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ABSTRACT
Seal glass is essential and plays a crucial role in solid oxide fuel/electrolyzer cell
performance and durability. A seal glass should have a combination of thermal, chemical,
mechanical, and electrical properties in order to seal different cell components and stacks and
prevent gas leakage. All the desired properties can simultaneously be obtained in a seal glass by
suitable compositional design. In this dissertation, SrO-La2O3-Al2O3-B2O3-SiO2 based seal
glasses have been developed and composition-structure-property relationships have been
investigated. B2O3 free SrO-La2O3-Al2O3-SiO2 based seal glass is the most suitable and its
compatibility with the metallic interconnects and sealing performances have been evaluated.
A seal glass should be stable for 5,000-40,000 hrs in the oxidizing and reducing
atmospheres at 600-900°C but both the thermal and chemical stability is a persistent problem.
The effect of Al2O3 on a SrO-La2O3-Al2O3-B2O3-SiO2 based seal glass has been studied to
improve the thermal properties, such as glass transition temperature, softening temperature and
thermal expansion coefficient, and the thermal stability. Al2O3 improves the thermal stability but
does not significantly affect the thermal properties of the seal glass.
Comprehensive understanding of composition-structure-property relationships is needed
to design a suitable seal glass. The thermal properties and stability of a borosilicate seal glass
depend on the B2O3:SiO2 ratio in the composition. The role of B2O3:SiO2 ratio on the glass

thermal stability were correlated with the glass network structure and the calculated network
connectivity. This study shows that the thermal properties degrade with increasing B2O3:SiO2
ratio due to increase in the non-bridging oxygen and decrease in the network connectivity. High
B2O3:SiO2 ratio induces BO4 and SiO4 structural unit ordering, increases micro-heterogeneity,
and subsequently degrades thermal stability. B2O3 free SrO-La2O3-Al2O3-SiO2 seal glass shows
the best combination of the thermal properties and thermal stability among the studied glasses.
Nickel or nickel oxide is added into a seal glass to modify the thermal properties
depending on the specific composition. The role of nickel as a network former or modifier and
its effect on the thermal properties and thermal stability of the SrO-La2O3-Al2O3-B2O3-SiO2
based seal glasses have been investigated. Nickel is a modifier in this glass system and does not
improve the thermal properties but degrades thermal stability by decreasing network connectivity
and inducing micro-heterogeneity.
The interconnect-seal glass interface stability is the most crucial for solid oxide
fuel/electrolyzer cell. Crofer 22 APU and AISI 441 alloys are the preferred interconnects. The
interfacial stability of the SrO-La2O3-Al2O3-SiO2 based seal glass with these alloys have been
studied as a function of time (0-1000 hrs), temperature (700-850°C), atmospheres (air, argon,
and H2O/H2) using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
and X-ray diffraction analysis (XRD). Complementary analytical techniques such as wave length
dispersive spectroscopy (WDS) and SEM of thin samples were also carried out for selected
samples. This study shows good interfacial stability of the SrO-La2O3-Al2O3-SiO2 based seal
glass with these alloys for the studied conditions.
A suitable seal glass should be hermetic and withstand 100-1000 thermal cycles for
practical application. Sealing performances of the SrO-La2O3-Al2O3-SiO2 based seal glass have
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been evaluated by pressure-leakage method. The seal glass is hermetic for at least 2000 hrs and
withstands 100 thermal cycles. Overall, present work shows that the SrO-La2O3-Al2O3-SiO2
based glass has all the desired properties and suitable for solid oxide fuel/electrolyzer cell seal.
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CHAPTER ONE

INTRODUCTION
Fuel cells are electrochemical devices that convert hydrogen or hydrocarbon into
electricity to fulfill the exponentially increasing demand without any pollution. When hydrogen
is used as a fuel, water is the by-product. Example fuel cells are phosphoric acid fuel cell, proton
exchange membrane fuel cell, molten carbonate fuel cell, solid oxide fuel cell, and alkaline fuel
cell. Among these different fuel cells, solid oxide fuel cells (SOFCs) are the most preferred due
to their higher efficiency (45-85%) [1,2], fuel flexibility, and cost effectiveness. However,
SOFCs have to be operated at high temperatures (500-1000°C) to realize these advantages. When
a SOFC is operated in the reverse mode, it is called solid oxide electrolyzer cell (SOEC) and can
generate hydrogen by splitting water. The SOFC/SOEC working principle is shown
schematically in Fig. 1-1. Thus electrical energy and hydrogen fuel can be produced
simultaneously by proper design. In addition, the heat loss in nuclear plant and gas-turbines can
also be used to operate SOFC/SOEC.

(a)

(b)

Fig.1-1. Schematics of a) SOFC and b) SOEC principle [3].

A SOFC mainly consists of electrodes (anode and cathode), electrolyte, and interconnect.
Oxygen gas from air is ionized to oxygen ions at the cathode side. The oxygen ions then migrate
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to the anode side through solid oxide electrolyte and combine with the fuel at the anode side. The
interconnect collects current and provides integrity to the cell stacks.
SOFCs have great potentials for stationary and mobile applications such as residential,
power grid, military, long duration mobile devices, and remote communication electronics.
SOFC can be classified into three types according to operating temperatures: high temperature
SOFC (900-1000°C), intermediate temperature SOFC (700-900°C), and low temperature SOFC
(500-700°C). Typical SOFC operating temperature is ~ 800°C. Most of the research has been
carried out for intermediate temperature SOFCs. Reducing the operating temperature to 500600°C requires new electrolytes with high oxygen ionic conductivity, active catalysts for
oxidation at the anode and reduction at the cathode, and electrode materials with suitable ionic
and electronic conductivities. To produce electrical power in kilowatt to megawatt range, many
cells need to be stacked through interconnect materials. With the understanding that the cathode
in the SOFC mode acts as the anode in the SOEC mode and the anode in the SOFC mode serves
as the cathode in the SOEC mode, five components are essential in a cell stack. Using SOFC
configuration for discussion convenience, they are electrolyte, cathode, anode, interconnect, and
seal. Fully dense and high ionic conductivity cubic ZrO2 is the electrolyte. Lanthanum
manganite, lanthanum strontium cobaltite, and lanthanum strontium cobaltite ferrite have been
used as the cathode [4]. Ni-ZrO2 cermet is used as the anode [5]. Iron-based alloys with high
chromium content are used as the interconnect [6].
There are mainly two designs for SOFCs: tubular and planar. Planar designs are preferred
due to: 1) high power density, 2) a wide range of operating temperatures, 3) potential for both
stationary and mobile applications, 4) design flexibility and ease of fabrication, and 5) lower cost
[7]. For example, a current density of 3468 A·m-2 can be obtained from a planar design compared
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to 2890 A·m-2 from a tubular design at the same operating condition [8]. For planar design,
sealing is required along the edges of cell components [7]. The locations of seals in planner
SOFCs are illustrated in Fig. 1-2. A seal material is a critical component of planar SOFCs
because it seals the cells/stacks and prevents gas leakage and mixing. The efficiency of SOFCs
degrades proportionally to the gas leakage rate because of less utilization of input fuels. Mixing
of reducing and oxidizing gases also accelerates cell performance degradation and can cause
explosion [9,10]. Development of a suitable seal material is the focus of this dissertation.

