4 800 750 700 650 600
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Fig. 4.14 Arrhenius plots of log resistivity vs. 1000/T of glass-ceramics in CM1 series at

temperature between 600 — 800 °C.
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Fig. 4.15 Arrhenius plots of log resistivity vs. 1000/T of glass-ceramics in CM2 series at

temperature between 600 — 800 °C.

The activation energies of glass-ceramics are shown in Table 4.10. The glass-
ceramics containing 10 mol % K,O in both series performed the highest E_ in their series.
E, of CM14 and CM24 were higher than other glass-ceramics in the same series. It
could explain that E, of CM14 and CM24 was caused by the large dimension of K.
Compared the atomic radius of each metal ions, the size of K' > Na'. The electrical
conductivity in glass is cause by conducting of metal ions especially alkali ions [101].
Mg2+ is a conducting ion as well as K" since their atomic radius and ionic mobility are
comparable. In case of CM21, it found that the resistivity is slightly lower than CM24,
which containing 10 mol% K,O. It could be conclude that the higher amount of Mg2+ in

CM21 composition could be conducting in this glass-ceramics at high temperature.

Table 4.10 Activation energy of glass-ceramics at temperature 600 — 800°C

Glass-ceramics CM11 CM12 CM13 CM14 CM21 CM22 CM23 CM24

E, (eV) 0.87 0.75 0.77 1.07 0.73 0.74 0.93 1.02
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4.1.6. Joining test between glass—ceramics and AlSI430 stainless steel

Joining test sample preparation was assembled of glass-ceramics layer in-
between a couple of AlSI430 stainless steel as sandwich like specimen. The glass paste
was applied between AlSI430 stainless steel (50 x 25 x 0.4 mm). In this experiment the
glass paste was prepared from mixing of 1 wt.% PVA solution and glass — powders (< 63
Jm ). The portion of 65 -70 % solid was appropriate to become a good viscous paste for
pasting on the surface. After dried the paste in room temperature, the sandwich
specimen was heated up to joining temperature at 900 °C, 2 h. Cross-sectional
microstructure of only joined specimens was observed. The result found that CM11 and
CM21, non alkali containing, could not joined with the stainless steel. In case of alkali
containing composition, it was found that all composition except CM12 could be
attached between AISI430 stainless steel. The joining test results are summarized in
Table 4.1. From this table, it could be concluded that the glass—ceramics with CTE lower
than 9x10° K ™ were unacceptable to use for joining with the stainless steel. For the
sandwich specimens, it was found that the CTE of glass—ceramics are in range between

12 and 14 x10° K ™. It correlates to CTE of AISI430 stainless steel, which is 11.97 x10° K ™.

SEM image of the interface between glass—ceramics and AlSI430 stainless steel
are shown in Fig. 4.17. The EDS line scan was taken to investigate the ionic diffusion of
Cr and Fe to form Cr,O, and FeO/Fe,O, at the interface are shown in Fig. 4.18 - Fig. 4.22.
From these figures, the high concentration of Cr and Fe ion were found at the interface
layers between AlSI430 stainless steel and glass-ceramics CM13 and CM23. The height
of layer were approximately 60 (Fig. 4.18) and 100 um (Fig. 4.22). The thinner layers of
Cr and Fe oxides approximately 10 (Fig. 4.19) and 50 um (Fig. 4.22) were also found in
case of CM14 and 24. In case of mixed oxide CM22, the EDS line scan pictures show
sharper interface between glass ceramics. It seemed that mixed alkali oxides
decreased the corrosion rate on the stainless steel interface. The penetration of ions
from glass-ceramics, including Ca, Mg, Al, Si, Na and K, into the AlSI430 stainless steel

matrix was not observed in all cases.
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Considered bonding between the interfaces, the cracks were found in the glass-
ceramics instead at the interface as shown in Fig. 4.17 (b), (c) and (d) since the CTE
mismatch between glass-ceramics and the stainless steel. It could be implied that
adhesion force between glass-ceramics and AlSI430 stainless steel was higher than the

cohesion force of inner glass-ceramics bond.

Table 4.11 Joining test between glass—ceramics and AlSI430 stainless steel at 900 °C, 2 h

compare with CTE of glass and glass—ceramics

CTE (100-600°C), x10° K

Paste sample Joining test
Bulk glass GC 900°C, 2h
CM11 8.13 8.72 x
CM12 7.88 8.52 x
CM13 11.5 12.98 v
CM14 11.21 13.83 v
CcM21 7.21 8.71 x
CM22 11.68 12.55 v
CcM23 10.4 13.28 v
CM24 10.27 14.19 v

Note: ¥' = attached, ¥ = detached
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Fig. 4.17 Cross section of glass—ceramics and AlSI430 stainless steel after joining at 900 °C, 2 h
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Fig. 4.18 EDX line scan across interface between CM13 glass—ceramics and AlSI430

stainless steel
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Fig. 4.20 EDX line scan across interface between CM22 glass—ceramics and AlS1430

stainless steel
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Fig. 4.22 EDX line scan across interface between CM24 glass—ceramics and AlS1430

stainless steel
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4.1.7. Joining test between glass—ceramics and YSZ ceramic

From the CTE after crystallized as glass-ceramics by heat treatment and the
results of joining test with stainless steel, glass compositions CM13, CM22 and CM23
were selected to join with 8 mol %Y,0.,-ZrO, (YSZ). The CTEs of all selected glass
composition were close to AlISI430 stainless steel and YSZ. The comparison of
dilatometric curves is shown in Fig. 4.23. The results of joining test showed that only
CM22 and CM23 can be attached on YSZ ceramics after heat treated at 900 °C for 2 h.
The cross section images of heat treated sample are shown in Fig. 4.24 observed by
optical microscope. Although the chemical reaction is not found at interface the between
glass-ceramics and YSZ, many pores were found in glass-ceramics CM22 and close

pore was found in CM23 glass-ceramics.