Air electrode
Electrolyte
Hydrogen electrode
Glass seal
Interconnect

}
H2

Repeating unit cell

O2

Fig. 1-2. Schematic illustration of seal positions in a planar SOFC for an anode supported cell
stack using H2 as the fuel.

1.1. Functional requirements of seals for solid oxide cells
In planar SOFCs, gas-tight sealing is required along the edges of the electrodes,
electrolyte, and interconnect as well as between individual cells as shown in Fig. 1-2 depending
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on specific cell configuration such as anode supported, electrolyte supported, cathode supported,
or metal supported cell. There are two basic needs for a sealing material. First, it needs to seal
the adjacent cell components. Second, the seal needs to be stable over long term cell operation.
The requirements of a seal are listed in Table 1-1 [11,12]. Lack of suitable seal materials is the
main shortcoming for the advancement of planar SOFCs.

Table 1-1. Properties and fabrication requirements of a SOFC/SOEC seal.
Properties

Requirements
• Thermal expansion coefficient (CTE) at 9.5
12.0 × 10-6/°C
• Thermally stable for ~ 5,000 hrs for mobile

Thermal properties

applications and for ~ 50,000 hrs for stationary
applications

at

650-900°C

cell

operating

temperatures
• Resistant to vaporization and compositional
change in stringent oxidizing and wet reducing
Chemical properties

atmospheres at 650-900°C
• Limited or no reaction with other cell
components
• Withstand external static and dynamic forces

Mechanical properties

during transportation and operation
• Resistant to thermal cycling failure during
start-up and shut-down of cell stacks
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Electrical properties

• Electrical resistivity ≥ 104 Ω·cm at operating
temperature
• Sealing load < 35 kPa
• Withstand differential pressure up to 14-35

Sealing ability

kPa across a cell or stack.
• Total fuel leakage < 1% for the duration of the
cell life.

Fabrication flexibility

• Flexible design, low processing cost, and
high reliability

1.2. Classification of seals
There are three types of seals: compressive, compliant, and rigid. Mica and mica-based
hybrid materials, metal-brazes, and glass/glass-ceramic materials are used as compressive,
compliant, and rigid seals, respectively [7,13]. At cell operating temperatures, compressive seals
require an applied load, which complicates cell design and increases fabrication cost. Compliant
seals do not bond well with the SOFC components, are prone to oxidation and ‘hydrogen
embrittlement’, and are electrically conductive. Glass and glass-ceramic seals are rigid seals amd
have many advantages compared to compressive and compliant seals. Glass and glass-ceramic
seals rigidly bond to the cell components, can prevent leakage and mixing of gasses, and are
electrically insulating. Additionally, glass and glass-ceramic seals are flexible in design, easy to
fabricate, and cost-competitive [7,11-13]. A wide range of material properties required for
sealing can be achieved in a glass or glass-ceramic seal by suitable compositional adjustment.
Seal glasses are preferred due to these advantages. Seal glasses are studied in this dissertation.
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1.3. Design criteria of glass seal
Various physical and chemical properties and thermal stability should be obtained
simultaneously in a glass seal material for proper SOFC/SOEC operation. The most important
physical properties include glass transition temperature (Tg), thermal expansion coefficient
(CTE), and electrical resistivity. Chemical properties include resistance to vaporization and
degradation at cell operating temperatures (500-1000°C) in oxidizing (cathode side) and wet
reducing (≥ 50 vol% H2O, anode side) atmospheres. A seal material should be compatible with
the interfacing components to avoid pores and cracks which are gas leakage paths. Since SOFCs
need to operate continuously for ≥ 5,000 hrs for mobile applications and ≥ 40,000 hrs for
stationary applications, and undergo thousands of thermal cycles between room temperature and
operating temperature [14], a seal material should be stable and withstand thermal cycling
without substantial property degradation for the entire period. Additionally, a seal glass should
withstand thermal and mechanical stresses arising from material property differences,
temperature gradient, and various loads during operation and transportation. The electrical
resistivity of a seal glass must be high to prevent SOFC from electrical shunting. Simultaneous
fulfillment of these requirements is the main challenge in developing a suitable seal material
[7,10,12-14].
Glass is defined as ‘an amorphous solid completely lacking in long range periodic atomic
structure and exhibiting a region of glass transformation behavior’ [15]. Seal glasses contain
network formers, network modifiers, intermediates, and additives. Network formers are oxides of
high field strength (1.0-2.0) and low coordination number (3-4), which form polyhedral units in a
glass network structure [16,17]. Common network formers for seal glasses are SiO2 and B2O3.
Network modifiers are oxides of low field strength (≤ 0.35) and high coordination number (8)
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[16,17]. They disrupt glass network structure, occupy random positions in-between the
polyhedra, and maintain local charge neutrality [15,16]. Modifier oxides create non-bridging
oxygen which do not link the polyhedral units [15-17]. Common network modifiers are alkaline
oxides and alkaline earth oxides. Intermediate oxides have field strength (0.84-1.04) and
coordination number (4-6) in-between those of the network formers and modifiers [16]. They can
either be a glass former or a modifier depending on the specific glass composition. Al2O3 is the
most commonly used intermediate oxide in seal glasses. Rare earth oxides (such as La2O3) and
transition metal oxides (such as NiO, TiO2, and ZnO) are often added into a seal glass to tailor
the desired properties and known as additives [18]. A schematic illustration of glass structure is
shown in Fig. 1-3.

Former
Intermediate
Oxygen
Modifier
Additive

Fig. 1-3. Schematic illustration of a glass network structure.

Glass from pure glass forming oxides does not have the required properties suited for
SOFC/SOEC seal. For example, silica glass is the most thermally stable glass but has high Tg
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(1203°C), Ts (> 1400°C), and low CTE (0.5× 10-6/°C) and unsuitable for SOFC seal [16].
However, the desired properties of SOFC glass seal can be tailored by compositional design.
Glass composition design is generally based on the properties of individual oxides in a particular
glass system [15,16,19]. Designs of seal glass compositions are mainly based on the knowledge
of the field strength of the constituent cations and the ‘additive rule’. Field strength, F, of an
oxide is expressed as [16,19]:

F=

z
r2

(1-1)

where ‘z’ is the valency of the cation and ‘r’ is the interatomic distance between cation and
oxygen.
The desired properties of a seal glass (Table 1-1) are often not achieved based on this
compositional design due to three reasons: deviation of ‘additive rule’ due to ‘combined ion
effect’, ‘boron anomaly’, and lack of understanding of glass composition-structure-property
relations. According to the ‘additive rule’, seal glass properties, C, can be modified by varying
constituents in a glass composition according to [19]
C = mi Ci + a

(1-2)

where C is any property, mi is the molar concentration of oxide i, Ci is the corresponding
property of glass composition i, and a is a constant that depends on the particular glass system.
However, deviation of ‘additive rule’ is frequently observed due to short-range interaction
between different types of modifiers [15,19,20]. This phenomenon is known as ‘combined ion
effect’. From a different aspect, B2O3 is a common constituent in most of the seal glass
compositions. Modifier cations change the glass properties anomalously by converting planar
boroxyl structural groups to borate structural groups in B2O3-containing glasses. This
phenomenon is known as ‘boron anomaly’ [15,16]. The properties of a seal glass depend not
8

only on the cationic field strength but also on the coordination number of cations, cation-oxygen
bond length and bond angles, local ordering in the network structure, and the degree of network
connectivity. Heterogeneity due to local ordering can occur at the atomic level in a multicomponent seal glass [18,21-23].
For SOFC/SOEC seal application, three types of glass system have been investigated:
silicate, borate, and borosilicate glasses. These studies are carried out mainly to modify the
thermal properties. Even though the thermal properties have been achieved in these studied
glasses, long-term stability and sealing performances remain a persistent problem due to the lack
of understanding the composition-structure-property relation.