From experimental result of developing glass-ceramics sealant, many properties
of glass-ceramics in this part were able to utilize as glass-ceramics sealant at high
temperature. For SOFC sealant applications, the electrical resistivity of glass
composition containing alkali oxides especially Na’, although, was accepted as
requirement, this glass was highly dangerous for the ferritic steel interconnect. The next
part of experiment was continued to develop a barium-free glass-ceramics for SOFC

sealant application excluded alkali oxide in the compositions.
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Fig. 4.24 Cross section of Glass—ceramics and YSZ ceramic after heat treated at 900 °C,

2h

4.2 Part Il: Development of glass-ceramics seal in system MgO-CaO-B,0,-Al,0,-SiO,

4.2.1. Glass selection and preparation

In the second part, the glass composition 34, 35 and 37 base on akermanite,
diopside and forsterite constitutional compounds were successfully prepared by melting
at 1500 °C. Then, glass compositions 34 and 35 which their liquidus temperature is
slightly higher than glass 37 were varied composition by adding 5, 10, 15 and 20 %B,0,
in original composition. 5 %B,0, was added to modify glass 37 composition because it
was original from eutectic point, which melting temperature is the lowest. The completely

melted glass was water quenched as frit and ground into powder. The particle size
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distribution of glass powder, which sieved through 325 mesh screen (<44 um), are

shown in Table 4.12. The median particle size distribution d., and d,, of each glass

powder sample are very close, which are approximately 28 ym and 60 um, respectively.

Table 4.12 Particle size distribution of glass powders for properties characterization and

joining test
Glass Particle size distribution (um)
ds, dq,

34 28.464 60.354
34 -5B 28.802 60.602
34 -10B 28.49 59.242
34 -15B 27.102 57111
34 -20B 27.326 57.413

35 28.354 58.464
35-5B 27.963 57.252
35-10B 28.465 59.806
35-15B 28.029 58.166
35-20B 28.293 56.986

37 28.644 57.974
37 -5B 28.802 58.314

4.2.2. Thermal properties of glass 34, 35 and 37 series

The T,, T, and T  of glasses are summarized in Table 4.2. DTA curves of glasses

34 series are plotted with definition of their T,, T_ and T, in Fig. 4.25. Boron oxide content

in glass composition reduced the glass transition and crystallization onset point in this

glass series. The crystallization temperatures of glass decreased from 845 to 757 °C by

increasing boron oxide content. This means that the crystalline phases will formed at

joining temperature (900 °C) and working temperature (800 °C) of glass-ceramic

sealants.



Table 4.13 T, T, and crystallization peak temperature (T,) obtained by DTA

Properties T, T, T, Ty

34 744 845 889 921
34-5B 695 819 885 -
34-10B 673 788 864 -
34-15B 655 774 860 -
34-20B 647 757 869 -
35 745 847 919 -
35-5B 708 821 928 -
35-10B 674 786 913 -
35-15B 661 782 901 -
35-20B 653 768 915 -
37 746 837 944 -
37-5B 7 871 926 -

0.1+ — 34
Ip —— 3458
34-10B

0.0 1

DTA (uVImg)

-0.7

T
600

T
700

T
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T
900

Temperature (°C)

T
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Fig. 4.25 DTA curves of glass 34 series
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For glasses in 35 series, the trend of T and T was the same as 34 series, which
was decreased by boron oxide contents. The T, and T_ was in range of 653 — 745 °C

and 768 — 847 °C.

0.3 — 35
] T —— 3558
02+ P ——35-10B

] 35-15B
01 ——35-208

DTA (uV/Img)

-0.6 ; . ; ; . ) : ; . ;
600 700 800 900 1000 1100

Temperature (°C)

Fig. 4.26 DTA curves of glass 35 series

The T, and T, range of glass in 37 series showed in Fig. 4.27 are also be
explained in the same way as previous glass series. The 5 wt.% of boron could reduce

the T, and T_ of non-boron oxide glass 37 from 746 to 717 °C and 837 to 871 °C

respectively.
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Fig. 4.27 DTA curves of glass 37 series