1.4. Properties of glass seal

1.4.1. Thermal properties
There are three important thermal properties to consider for a SOFC seal glass: glass
transition temperature (Tg), glass softening temperature (Ts), and thermal expansion coefficient
(CTE). Tg can be defined as ‘on heating, the temperature at which a glas transforms from an
elastic to a viscoelastic materials characterized by the onset of a rapid change in thermal
expansivity’ [24]. Glass softens and becomes flowable at Ts. CTE is the volume change of glass
during heating or cooling. Generally linear thermal expansion is used as the CTE since glass is
an isotropic material.

1.4.1.1. Glass transition and softening temperature
Glass is brittle below Tg. The Tg value of a seal glass should be slightly below the cell
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operating temperature to relieve thermal stress and self-heal cracks [25,26]. Ts value should be
higher than the cell operating temperature to avoid excessive glass flow but below 1000°C to
maintain the oxidation resistance of the metallic interconnects during sealing. Tg and Ts should
be in the temperature ranges of 650-750°C and 700-900°C, respectively. Tg and Ts of a seal glass
depend on the compositions.
A seal glass generally contains 40-70 mol% network formers. Tg in 675-725°C
temperature range and Ts in 725-825°C temperature range have been obtained for silicate glasses
[27-32]. Tg and Ts generally increase with SiO2 content because of high Tg and Ts of vitreous
SiO2. Tg in 500-580°C temperature range has been achieved for borate glasses [29-32]. Presence
of planar boroxyl structural groups and low Tg of pure B2O3 (~ 275°C) lead to low Tg for these
glasses [16,19]. For borosilicate glasses, Tg of 480-740°C and Ts of 600-750°C are obtained
[29,33-41]. Tg and Ts decrease by 50-100°C with the increase of B2O3/SiO2 ratio as shown for
borosilicate glasses [29,33,42].
A seal glass generally contains 20-45 mol% network modifiers. A wide range of Tg and
Ts have been obtained in alkaline earth oxide containing seal glasses. Tg of 500-675°C and Ts of
650-750°C are obtained in BaO-containing borosilicate glasses [27,29,34,36-38,40,42]. Tg of
625-700°C and Ts of 700-775°C are obtained in SrO-borosilicate seal glasses [33,35,41]. Tg of
610-720°C are obtained for CaO-containing and MgO-containing borosilicate glasses [29,36,43].
Modifier oxides decrease Tg and Ts in a silicate glass. The field strength of modifier ions can
modify the Tg and Ts. The field strength of modifier cations are: K+ (0.17) <Na+ (0.19) <Li+
(0.23) for alkaline oxides and Ba2+ (0.24) <Sr2+ (0.27) <Ca2+(0.33-0.35) <Mg2+ (0.45-0.51) for
alkaline earth ions [15,16]. The Tg and Ts of a seal glass increase in the same order when these
species are involved. Tg and Ts of alkaline earth oxide containing glasses are higher than those of
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alkaline oxide containing glasses because of the higher field strength and lower mobility of
alkaline earth ions. For example, Tg decreases by ~ 110°C (from 685°C to 562°C) as the alkaline
oxide content (Na2O + K2O) increases from 8 to 16.6 mol% by replacing alkaline earth oxide
(MgO + CaO) in a borosilicate seal glass [44].
Al2O3 is the most commonly used intermediate oxide, generally at 5-10 mol% in a seal
glass composition. Al2O3 is a network former if the coordination number of Al3+ is four and is a
network modifier if the coordination of Al3+ is five or six [15,16,21]. In general, Tg and Ts
increase if Al2O3 is a network former but decrease if Al2O3 is a network modifier. For example,
10 mol% increase in the Al2O3 content (6.9 mol% to 17.0 mol%) decreases Tg by 30°C (from
638°C to 608°C) in a CaO-MgO-borosilicate glass [43].
Several additives such as rare earth metal oxides and transition metal oxides are used in
seal glass compositions to tailor the thermal properties. La2O3, a rare earth metal oxide, is
commonly used in seal glass compositions. Less than 10 mol% La2O3 is sufficient to increase the
Tg by 30-50°C although more than 20 mol% has been used in some seal glasses [33,41,44].
ZrO2, TiO2, NiO, ZnO, and Y2O3 are the transition metal oxides used in seal glass compositions.
The effect of the transition metal oxides on Tg and Ts depends on the specific glass composition
[18,23]. Tg and Ts increase when these oxides are network formers and decrease or unchanged
when these oxides are network modifiers. For example, 2 mol% ZrO2 addition has no effect on
Tg in MgO-borosilicate glasses [36] but 3 mol% ZrO2 addition increases Tg by 15-20°C in a
BaO-borosilicate glass [37] and Ts by 50-70°C in an alkaline and alkaline earth oxide containing
silicate glass[32]. Similar anomaly have been observed for TiO2, Ni, and ZnO when they are
added in silicate and borosilicate glasses [29,36,37,45-48].
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1.4.1.2. Thermal expansion coefficient
The CTE of a seal glass should not differ by more than 1 × 10-6/°C with the interfacing
SOFC components in order to obtain pore- and crack-free interface [49]. CTE mismatch between
the seal glass and the adjoining SOFC components can cause tensile (CTEcomponent> CTEglass) or
compressive (CTEcomponent< CTEglass) thermal stress at the interface [50]. The CTEs of SOFC
components are generally 10.5× 10-6/°C for the electrolyte, 12.4 × 10-6/°C for the cathode, 1014.0 × 10-6/°C for the anode, and 11.0-15.0 × 10-6/°C for the interconnect [51-53]. Tensile stress
often leads to cracks at the interface and in the glass. Compressive stress to some extent can be
tolerated because the compressive strength of a seal glass is much higher than the tensile strength
(as high as 15 times [54]) but a seal glass may delaminate from the interfacing components due
to excessive compressive stress. In practice, a CTE of 9.5-12.0 × 10-6/°C is required for a seal
glass. Roles of different constituents on the CTE of a seal glass generally follow the opposite
trend as on Tg and Ts. The specific effect can be analyzed based on the function of the glass
constituents.
Regarding glass network formers, CTEs of 9.0-13.0×10-6/°C, 9.5-10.5×10-6/°C, and 9.013.0×10-6/°C have been obtained for silicate, borate, and borosilicate glasses, respectively [2935,37-42,55-57]. For borosilicate glasses, CTE increases by 1.0-2.0 ×10-6/°C with increase in
B2O3/SiO2 ratio.
Regardless of the modifier types, desired CTE has been obtained for seal glasses [2935,37-42,56,57]. CTE increases with increasing modifier content and decreasing modifier field
strength. For example, CTE increases from 8.5 × 10-6/°C to 12.0 × 10-6/°C in a BaO-MgOsilicate glass when BaO/MgO ratio increases from 0.67 to 4.0 because of the lower field strength
of BaO [30]. CTE increases from ~ 8.0 × 10-6/°C to 11.5 × 10-6/°C in a BaO-borosilicate glass
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with BaO content increase from 20 mol% to 40 mol% [42,58]. CTE increases from 8.08 × 106