4.2.3. Hot-stage microscope

Fig. 4.28 is the example of image analysis of glass 34 — 10B obtained by hot-
stage microscope. The compact glass powder was heated from room temperature to
1300 °C at a heating rate of 5 K-min". The variation of height and area of compact glass
powder (Fig. 4.28 (a)) was measured on the images, correlated to the temperature as

shown Fig. 4.28 (b). The other image analysis results were show in Appendix E.
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Table 4.14 Thermal parameters obtained by hot stage microscope (temperature in °C)

and calculated constants A B and T, in VFT equations

Glass Tes Tos T, Te Te T, AA, A B T,
34 767 843 - - - - 074
34-58 745 807 - - 1203 1217 062  -258 5778 250
34-10B 715 769 787 864 1125 1148 062  -1.91 4440 312
34-158 706 765 776 817 1090 1134 063  -307 6105 204
34-20B 678 732 750 813 1020 1062 064  -3.68 6090 201
35 773 845 1340 - - - 073 - - -
35-58 749 816 846 . 1167 1183 063 098 1497 565
35-10B 712 779 797 831 1128 1142 066 145 1127 565
35-158 680 750 776 813 900 1137 0.63 123 1367 506
35-20B 675 747 750 816 890 1033 064 017 2076 451
37 785 861 876 1257 1269 1312 065 183 1057 640
37-58 762 831 854 908 1178 1215 064 136 1258 600

All boron free compositions except glass 37 are unable to obtain sphere point
and half sphere. This is caused by fast crystallization in both compositions. A/A, is the
ratio between final area and initial area of the glass-powder compact. The compact
powder achieves the good densification of 95-98% when the value of A/A; is around
0.65 at T,,¢ [34]. A/A, of composition 34 and 35 at maximum shrinkage are 0.74 and 0.73
respectively while the other compositions reach to maximum shrinkage at A/A;, around
0.64. It can be explained by correlation between T, and T, (from DTA, in Table 4.13).
The T, is the temperature reach to their maximum shrinkage, while T_, is onset point for
crystallization process, the first crystalline phase appear in glassy matrix. If T, > T, s, the
dense and homogeneously crystallization can be obtained in glass-ceramics after
thermal process. In contrast, if T, < T, the crystallization in the compacted glass started
earlier, thus the further sintering process was inhibited. Consequently the densification is
incompleted because of remaining of high porosity in bulk glass-ceramics. The
complete densification can be obtained in glass compositions with higher boron oxide
content after thermal process because the higher content of boron oxide lead to form

higher the glassy phase in the glass-ceramics.
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Fig. 4.28 (a) Variation in area and height of powder sample of 34 — 10B during hot stage

microscope measurement (b) Geometric shapes of the sample associated to (a)

The viscosity of glass-ceramics were carried out by fixed point calculation
followed the definition of M.J. Pascual as shown below and VFT equation described in

Chapter 3.
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Characteristic viscosity points, defined by M.J. Pascual :
- First shrinkage temperature, T, (log 1 =9.1) M is viscosity dPa s
- Maximum shrinkage temperature, T, (log 1] =7.8)
- Deformation temperature, T, (log 1] =6.3)
- Sphere temperature, Ty, (log 1] =5.4)
- Hemisphere temperature, T,; (log M =4.1)
- Flow temperature, T, (log 1] =34 )
The calculated viscosity of glass 34 series with 5 — 20 wt.% boron oxide is shown
in Fig. 4.29. The viscosity at the same temperature decreases with amount of boron

oxide content. For this glass series, the viscosity at 800 °C and 900 °C is in range of

10°"- 10" and 10**-10°° dPa-s respectively.
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Fig. 4.29 Plot of viscosity data of glass 34 series obtained from hot-stage microscope

compared with viscometer curves calculated from VFT equation (solid line)

The viscosity of glasses in glass 35 series is slightly lower than glass 34 series,
which also reduced by boron oxide contents. Their viscosity is 10°"- 10" dPa's at 800

°C and 10"*-10°° dPa-s at 900 °C respectively as shown in Fig. 4.30.
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Fig. 4.30 Plot of viscosity data of glass 35 series obtained from hot-stage microscope

compared with viscometer curves calculated from VFT equation (solid line)

The viscosity of glass 37 and 37-5B are plotted in Fig. 4.31. The viscosity of
boron containing glass was slightly lower than non boron. It decreased from 10°® to 10>
dPa-s at 900 °C, and from 10° to 10"” dPa's at 800 °C. At high temperature, the
viscosities that obtained from fixed viscosity at T,; and Ty, were deviated from viscosity
calculated by VFT because the crystallization rate of glass in this system was very fast,
thus, the crystalline phases were remain in glassy phase. The viscosity then shifted to

higher, before completely melt at higher temperature.

From the softening behavior and viscosity experiments, it was found that glasses
with boron oxide from 5-20 wt.% have the CTEs in range of requirements for SOFC
sealing application, which were between 10° and 10° dPa-s at working temperature and

prone to keep higher than 10’ dPa-s after crystallized as glass-ceramics [34, 89].
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Fig. 4.31 Plot of viscosity data of glass 37 series obtained from hot-stage microscope

compared with viscometer curves calculated from VFT equation (solid line)

4.2.4. Joining test between glass-ceramics/ Crofer 22 APU stainless steel and

glass-ceramics/YSZ ceramics

The purposes of the joining test experiment are to test long term stability of the
joining between glass-ceramics and Crofer 22 APU and between glass-ceramics and
YSZ in. The interface between joined materials was observed through cross-sections by
SEM/EDS. Both joining test samples were heat treated at joining temperature 900 °C, 2 h
and then 800 °C for 100 h in normal air.