/°C to 9.20 × 10-6/°C in a SrO-borosilicate glass when SrO content increases from 35.31 mol%

to 41.76 mol% [33].
Intermediate oxides play a dual role regarding CTE. For example, CTE decreases when
Al2O3 is a network former and increases when it is a network modifier. 1-2 mol% Al2O3 addition
decreases CTE by ~ 1.5 × 10-6/°C for silicate and borosilicate seal glasses [46,47].
The effect of additives on CTE has no consistent trend. 2.0-3.0 mol% La2O3 increase in
BaO-borosilicate and SrO-borosilicate seal glasses increases the CTE by ~ 1.0 ×10-6/°C due to
increased amount of non-bridging oxygen [33,37]. Addition of transitional metal oxides increases
CTE if they are network modifiers and decreases CTE if they are network formers. 3 mol% NiO
increases CTE by ~ 1.0 ×10-6/°C for a BaO-borosilicate glass [37]. 2 mol% ZrO2 decreases CTE
by 0.5-0.7 ×10-6/°C for a BaO-borosilicate glass [37] but has no impact for a MgO-borosilicate
glass [36].
Thermal treatment affects the CTE due to two reasons: structural rearrangement [20] and
formation of devitrified phases with different CTE values. The CTEs of different devitrified
phases in alkaline earth oxide containing seal glasses are given in Table 1-2. Devitrified phases
with CTE different from glass can generate thermal stress resulting in degradation of a seal glass.
For example, the CTE of a BaO-borosilicate seal glass decreases from ~ 11.5× 10-6/°C to ~ 7.5×
10-6/°C due to formation of devitrified BaAl2Si2O8 phases with low CTE [42]. CTE change of a
seal glass with thermal treatment time and temperature is undesirable.
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Table 1-2. CTE of devitrified phases in seal glasses.
Devitrified phases

Formula

CTE (× 10-6/°C)

Quartz

SiO2

11.2-23.3

Enstatite

MgSiO3

9.0-12.0

Clinoenstatite

MgSiO3

7.8-13.5

Protoenstatite

MgSiO3

9.8

Forsterite

Mg2SiO4

9.4

Wollastonite

CaSiO3

9.4

Calcium orthosilicate

Ca2SiO4

10.8-14.4

Barium silicate

BaSiO3

10.5-12.5

Ba2Si3O8

(12.6 )

αa =4.0
Barium borate

BaB2O4

αc=36.0

Barium zirconate

BaZrO3

7.9

Hexacelsian

BaAl2Si2O8

6.6-8.0

Monocelsian

BaAl2Si2O8

2.3

Orthorhombic Celsian

BaAl2Si2O8

4.5-7.1

Hexacelsian

SrAl2Si2O8

7.5-11.1

Monocelsian

SrAl2Si2O8

2.7

Orthorhombic Celsian

SrAl2Si2O8

5.4-7.6

Cordierite

Mg2Al4Si5O18

2.0
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1.4.2. Stability

1.4.2.1. Thermal stability
Thermal stability is defined as resistance to devitrification of a glass/glass-ceramic
material at SOFC/SOEC operating conditions. Devitrification of a seal glass is undesirable
because of the glass property change it incurs. Localized stresses due to the CTE difference
between the devitrified phase(s) and the glass phase are of the most concern. These stresses and
the lower flowability of the devitrified phases can create pores and cracks in the glass and at the
interface. For example, pores and cracks form in a BaO-CaO-borosilicate glass after thermal
treatment at 850°C for 1 hr followed by 4 hrs at 750°C because of the CTE difference between
the devitrified phases and the glass phase [59]. Qualitatively, higher temperature and longer time
required to devitrify a glass mean higher thermal stability.
The origins of devitrification are the very small nuclei formed during glass making,
heterogeneity in glass network structure, surface flaws such as dust particles or other
contaminant during glass preparation, and residual stress from mechanical polishing [15,22,
60,61]. Thermal stability depends on seal glass composition and thermal treatment conditions.
Glass formers can exist in different structural units. Silicate structural units (in silicate
and borosilicate systems) and borate structural units (in borate and borosilicate systems) are
common species. In silicate glass, the structural units are disilicate (Si2O5), metasilicate (Si2O6),
pyrosilicate (Si2O7), and orthosilicate (SiO4) with one, two, three, and four non-bridging oxygen
atoms respectively. The silicate structural units can further form chains (such as Si3O4, Si3O10) or
rings (such as Si4O12, Si6O18) [16,17,19,62]. In borate glass, the structural units are boroxyl
(B3O6), diborate (B4O9), pentaborate (B5O10), dipentaborate (B5O12), tetraborate (B8O16),
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metaborate (B3O6), pyroborate (B2O5), and orthoborate (BO3) [63]. Coexistence of several
different types of structural units induces heterogeneity in the network structure [64,65].
Devitrification of a lithium disilicate glass occurs due to the presence of pyrosilicate (Si2O7) and
orthosilicate (SiO4) structural units which cause glass structure heterogeneity [64,65]. Silicate
glasses have a higher degree of devitrification resistance than borate and borosilicate glasses. For
example, the devitrification temperature of a MgO-BaO-SiO2 seal glass decreases from 918°C to
800°C with 5 mol% B2O3 addition [29].
Devitrification resistance of a seal glass also depends on glass modifiers. Fig. 1-4 shows
the devitrification temperature of silicate and borosilicate glasses when alkaline earth oxides are
used as glass network modifiers [30,36,57,66]. In these glasses, the overall composition is fixed
but the type of modifier is varied. Devitrification temperature decreases in silicate glasses but
increases in a borosilicate glass when the field strength of the modifier cation increases (Fig. 14). Generally, heterogeneity in glass structure increases with increasing modifier field strength
[67]. As a result, the devitrification temperature in silicate glasses decreases (Fig. 1-4). For the
specific silicate glass compositions in Fig. 1-4, the devitrifictaion temperature decreases in the
order of Ba2+>Sr2+>Ca2+>Mg2+. In the borosilicate glasses, higher field strength modifiers
improve the homogeneous mixing of the borate structural units and the silicate structural units.
As a result, the devitrification temperature increases. For the specific borosilicate glass
compositions in Fig. 1-4, the devitrification temperature increases in the order of
Ba2+<Ca2+<Mg2+.
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Fig. 1-4. Devitrification temperature vs field strength of modifier cations in silicate and
borosilicate glasses.

A small amount (<10 mol%) of intermediates in a seal glass generally improves
devitrification resistance [68]. In a borosilicate glass, 3-8 mol% Al2O3 improves the
devitrification resistance by decreasing the amount of borate structural units, which are
immiscible with silicate structural units [69,70]. If an excess amount of intermediate exists, it
decreases the devitrification resistance. For example, 10 mol% Al2O3 degrades devitrification
resistance by enhancing phase separation in a MgO-borosilicate glass [36].
Additives generally degrade devitrification resistance. In a BaO-borosilicate glass, 5
mol% La2O3 leads to formation of Ba4La6O(SiO4)4 at 800°C [37]. In SrO-borosilicate glasses,
La2O3 (3-25 mol%) causes the formation of LaBO3 and Sr-containing lanthanum borate [33].
Effect of transition metal oxides on devitrification is specific to the glass composition.
Devitrification resistance can be improved if transition metal oxides participate in the glass
network and degraded if otherwise. Initial addition of TiO2 decreases devitrification temperature
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of a MgO-borosilicate (2 mol% TiO2) glass [36] and a borate glass (5 mol% TiO2) [58] as shown
in Fig. 1-5. Further addition of TiO2 increases devitrification temperature in these glasses. In
contrast, TiO2 addition promotes devitrification in another MgO-containing glass due to glass
composition difference [71]. Similar observations are made for ZrO2 and ZnO additions in seal
glasses [29,26,37].