4.2.4.1. Joining test between glass—ceramics and Crofer 22 APU

stainless steel

The results of joining test between glass-ceramics and Crofer 22 APU stainless
steel are summarized in Table 4.14. Glass-ceramics without boron oxide content glass
37 and with 5 wt.% boron oxide glass 35-5B could not join with the stain steel. After heat
treatment at joining temperature, they were broken separately. In case of glass
composition which was containing higher boron oxide and lower viscosity at joining

temperature, all glass-ceramics from glass 34 series could be joined with Crofer 22
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APU. The glass-ceramics from glass 35 series with 10-20 wt.% B,O, and 37-5B with 5
wt.% B,0, could be joined with Crofer 22 APU stainless steel. The lower viscosity glass-
ceramics made by addition of boron oxide contained more glassy phase in bulk glass-
ceramics. It will encourage the stress release in a brittle glass-ceramics, caused by CTE

mismatch, and given them a proper viscosity to keep joining with the stainless steel.

Table 4.15 Joining test results compare with the CTE of glass ceramics.

CTE (100-600°C), x10° K

Paste sample Joining test
GC 900°C, 2 h

34-5B 11.71 v

34-10B 10.13

34-15B 9.53 v

34-20B 9.72 v

35-5B 10.12 x

35-10B 9.20 4

35-158 9.25 v

35-20B 10.41 v
37 11.02 x

37-5B 10.12 v

Note: ¥~ = attached, ¥ = detached

SEM images together with EDS mapping pictures of Cr and Fe elements which
were taken on cross-section between glass-ceramics in 34 series and Crofer 22 APU
stainless steel are shown in Fig. 4.32. The diffusion of Cr and Fe ion were observed by
EDS mapping. While the other joined samples performed sharply contrast of Cr and Fe
element concentrations at the interface, it only found that the significant detected points
of Cr element across into glass-ceramics 34-20B side. It could be assumed that at
higher viscosity and in glassy state, Cr and Fe ions could not diffuse through the
interface between viscous glassy phase and the stainless steel. In case of glass-
ceramics containing higher boron oxide content, the viscosity is continue to decrease,
the Cr and Fe then can diffuse and form layer of Cr,O, and FeO/Fe,O, as the layer found

at the interface.
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Fig. 4.32 SEM and EDX mapping of cross-section pictures of joined glass-ceramics in

34 series and Crofer 22 APU at 900 °C, 2 h and dwelling at 800 h,100 h

For joining of glass-ceramics from glass 35 series and the stainless steel (Fig.

4.33), the glass-ceramics containing 10, 15 and 20 wt.% shaved sharply interface. The
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diffusion trace of Cr and Fe through the glass-ceramics and the stainless steel boundary

was not found.

Crofer22 APU

Fig. 4.33 SEM and EDX mapping of cross-section pictures of joined glass-ceramics in

35 series and Crofer 22 APU at 900 °C, 2 h and dwelling at 800 h,100 h

Glass-ceramics 37 joined with the stainless steel also similar to the other sample
which perform a sharply interface, the layer of Cr or Fe oxides was not found as shown

in Fig. 4.34.
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Fig. 4.34 SEM and EDX mapping of cross-section pictures of joined glass-ceramics in

37 series and Crofer 22 APU at 900 °C, 2 h and dwelling at 800 h,100 h

4.2.4.2. Joining test between glass—ceramics and YSZ ceramic

The joining test of this experiment is different from 4.2.2.1. The sandwich of glass
paste between YSZ ceramics plate was free of compressive force in order to compare
the different with load of 1 kg sandwich sample in previous section. As-received YSZ
ceramics (8 mol% Y,0, — ZrO,) were prepared from MTEC laboratory by tape casting of
nano particle and sintered at 1200 °C. The glass-ceramics was also joined following the

same method of joining test with Crofer 22 APU stainless steel.

The cross-section between glass-ceramics from glass 34 series and YSZ were
shown in Fig. 4.35. The glass-ceramics 34-5B and 34-10B perform dense crystalline
phases among glassy matrix and with small pores after heat treated at 900 °C for 2 h
dwelling at 800 °C for 100 h. Their joining interfaces with YSZ show smoothly and tightly
interface without reaction layer between glass-ceramics and YSZ ceramics. The size
and amount of pore found in glass-ceramics 34-10B are bigger than glass-ceramics 34-
5 B. In glass-ceramics containing higher boron oxides, which are glass-ceramics 34-
15B and glass-ceramics 35-20B, the separation between crystalline phases and micro
crack among them were detected. The EDS spectra at different phases were determine
in quantity of elements, showed in Fig. 4.36 and Fig. 4.37 . It found that ratio of point 1 in
Fig. 4.36 is close to akermanite (C,MS,), therefore, the crystallization of this phases and
low CTE of glassy phase (point 2) should be the reasons for micro cracks. The glass-
ceramics 34-20B found diopside phase separate from glassy phase according to point

1 and point 2 in EDS result Fig. 4.37. Small pores were found along the interface
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between YSZ and both glass-ceramics 34-15B and 34-20B, however, there is no crack

penetrate from this zone.