Devitrification temperature
(°C)

900
Ref 36
Ref 57

850
800
750
700
650
0.0

2.0

4.0

6.0
8.0
TiO2 (mol%)

10.0

12.0

Fig. 1-5. Devitrifictaion temperature change with TiO2 content in borate and borosilicate seal
glasses.

Thermal stability of a seal glass also depends on the heating rate, thermal treatment time,
and particle size, and SOFC/SOEC environment. Devitrification temperature increases with
heating rate. For example, the devitrification temperature of a BaO-silicate glass increases from
994°C to 1062°C when the heating rate increases from 2.5°C/min to 40°C/min [28]. The extent
of devitrification increases with thermal treatment time and becomes saturated after a certain
time. For example, devitrification of a BaO-CaO-borosilicate glass increases from ~ 50% to ~
70% after 120 hrs of thermal treatment in air at 750°C and stays constant afterwards [40].
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Smaller particle size decreases the devitrification temperature. For example, devitrification
temperature decreases from 910°C to 833°C when the particle size decreases from 500-850 µm
to <20 µm for a MgO-BaO-silicate glass [27]. The effect of SOFC/SOEC environment will be
discussed in section 1.4.2.2.
If a seal glass and its devitrified phases have similar CTEs and the new glass-ceramic
system has high enough flowability, limited devitrification can be tolerated. However, such glass
systems are very rare. Uncontrollable and/or progressive devitrification of a seal glass cause
composition inhomogeneity and generate thermal stress due to CTE difference. This in turn leads
to pores and cracks and thus gas leakage during sealing [38,60]. In addition, the poor flowability
of the new glass-ceramic limits its use as a ‘hermetic seal’.

1.4.2.2. Chemical Stability
A seal glass must possess high chemical stability since it is exposed to simultaneous
oxidizing and reducing atmospheres and interfaces with ceramic and metallic materials of very
different compositions at SOFC/SOEC operating temperatures. In general, seal glass chemical
stability can be discussed from two aspects: stability of bulk seal glass and interfacial stability of
seal glass with other SOFC/SOEC components.
Seal glasses are simultaneously exposed to oxidizing at cathode side and reducing
atmospheres at anode side at high temperatures during SOFC operation. The reducing
atmosphere also contains high water content (> 50%). In this context, atmospheres can adversely
affect the properties of a seal glass by vaporizing glass constituents, changing glass
microstructure, and accelerating glass devitrification.
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Vaporization of glass constituents changes glass composition and can adversely affect the
desired thermal, chemical, and electrical properties. Pure silica glass does not vaporize in dry air
due to its high melting point but vaporizes in the form of Si(OH)4 species by reacting with H2O
and in the form of SiO species by reacting with H2 at 1000°C. Also, Si(OH)4 species dominates
in H2O-containing reducing atmosphere at high temperatures [72]. B2O3 has a higher tendency to
vaporize at SOFC operating temperatures due to its low melting point and high vapor pressure.
Boron reacts with water and vaporizes in the form of HBO2 gaseous species in alkaline oxide
free glasses and in the form of RBO2 (R = Na, K) and B(OH)3 species in alkaline oxide
containing glasses [73,74]. Weight loss a borosilicate seal glass increases from 0.16 to 0.98
mg/cm2 due to gaseous B3H3O6 vaporization when the atmosphere is changed from oxidizing
atmosphere to 30% H2O/H2 atmosphere [75]. For this glass, the weight loss increases from 0.03
to 0.16 mg/cm2 as the B2O3 content increases from 2 to 20 mol% [75].
To achieve ‘gas-tightness’, a seal glass should have high interfacial stability with other
SOFC/SOEC components in order to avoid interfacial strength decrease and flaw formation [76].
Several factors such as compositions, wetting behaviors, and bonding conditions (temperature,
pressure, and atmosphere) of the seal glass and the adjacent SOFC/SOEC components affect the
interfacial stability. A seal glass should wet and bond with electrolyte, electrodes, and metallic
interconnects uniformly to form good sealing without any pores or cracks at the interface. The
interaction usually involves inter-diffusion and chemical reaction of the elements of the seal
glass and interfacing components [77, 78]. Severe interaction between the seal glass and the
adjacent components increases interfacial layer thickness, which in turn leads to pore and crack
formation at the interface and delamination of the glass [51,78].
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Interaction of a seal glass with metallic interconnect is more severe than with the other
cell components. Subsequently, seal glass interaction with metallic interconnect has been the
focus of most interfacial studies. Chromia forming ferritic stainless steel is the most preferred
interconnect which contains more than 22.0 wt% Cr with different trade names such as Crofer 22
APU, AISI 446, AISI 430, and AL29-4C alloys [54]. Seal glass interaction with interconnect
depends on the glass and interconnect compositions, exposed atmospheres, and sealing
conditions. For example, a BaO-CaO-borosilicate glass forms a porous interface with cracks with
the Crofer 22 APU alloy but pore- and crack- free interface has been observed for the same glass
system with a slightly different composition [34,78].
B2O3 in a seal glass favors bonding with interconnect alloys because of its good wetting
behavior but the extent of diffusion and chemical reaction may be high [29,79]. For example,
more than 15 mol% B2O3 is required for BaO-MgO-silicate and BaO-ZnO-silicate glasses to
bond with the Crofer 22 APU alloy [29].
An alkaline silicate glass can react with an interconnect and form alkaline chromates
(such as Na2CrO4, K2CrO4), which vaporize and destabilize glass network [80,81]. Therefore,
presence of alkaline oxide(s) in a seal glass is undesirable. Alkaline earth oxide containing
glasses bond well with interconnect. BaO-CaO-silicate glasses bond well with the Crofer 22
APU alloy and form 1-3 μm thick interfaces which are stable for 500-1000 hrs at 800°C [82].
Alkaline earth borosilicate glasses bond well with the Crofer 22 APU alloy at 850°C and form 13 μm thick interface with extensive cracks followed by a 2-3 μm thick porous layer [35,79]. The
origin of the porous layer and cracks at the interface is twofold. First, devitrification causes glass
volume decrease, poor glass flow at the interface, and CTE mismatch between the glass phase
and the devitrified phases. Second, the glasses react with the volatile chromium species such as
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CrO3 and CrO2(OH)2 from the interconnect and form BaCrO4 and SrCrO4 [78,84]. The CTEs of
these chromate phases (21.0-23.0 × 10-6/°C) are much higher than those of the seal glasses (10.012.0 × 10-6/°C). These interfaces of borosilicate glasses are also not stable. For example, the
interfacial layer thickness of a BaO-CaO-borosilicate glass with the Crofer 22 APU alloy
increases from 10 µm to 76 µm after 200 hrs of thermal treatment at 750°C in air due to severe
interaction [83].
Effect of additives on the seal glass bonding with metallic interconnect is not well
understood. A BaO-CaO-borosilicate glass does not bond with the Crofer 22 APU alloy if minor
amounts of La2O3 and ZnO are present in the glass [34]. However, other seal glasses bond with
the Crofer 22 APU alloy well even if La2O3 is present. Transition metal oxides such as NiO and
ZnO disrupt the network structure in alkaline earth borosilicate glasses and form interfaces with
pores and cracks [29,84].
Interaction of seal glass with metallic interconnect and the interfacial stability are also
affected by atmosphere. For example, a BaO-MgO-silicate glass does not bond with the Crofer
22 APU in an oxidizing atmosphere but bonds well with the same alloy in a H2O/H2 atmosphere
[85].
Seal glasses generally wet ZrO2 electrolyte well. Interfacial stability between a seal glass
and ZrO2 electrolyte is not a problem regardless of glass composition, sealing condition, and
atmosphere [31,33,34,37,42,85]. There are a few cases that a seal glass interacts with the
electrolyte. For example, a BaO-CaO-borosilicate glass reacts with yttria stabilized zirconia and
forms BaZrO3 after 1200 hrs of thermal treatment at 750°C [38]. Nonetheless, seal glass/ZrO2
electrolyte interfacial stability is not a major concern.
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Interaction between electrodes and seal glass can change the morphology of the
electrodes [86-88]. One study shows that a silica layer of 0.4-0.6 µm thickness from a Na2Osilicate seal glass segregates at the anode and electrolyte interface and covers the nickel particles
in the anode. Distribution of nickel particles and pores in the anode may have changed due to the
interaction with this seal glass [86]. Another report shows that a Na2O-borosilicate glass reacts
with the cathode and causes the cathode grains to coarsen from 0.69 to 1.13 μm [87]. Larger
grain size and uneven distribution of grains and pores in the cathode degrade cell performances
due to decreased number and length of triple phase boundaries. An electrically insulating layer
can also form at the interface of electrode-electrolyte when a seal glass reacts with electrodes.
Interfacial stability can be improved by controlling sealing conditions such as heating
rate, sealing temperature, preoxidation of the interconnect, and coating of an oxide layer on the
interconnect. A slow heating rate during sealing is beneficial. For example, porosity and pore
size at the interface decrease when the heating rate decreases from 25°C/min to 5°C/min for a
Na2O-CaO-silicate glass [31]. Increasing sealing temperature (>900°C) improves the interfacial
stability for a SrO-CaO-borosilicate glass by hindering SrCrO4 phase formation at the interface
[84]. Preoxidation of interconnect at 800-1000°C introduces an oxide layer and enhances the
bonding with seal glass. The possible reasons are twofold. First, the oxide layer acts as a
transition layer with a CTE between those of the interconnect and the seal glass. The residual
stress due to CTE mismatch is decreased. For example, 1-5 μm thick chromium–manganese-iron
oxide layer in preoxidized AISI 430 alloy facilitates bonding with a Na2O-CaO-silicate seal glass
[79]. Second, the oxide layer decreases the contact angle between the seal glass and the
interconnect and leads to better adhesion. For example, preoxidation of the AISI 430 alloy and
the Crofer 22 APU alloy at 800-1000°C for 2 hrs decreases pores and cracks at the interface [89].
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However, a thick oxide layer can cause spallation of seal glass [89]. Coating the interconnect
with an oxide layer improves the interfacial stability by increasing adhesion and eliminating the
direct contact of the interconnect with harsh environments. For example, NiO, Co3O4, Al2O3, and
ZrO2 coating on the Crofer 22 APU alloy improves the bonding and interface stability by
improving adhesion and eliminating chromate and iron oxide formation at the interface [81,90].