1SkU 18

Fig. 4.35 SEM of cross-section pictures of joined glass-ceramics in 34 series and YSZ

ceramics
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Point 1
"‘:._‘" 34-15B Element % Element Atomic%
' i* - 0 78.65
Mg 4.52
Al 0.37
Si 7.45
Ca 9.01
Total 100.00
Point 2
Element % Element Atomic%
(0] 58.49
Mg 11.29
Al 2.82
Si 19.90
Ca 7.50
Total 100.00

Fig. 4.36 SEM/EDS quantitative results of glass-ceramics 34-15B joined with YSZ

Point 1
Element Atomic%
() 56.29
Mg 10.71
Al 0.90
Si 23.58
Ca 8.51
Total 100.00
Point 2
Element Atomic%
O 65.63
Mg 7.90
Al 0.03
Si 19.08
Ca 7.35
Total 100.00

Fig. 4.37 SEM/EDS quantitative results of glass-ceramics 34-20B joined with YSZ
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The results of heat treated sandwich of glass 35 series and YSZ showed the
increase in pores size. The amount of pores related to the boron oxide contents in glass.
The interface between glass-ceramics and YSZ was also smoothly and tightly interface
without chemical reaction layer as shown in Fig. 4.38. The pore size and amount of pore

were increase with B,O, contents.

15k 18um

. g% . e
et 35908

Vsz

15kU © 18um P =l =] = 15Ky 18 1m ®Z ., B0

Fig. 4.38 SEM of cross-section pictures of joined glass-ceramics in 35 series and YSZ

ceramics

In Fig. 4.39, glass-ceramics 37-5B showed the similar bonding with YSZ without

attacking the interface of YSZ.
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Fig. 4.39 SEM of cross-section pictures of joined glass-ceramics in 37 series and YSZ

ceramics

Glass-ceramics obtained by heat treatment without load was containing higher
pore and larger size than load of 1 kg as sandwich sample of glass-ceramics and
crofer22 APU stainless steels. The glass-ceramics between the crofer22 APU stainless
plates could be deformed by load, consequently, it led to release the pores and bubbles
during joining process at 900 °C. The pores were difficult to release out from viscous
glassy phase between sintering process, and high crystallization rate inhabited their
movement by increasing of viscosity when crystallization happens. Finally, the pores

were remaining surrounded by crystalline phases.

4.2.5. Thermal cycle and leak test

Thermal cycle test was evaluated from leak rate. The experiment was carried out
by heat treating the sandwich sample of Crofer 22 APU/ glass-ceramics/ Crofer 22 APU
at 800 °C, dwelling for 12 h each thermal cycle. The helium gas leak rate from the
sample was measured at room temperature by pressure drop using manormeter as
described in chapter 3. The results in Table 4.16 are the leak rate in unit volume of water

change by gas pressure dropping (cm3) per time (min) and sealing length.

The comparison of leak rates of all sample vs number of thermal cycles are plot
in Fig. 4.40. The leak rate of glass-ceramics 37 as sealant in the sandwich sample
obviously increased after heat treated for 2 thermal cycles. The leak rate continue

increased to reached the maximum at 7.40 x 10 cm>min"-cm™ after cycle number 6
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and small dropped to 5.60 x 10 after 7 thermal cycle number and the thermal cycle

test of this sample was terminated.

For the glass-ceramics in 34 and 35 as the sealants, the differences of leak rates
were not clear in comparing with each composition or each thermal cycle. The leak rate
were in the range of 10°-10" cm’min"-cm". While compare with other works from
literatures, it was found that the smallest leak rate of compressive mica seal at 800 °C, 2
psi of He gas, is 1.55 x 10" cm’min"-cm” [12]. Therefore, the leak rates of glass-
ceramics sealants in 34 and 35 series were comparable to that work. The glass-
ceramics sealant should hermetically seal at high temperature because it will become
softer by glassy phase and dense matrix. However, it must be free of crack between

interlayer and brittle ceramic phase by thermal expansion mismatch.

Consequently, it could be said that the glass composition with 5 — 20 wt.% boron
in 34 series and 10 — 20 wt.% in 35 series could be prepared for a stable sealant, which

kept low leak rate through 10 thermal cycles or 108 h of heat treated at 800 °C.

Table 4.16 Leak rate of sandwich sample of Crofer 22 APU/glass-ceramics/Crofer 22

APU after thermal cycle test (cm3-min'1-cm'1)

Number of thermal cycle

Sample 1 2 3 4 ) 6 7 8 9 10
Oh 12h 24h 36h 48h 60h 72h 84h 96h 108h
34-5B 1.58 5.33 2.32 7.53 2.62 2.27 2.01 1.71 1.37 3.43
E-03 E-03 E-03 E-04 E-03 E-03 E-03 E-03 E-03 E-03
34-10B 1.20 2.45 2.66 1.78 4.05 4.92 9.96 1.48 3.1 1.56
E-03 E-03 E-04 E-03 E-03 E-03 E-04 E-03 E-04 E-03
34-15B 2.39 2.65 3.48 2.45 2.47 1.43 4.69 1.10 1.10 4.39
E-03 E-03 E-04 E-03 E-03 E-03 E-04 E-03 E-03 E-03
34-20B 2.18 2.26 1.81 1.42 2.43 5.30 1.85 1.56 8.26 1.41
E-03 E-03 E-03 E-03 E-03 E-04 E-04 E-03 E-04 E-03
35-10B 2.25 2.33 1.90 2.18 8.37 1.56 2.61 1.13 1.28 1.68
E-03 E-03 E-03 E-03 E-04 E-03 E-05 E-03 E-03 E-03
35-15B 2.61 2.59 3.36 1.47 3.69 1.71 7.34 9.38 2.79 2.45
E-03 E-03 E-03 E-03 E-03 E-03 E-04 E-04 E-04 E-03
35-20B 1.63 2.62 5.20 1.54 2.27 2.25 8.90 1.18 1.56 1.77
E-03 E-03 E-03 E-03 E-03 E-03 E-04 E-03 E-03 E-03
37-5B 2.54 2.59 7.31 1.14 4.23 7.40 5.60

E-03 E-03 E-03 E-02 E-02 E-02 E-02
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Fig. 4.40 Comparison of leak rate of Crofer 22 APU stainless steel and glass-ceramic

sealant after each thermal cycle (800 °C, 12 h)

4.2.6. Crystallization behavior and thermal expansion stability

The crystalline phases in glass-ceramics were determined by XRD. The results
are summarized in Table 4.17. The akermanite crystalline phase was found as major
crystalline phase, in non-boron oxide glass-ceramics 34, 35 and 37 series, which XRD
patterns are shown in Fig. 4.41. In comparison of different crystalline phases
corresponding to B,O, contents in each series of glass compositions, the XRD-patterns
of glass-ceramics are plotted in Fig. 4.42 and Fig. 4.43. Diopside and forsterite phases
are found in glass-ceramics with 5 wt.% B,O, with akermanite phase. The akermanite
phase was not found in higher than 10 wt.% B,0O, containing glass-ceramics. In glass-
ceramics 35-15B and 35-20B, the anorthite phase is detected and its XRD intensity

increase among amorphous broad peak as showed in Fig. 4.43.
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Table 4.17 Crystalline phases found in glass-ceramics after heat treated at 900 °C, 2 h

obtained by XRD

Composition Akermanite (C,MS,) Diopside (CMS,) Forsterite (M,S) Anorthite (CAS,)
34 X - - -
34-5B X X X -
34-10B X X - -
34-15B - X X -
34-20B - X - -
35 X - - -
35-5B X X X -
35-10B X X X -
35-15B - X X X
35-20B - X - X
37 X \ _ _
37 -5B X X X -
A : akermanite (Ca,MgSi,0,) 34
2
(%]
c
[J]
E
[
=
8
(0]
© A
A A A A A
A
A A A A A A AA A
T T T T T T T T T T T T T
5 10 15 20 25 30 3 40 45 50 55 60 65 70 75
20

Fig. 4.41 XRD-patterns of glass-ceramics 34, 35 and 37 after heat treated at 900 °C, 2 h
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Relative Intensity

A : akermanite (Ca,Mgsi,O,)
D : diopside (CaMgSiZOB)

F : forsterite (Mgzsio4 )
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Fig. 4.42 XRD-patterns of glass-ceramics 34 series after heat treated at 900 °C, 2 h and

continue

heat treated at 800 °C, 100 h

Relative Intensity

A : akermanite (Ca,MgSi,0,)
D : diopside (CaMgSizos)
F : forsterite (MngiO4 )

O : Anorthite (CaAl_Si.O,)

2728

—— 35-10B
—— 35-15B
—35-20B
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Fig. 4.43 XRD-patterns of glass-ceramics 35 series after heat treated at 900 °C, 2 h and

continue

heat treated at 800 °C, 100 h
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In order to study the thermal stability on the change of their crystalline phases
and CTE, the glass-ceramics were continued heat treated at 800 °C for 100 h. The
dilatometric curves are plotted to compare their change in thermal expansion, which are
shown in Fig. 4.44 and their CTEs are showed in Table 4.18. The glass-ceramics after
heat treated at 900 °C for 2 h are still found softening points because they are not
completely crystallization and ratio of glassy phases are still high. When the glass-
ceramics were continue heat treated at 800 °C for 100 h, the crystalline phases increase
and reach to fully crystallization in glass matrix. The dilatometric curves of glass-
ceramics after long term thermal treatment at 800 °C for 100 h are strengthen in linear
curves by expansion of major crystalline phases. The increasing amount of boron oxide
content performed the effect on decreasing CTE of glass-ceramics from 11.65 to 9.72 x
10° K for glass 34 series and 11.46 to 9.25 x10° K for glass 35 series. The other
reasons of decreasing CTE is by decrease amount of akermanite phases in crystallized
glass when boron oxide content increase, then increase ratio of low CTE diopside and

anorthite phases.