1.4.3. Mechanical properties
A seal glass should withstand 14-35 kPa pressure due to gas flow, vibration, and thermal
cycling during SOFC operation [11, 83]. It should also withstand more than 100 thermal cycles
for stationary applications and more than 1000 thermal cycles for mobile applications [14].
Generally, higher strength is obtained in a glass with higher Tg. Elastic modulus of 30-100 GPa
can be obtained in a seal glass [91]. Devitrification can either decrease or increase the elastic
modulus of a seal glass depending on the specific composition. For a BaO-CaO-borosilicate seal
glass, elastic modulus decreases from 78.0 to 60.8 GPa after 1000 hrs of thermal treatment at
750°C due to devitrification [92]. In contrast, the shear strength of a BaO-CaO-silicate seal glass
with the Crofer 22 APU alloy increases from 0.3 MPa to 4 MPa due to glass devitrification
[93,94].
Thermomechnical stress, σ, can be defined as

σ = ΔEΔαΔT

(1-3)

where ΔE, Δα, and ΔT are the difference in elastic modulus, CTE, and temperature gradient,
respectively, between the glass and the interfacing components [77]. Initiation and growth of
cracks at the interface occur if the thermomechanical stress exceeds the tensile strength of seal
glass or the interfacial bonding strength. Excessive compressive stress delaminates the seal glass
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from the interface [51]. Thermal cycling induces thermomechanical stress due to temperature
gradient and change in material properties with temperature. Thermal stress effect is more severe
than mechanical stress effect for crack initiation and growth [95]. In this context,
thermomechanical properties of the interface are also crucial. High interfacial bonding strength is
desired to avoid failure at the interface but the desired value is unknown. Seal glass/interconnect
interfacial strength of 2.0-8.5 MPa has been achieved [89,90]. The bonding strength depends on
glass composition and sealing condition. Alkaline oxide containing seal glasses have lower
interfacial strength than alkaline earth oxide containing seal glasses [89,93,96]. The interfacial
bonding strength of Na2O-silicate and SrO-CaO-borosilicate glasses with the Crofer 22 APU
interconnect are ~ 2.0 MPa and 7 MPa, respectively. Higher field strength and charge of alkaline
earth oxides hinder the rotational movement of glass structural units and result in higher elastic
modulus. As a result, the mismatch in the elastic modulus between the seal glass and the
interconnect deceases and the interfacial strength increases.

1.4.4. Electrical resistivity
The electrical resistivity of a seal glass depends on the composition and should be >104

Ω·cm in order to avoid shunting [97]. Effect of network former and modifier oxides are known
but the effect of intermediates and additives are uncertain because of their different roles in a
specific glass composition. The electrical resistivity of borate glasses is higher than that of
silicate glasses due to ‘boron anomaly’ [16] Electrical resistivity of a Na2O-silicate glass
increases with initial addition but decreases with further addition of intermediate oxides probably
due to the ‘combined ion effect’ [15]. Alkaline earth oxide containing glasses generally have
electrical resistivity more than 104 Ω·cm. Electrical resistivity increases with ionic radius and
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valence of the modifier ions [15,17]. For example, the electrical resistivity of a BaO-ZnO-silicate
glass (~ 1.3× 109 Ω·cm) is ten times higher than that of a BaO-MgO-silicate glass (~ 5.8×108

Ω·cm) due to the larger ionic radius of Zn2+ ions [97].

1.4.5. Sealing performance
Sealing performance is the ability to prevent mixing and leakage of gasses. Gas
leakage less than 1% of the fuels used during the entire cell operation is needed [10]. However,
currently there is no agreed procedure for sealing performance evaluation. Four different gas
leakage units are reported in literature: sccm/cm (standard cubic centimeters per minute per
centimeter), Pa·L/s, Pa·m2·s-1, and L/min [34,98,99]. Sealing performances are commonly
evaluated by pressure-leakage test [10]. In this method, a seal glass is sandwiched between two
SOFC components such as metallic interconnect and electrolyte to form a tri-layer assembly,
which is subjected to a differential pressure of 14-35 kPa to simulate the gas flow in a typical
SOFC [83].
Pores and cracks at the interface and in the seal glass are the gas leakage paths. Localized
thermomechanical stress due to devitrification of the seal glass and severe interaction with the
interfacing components can increase the numbers of pores and cracks and gas leakage rate. For
example, the leakage rate increases from 10-3 -10-4 sccm/cm to 1-2 × 10-2 sccm/cm for a SrOCaO-borosilicate seal glass due to the presence of pores and cracks. The leakage rate of a BaOborosilicate glass increases by an order of magnitude during cooling from 700°C (10-3 sccm/cm)
to 100°C (3 × 10-2 sccm/cm) because of extensive crack growth.
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1.5. Objectives
The objectives of the present research are:
1. To develop a thermochemically stable seal glass for SOFC/SOEC operating at 800°C.
2. To understand the composition-structure-property relationships of a SrO-La2O3-Al2O3B2O3-SiO2-based seal glass.
3. To investigate the interfacial compatibility and stability of a SrO-La2O3-Al2O3-SiO2
based seal glass with the Crofer 22 APU and AISI 441 interconnect alloys.
4. To understand the interconnect-seal glass reaction with respect to thermal treatment
temperature, time, and atmosphere.
To evaluate the sealing performances of the SrO-La2O3-Al2O3-SiO2-based seal glass.
1.6. Dissertation structure
This dissertation is divided into 8 chapters. The contents of each chapter are outlined
below:
1. Chapter one is an introduction which covers a comprehensive literature review to
provide background information for SOFC/SOEC seal glass. This chapter also
includes the objectives of this research.
2. SrO-La2O3-Al2O3-B2O3-SiO2-based seal glass is studied in chapter two to
develop compositional design strategy in order to meet the demanding
requirements.
3. In chapter three, composition-structure-property relationships of the SrO-La2O3Al2O3-B2O3-SiO2-based seal glass is investigated as a function of B2O3:SiO2
ratio.
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4. Chapter four deals with the role of nickel as an additive in the SrO-La2O3-Al2O3B2O3-SiO2-based seal glass structure and properties.
5. Interfacial studies between the SrO-La2O3-Al2O3-SiO2 seal glass and the Crofer
22 APU alloy are documented in chapter five. The interfacial stability of this seal
glass with the AISI 441 alloy is discussed in chapter six.
6. Sealing performances of the SrO-La2O3-Al2O3-SiO2 seal glass has been evaluated
in chapter seven.
7. Overall conclusions and the future research directions are given in chapter eight.
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CHAPTER TWO

THERMAL PROPERTIES AND DEVITRIFICATION OF SrO-La2O3-Al2O3-B2O3-SiO2
BASED SEAL GLASS

Abstract
Thermal behaviors of glass/glass-ceramic based sealant materials are critical issues for
high temperature solid oxide fuel/electrolyzer cells. SrO-La2O3-Al2O3-B2O3-SiO2 glass system
has desired thermal properties but its devitrivifation behavior is unknown. Al2O3 can retard
devitrication of a seal glass. To understand the effect of Al2O3 content on the thermal properties
and devitrification behavior of SrO-La2O3-Al2O3-B2O3-SiO2 system, glasses were prepared by
quenching method of (25−X)SrO-20La2O3-(7+X)Al2O3-40B2O3-8SiO2 compositions, where X
was varied from 0.0-10.0 mol% at 2.5 mol% interval. Thermal properties were characterized by
differential scanning calorimetry and dilatometry. Microstructural studies were performed by
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray
diffraction (XRD). All the compositions have a glass transition temperature greater than 620°C, a
crystallization temperature greater than 826°C, and coefficient of thermal expansion between
9.0-14.5× 10-6/°C. La2O3 and B2O3 contribute to glass devitrification by forming crystalline
LaBO3 but Al2O3 suppresses the devitrification. Significant improvement in devitrification
resistance is observed as X increases from 0.0 mol% to 10.0 mol%.

2.1. Introduction
Glass and glass-ceramic seals materials should meet the following criteria to be suitable
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as SOFC/SOEC seal. Coefficient of thermal expansion (CTE) should be between 9.0-12.0 × 106

/°C in order to match with that of other cell components, such as zirconia, stainless steel, and

lanthanum manganite. Glass transition temperature (Tg) should be less than the cell operating
temperatures (800-900°C), and glass softening temperature (Ts) should be high enough to avoid
excessive glass flow at cell operation temperatures. Also, continuous and/or excessive
devitrification of glass or glass-ceramic sealant should not occur; this requires that glass
crystallization temperature (Tc) be much higher than the cell operation temperatures. Chemical
stability should be sufficient to sustain reducing and oxidizing atmospheres at high temperatures
for long periods of time (40,000 hours) without failure. In addition to the above demands, sealant
must be electrically insulating.
Several silicate, borate, and borosilicate glass systems have been studied as solid oxide
cell seals [1,2]. Among them, borosilicate glass systems are preferred because a wide range of Tg
(480-740°C), Ts (600-750°C), and CTE (9.0-13.0 × 10-6/°C) have been obtained, which are
suitable for SOFC/SOEC seal [3-11]. BaO containing borosilicate sealants are the mostly
reported one. For BaO containing borosilicate sealants, the main disadvantages arise from the
formation of monoclinic celsian (BaAl2Si2O8) and its polymorph hexacelsian devitrified phases
and deleterious interfacial reactions with metallic interconnects at 750-800°C [7,8]. Celsian and
hexagonal phases have low CTE with different values, 2.29 × 10-6/°C and 8.0 × 10-6/°C,
respectively [7]. The amount of low CTE celsian phase increases with thermal treatment time
until complete devitrification. As a result, the CTE of BaO-containing seal glasses decreases
from ~ 11.5 × 10-6/°C to ~ 7.5 × 10-6/°C as shown in Fig. 2-1 [7]. In a different study, an increase
in CTE by ~ 24% is observed for a BaO-borosilicate seal glass after 8 hours of thermal treatment
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at 800°C due to the formation of BaB2O4 and Ba2Si3O8 phases with higher CTEs [8]. The CTE
difference between the devitrified phases and also with the interfacing cell components develops
thermal stress which degrades performance. Because of these shortcomings, there is a need to
search new glass systems as sealant materials. In alkaline earth oxide containing glasses, the
CTE decreases with the field strength of glass modifier ions [12]. For example, the CTE of a
BaO-MgO-silicate glass increases from 8.5 × 10-6/°C to 12.0 × 10-6/°C as BaO/MgO ratio
increases from 0.67-4.0 because of the lower field strength of BaO [13,14]. High field strength
modifier ions promote devitrification by phase separation [15]. For example, a multi-component
glass containing SrO, CaO, ZnO, and TiO2 devitrifies into Ca2ZnSi2O7, CaSrAl2SiO7, CaSrSiO4,
Sr2SiO4, Zn2SiO4, CaSiO3, and SrSiO3 at 750-800°C [16]. Lower flowabilty of devitrified phases
also degrades the sealing performance. MgO-borosilicate glasses form cordierite (Mg2Al4Si5O18)
phase of very low CTE (2.0× 10-6/°C); which is the main disadvantage [6].