Table 4.18 CTE of glass-ceramics after heat treated at 900 °C, 2 h and continue heat
treated at 800 °C, 100 h

CTE (x10° K') (range 50 - 600 °C)

Glass-ceramics

900 °C, 2h 900 °C, 2 h + 800 °C, 100 h
34 11.65 N/A
34 -5B 11.71 10.57
34 -10B 10.13 10.26
34 -15B 9.58 9.47
34 -20B 9.72 9.50
35 11.46 N/A
35-5B 11.38 N/A
35-10B 10.12 9.96
35-15B 9.20 8.79
35-20B 9.25 9.49
37 10.41 N/A
37 -5B 11.02 N/A
Crofer 22 APU SS 11.9
YSZ 10.8

Note: N/A = not analyzed
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Fig. 4.44 Dilatometric curve of glass-ceramics 34 and 35 series after heat treated at

900 °C for 2 h and continue heat treated at 800 °C for 2h.
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4.2.7. Electrical resistivity of glass- ceramics in 34 and 35 series

The glass compositions which were successfully joined with Crofer 22 APU were
further studied their electrical properties. The electrical resistivity measurements were
followed the same way as the experiment in Part | by using AC-impedance analysis
technique. The experiment was started to measure resistance from 600 to 800 °C,
unfortunately, the impedance analyzer could measure completely semi-circle at only 800 °C
at varied frequency from 5 Hz—13 MHz. It seems the bulk resistivity of the samples in this

part is too high to measure at low frequency and low temperature.

Table 4.19 Electrical resistivity of glass-ceramics at 800 °C

Sample Electrical resistivity, 0 [k{2-cm]
34-5B 2,921

34-10B 4,356

34-15B 43

34-20B 75

35-10B 369

35-15B 420

35-20B 892

The impedance spectra of glass-ceramics pellet from glass 34 series are shown
in Fig. 4.45. The resistivity of glass-ceramics in this series is divided into two groups, the
first group is lower boron oxide glass-ceramics 34-5B and 34-10B, which the electrical
resistivity range is 3-4.5 x 10° €d-cm. Another group is the electrical resistivity of 34-15B

and 34-20B, which in the range of 4.5-7.5 x 10" Q-cm. The difference of electrical
resistivity of both groups is about 10” times different due to difference of microstructure
of sintered pellets. The cracks were found in the sintered pellet 34-15B and 34-20B due
to phase separation between glass and crystalline phases. The CTE of each phases are
mismatch. The conductive electrode paste for preparing conductive surface can
penetrate along the crack surface; consequently, the calculated electrical resistivity is

lower by distance between electrodes, L is lower than measurement.
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Fig. 4.45 Impedance spectra, in Nyquist diagram form, of glass-ceramics in 34 series at
800 °C

Fig. 4.46 shows impedance spectra of glass-ceramics in 35 series which their

resistivity in range from 3.69 — 8.92 x 10° Q-cm. The major conducting ion of this glass

is I\/Ig2+ and Ca”'ions. Both ions have lower ionic mobility than major conductive ion in

glass composition in Part I, which are Na" and K’ ions. The electrical resistivity of glass-

ceramics in this part is very higher than minimum requirement for SOFC sealant

application (> 1 x10" Q-cm) [36].
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Fig. 4.46 Impedance spectra, in Nyquist diagram form, of glass-ceramics in 35 series at

800 °C




CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

Glass-ceramic sealants from barium-free silicate glass compositions were

successfully developed following the pSOFC sealant requirements.

From the results of experimental procedure in the first part, glass-ceramics
CM13 from the system Na,0-MgO-CaO-AlLO,-SiO, could be joined with AISI430
stainless steel without any internal cracks after joining at 900 °C, 2 h. Its CTE slightly
changed after heat treatment at 800 °C, 10 h from 12.98 to 12.45 x 10° K™ this is still
close to the CTE of AlISI430 stainless steel. It does, however, not tightly bond to YSZ
ceramic, because its CTE is higher than that of YSZ (10.8 x 10° K_1). The electrical
resistivity, measured by impedance spectroscopy, is the lowest in the CM1 series;
however, this still meets the minimum requirement at 800 °C. The other glass-ceramic
samples which could be joined with both AISI430 stainless steel and YSZ are CM22
(containing 5 mol% Na,O and 5 mol% K,O) and CM23 (containing 10 mol% Na,O).
Micro-cracks were found inside the glass-ceramics after joining due to a mismatch of
CTE. Upon thermal treatment of glass-ceramics at 800 °C for 10 h, the crystallization of
kaliophilite (KAISIO,) in the glass-ceramics raises the CTE; the effect is higher than with
nepheline (NaAISiO,). Thus micro-cracks are formed due to the higher CTE mismatch

between the stainless steel and the glass-ceramics.

In part Il, the glass-ceramics based on the system MgO-Ca0-Al,0,-SiO, were
prepared; viscosity was adjusted by adding B,O, from 0 to 20%. Glass-ceramics from
glass composition 34 and 35 series which contained boron oxide 5-20 wt.% and 10-20
wt.%, respectively, can be joined tightly with Crofer22 APU stainless steel and also with
YSZ. The results of thermal cycle test in combination with a helium gas leak test showed
that they could pass through 10 thermal cycles (108 h) with leak rates in the order of 10
10" em® min"-cm’” only. The CTEs of glass-ceramics after long term thermal treatment

at 800 °C for 100 h is slightly different from the initial glass-ceramics (obtained after
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thermal treatment at 900 °C, 2 h). The increase of the boron oxide content in the glass
compositions leads to a decrease of CTE after crystallization. This is due to the
formation of the low-CTE phases diopside and anorthite. In the case of 20 wt.% boron
oxide, an enhanced diffusion of Cr ions at the interface of glass-ceramics and Crofer22
APU stainless steel interface, and the formation of micro-cracks due to CTE mismatch is

observed.

5.2 Future work

Barium free glass-ceramics from the system CaO-MgO-Al,O,-SiO, are potential
candidate materials and their properties are comparable with BaO base glass and
glass-ceramic sealants. Although their CTE is lower than Crofer22 APU stainless steel, it
can be tailored by adding functional additives such as transition metal oxides. The

chemical stability in both oxidizing and reducing environment needs to be investigated.
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Detail of batch chemicals used in glass preparation
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Chemicals

Suppliers

Purity (%pure)

SiO, (pure precipitated)
Silica sand
AlLQ, (calcined)
AlLQ, (calcined)
HB,O,

MgCO,
MgCO, Mg(OH), 5H,0
CaCo,

CaCo,

ZnO
Bi,O,

Na,CO,

K,CO

2 3

Ethyl Cellulose

Polyvinyl Alcohol BF17W

Terpineol

Ajex Finechem Pty, New Zealand
Commercial grade
APS, Australia
Merk, Germany
Fisher, United Kingdom
Fluka, Switzerland
Merk, Germany
Fluka, Switzerland
Merk, Germany
Fluka, Switzerland
Fluka, Spain
Fluka, Switzerland
APS, Australia

Wako Pure Chemical Industries,
Japan

Ajex Finechem Pty, New Zealand

Sigma-Aldrich, Singapore

>98
>95
>95%
>99%
99.99
40.0% MgO
>40% MgO
>99%
>99%

>99

>99%
>99%

abt.49% ethoxy 45

>60% alpha- terpineol,

<0.5% water
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APPENDIX B

Equilibrium plot of Constitutional Compounds of glass 31-37 calculated by

FactSage software.
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Equilibrium plot of Constitutional Compounds of glass 31 composition calculated by

FactSage
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Equilibrium plot of Constitutional Compounds of glass 32 calculated by FactSage



g-Mg2SiO4(s) e J-CaSiO3(s)
100 A
g-CaMgSi206(s) g-Ca2MgsSi207(s)
s (-Ca3MgSi208(s) g-CaAl2Si208(s2)
Sla
80 g-Ca2Al2SiOo7(s) g-T-SLAG
< Ca2MgSi207
g
P 60
k= CaSio3
>
<]
£
15 40 1
CaMgSi206
20 1 Mg2SiO4
Ca2Al2Sio7
CaAl2S1208
0

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Temperature (°C)

Equilibrium plot of Constitutional Compounds of glass 33 calculated by FactSage
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Equilibrium plot of Constitutional Compounds of glass 35 calculated by FactSage
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Compounds (Wt%)
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Description and some specifications of AISI 430 stainless steel or TNX SC17

(product of Thainox Stainless Public Company Limited, Thailand)

CHEMICAL

TISI (THAILAND)
JIS (JAPAN)

AlSI (USA)
EURONORM (EUROPE)

SST 430
SUS 430
LED]

X6Cr17 -1.4016

COMPOSITION Alloys

According to ASTM A240 / A240M = 04

ThaiNox

Si

Cr

Ni

%

<012

<1.0

<0.75

16-18

<0.75

CORROSION RESISTANCE

B TNX SC17 offers a good resistance to corrosion in many applications:
- domestic environments, although cleaning is required from time to time to
- preserve the initial attractive appearance

- food products for domestic uses

- spaps, detergents and cold alkaline solutions
- numerous organic substances such as phenal, petroleum, alcohals
m care must however be taken to prevent pitting corrosion in case of halides
(chlorides, fluorides...): limit of temperature, duration of contact, cleaning
and rinsing after use should be observed.,
® TNX SC17 has acceptable resistance to nitric acid up to 65 % and 50 °C,
weak organic acids at 20 'C (oxalic, formic < 5 %), caustics solutions (10 %

up to boiling point, 50 % at 20 °C.)

m the use of strong acids (sulphuric, hydrochloric...) in service or as cleaning agents

is not recommended.

m TNX'SC17 is not sensitive to stress corrosion cracking.

® TNX SC17 s able to withstand oxidation under conditions of continuous service

up to 800 °C.

Thainox Stainless Public Company Limited

Head Office:
31IF Unit 3101-3 CRC Tower, All Seasons Place,

B7/2 Wireless Road, Lumpini, Pathumwan, Bangkok 10330, Thailand

Tel. (66 2) 250 7621-32 Fax (66 2) 250 7633

Rayeng Plant:

324 Moo B, Highway No. 3181 Road, Tambol Mabkha,
Ging Amphor Nikompattana, Rayong 21180, Thaitand
Tel. (66 38) 636 125-32 Fax (66 38) 636 099

Website: www.thainot.com
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Description and some specifications of Crofer 22 APU stainless steel (product of

ThyssenKrupp VDM GmbH, Germany)

Designations and standards

ThyssenKrupp VDM GmbH
Plettenbergerstrasse 2

58791 Werdohl

P.0. Box 18 20

58778 Werdohl

Germany

Phone: +49 2392 55-0

Fax:  +49239255-2217
EMail:  vdm@thyssenkrupp.com
www.thyssenkruppvdm.com
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APPENDIX E

Results from hot-stage microscope measurements of compact glass powder on

platinum support
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during hot stage microscope measurement (b) Geometric shapes of the sample
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