CTE (× 10-6/°C)

12.0
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N

11.0
10.0
9.0
8.0
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1000

Fig. 2-1. CTE change due to devitrification of a BaO-Al2O3-B2O3-SiO2 glass system with time at
800°C. L and N indicate 5 mol% La2O3 and 2 mol% Ni in the glass composition [7].
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A SrO-La2O3-Al2O3-B2O3-SiO2 glass system with desirable thermal properties has been
reported [3] but the devitrification of this glass system has not been assessed. In this system,
B2O3 and SiO2 act as glass formers, La2O3 modifies viscosity [3], SrO modifies CTE [17], and
Al2O3 retards devitrification [2,3].
In a silicate glass, Al2O3 participates in network formation when Al3+ ions exist as AlO4tetrahedra if the concentration ratio of modifier oxides and Al2O3 is less than 0.5 for alkaline
earth oxide [18]. Once the ratio is greater than 0.5, then Al3+ ions exist in AlO6- octahedra and
Al2O3 acts as a glass network modifier [12]. Low field strength modifiers (such as Ba2+ and Sr2+)
favor the formation of AlO4- tetrahedra and high field strength modifier ions (such as Mg2+)
favor the formation of AlO6- octahedral for borate glass [19]. For borosilicate glass, modifier
ions generally favor AlO4- tetrahedra formation [12]. In general, Tg and Ts increase if Al2O3 is a
network former but decrease if Al2O3 is a network modifier. However, literature report is not
available for the Al2O3 effect on Tg and Ts. CTE decreases when Al2O3 is a network former but
increases when Al2O3 is a network modifier. For example, 1-2 mol% Al2O3 addition decreases
CTE by ~ 1.5 × 10-6/°C for silicate and borosilicate seal glasses [20,21].
To explore the potential of the SrO-La2O3-Al2O3-B2O3-SiO2 glass system as a
SOFC/SOEC sealant, the effect of Al2O3 contents on the thermal properties and the
devitrification of the glass system is the focus of this chapter. Desired thermal properties for
SOFC/SOEC seal such as Tg, Ts, and CTE have been obtained in 25SrO-20La2O3-7Al2O340B2O3-8SiO2 composition and is chosen as base composition in this chapter. This study also
suggests strategies for further optimization of the sealant glass composition.
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2.2. Experimental procedure

2.2.1. Preparation of glass
Glass samples were prepared based on (25−X)SrO-20La2O3-(7+X)Al2O3-40B2O3-8SiO2
compositions (SLABS), where X was varied from 0.0 mol% to 10.0 mol% at 2.5 mol% interval.
The corresponding oxide powders were ball milled for overnight. The mixed powders were
heated and melted in a platinum crucible at 1400°C for 4 hrs in a box furnace (Lindberg, Model
No. 51314, Watertown, WI) at 10°C/min heating rate before being quenched into a graphite
mold.

2.2.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) studies were conducted in a simultaneous TGDTA/DSC apparatus (STA449C/3/G Jupiter, Netzsch Instruments Inc., Burlington, MA). The
glass samples were thermally cycled three times at the same heating and cooling rates of 10°C
/min up to 900°C and a dwell time of 2 hrs at 900°C for thermal behavior analysis. The Tg and Tc
temperatures were determined from the DSC data.

2.2.3. Dilatometry
Softening temperature and CTEs of the glass samples from room temperature to 700°C
were measured with a push-rod dilatometer (Model 1600R, The Edward Orton Jr. Ceramic
Foundation, OH). This technique also provided another approach of measuring glass transition
temperature. The samples were 27 mm in length and 5 mm in diameter. During the dilatometry
study, the samples were heated to 700°C for 2 hrs and then cooled to room temperature at the
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same heating and cooling rate of 3°C/ min. Each sample was thermally cycled three times under
this condition.

2.2.4. Microstructural evolution
Microstructural studies were carried out in a field emission scanning electron microscope
(SEM) (LEO 1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) for the as-quenched samples
and the thermally cycled samples from the DSC experiments. Energy dispersive spectroscopy
(EDS) (Helios 600 NanoLab, FEI, Hillsboro, OR) was used to analyze the compositions of the
glass phase and the crystalline phase of the samples after the thermal cycling.

2.2.5. Phase analysis
X-ray diffraction (XRD) studies were carried out in an X’Pert PRO diffractometer
(PANalytical B.V., EA Almelo, The Netherlands) to identify the devitrified phases in the
thermally cycled samples. The scan rate was 0.0020° s-1 with CuKα radiation (λ = 1.5406 Å) and
a Ni filter.

2.3. Results and discussions

2.3.1. Glass transition and crystallization temperature
For the studied glass system, the DSC peak temperature was 900°C. Before 900°C, there
are two heat flow changes on the DSC curves. One is endothermic and the other one is
exothermic. The endothermic position indicates the glass transition temperature Tg and the
exothermic position indicates the devitrification temperature Tc (Fig. 2-2).
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Fig. 2-2. DSC curve in the first heating cycle obtained for SLABS glass of X = 2.5 mol%

The Tg and Tc for all the glass compositions are extracted as given in Fig. 2-3. All the
glasses have Tg greater than 620°C. Tg increases by 10°C as the Al2O3 content increases from 7.0
to 17.0 mol%. From Fig. 2-3, it can also be seen that Tc is 826 ± 1°C for X = 0.0-5.0 mol% and
850 ± 1°C for X = 7.5 -10.0 mol%.
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Fig. 2-3. Tg and Tc change vs Al2O3 content increase (X) from DSC experiments.
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Al2O3 content has some effect on Tg and Tc but the impact is not significant. One
important observation is that Tg decreases after the first heating cycle and remains the same for
the remaining cycles. This Tg decrease after the first thermal cycle is most likely due to the
devitrification of the glass matrix. It also indicates that the remaining glass phase after
devitrification has a lower Tg. Tc reflects the temperature at which some of the glass transforms
into one or more devitrified phases and is a direct representation of glass thermal stability. No Tc
peaks are observed during the second and the third heating cycles in any of the studied
compositions. This indicates that the glasses mainly devitrify during the first heating cycle.

2.3.2. Dilatometric softening temperature and thermal expansion coefficient
From the dilatometry study, the dilatometric softening point (Td), glass transition
temperature Tg′ (in differentiation from the DSC glass transition temperature Tg), and CTE can
be determined. The reading points for the Td and Tg′ are shown in Fig. 2-4. However, the
(25−X)SrO-20La2O3-(7+X)Al2O3-40B2O3-8SiO2 glass at X = 0.0 mol% has very limited glass
forming ability. Transparent and crack free dilatometry sample could not be obtained even after
six attempts of quenching. Consequently, no thermal expansion data are avialable for the X = 0.0
mol% composition. The dilatometry curve for the (25−X)SrO-20La2O3-(7+X)Al2O3-40B2O38SiO2 glass at X = 2.5 mol% is shown in Fig. 2-4 and other compositions show similar trend.
In Fig. 2-4, it can be seen that the percent linear change curves shift downwards after
each thermal cycle. This is due to a change in the sample length. Although no visual deformation
is observed in the samples after the thermal cycles, the change in the sample dimension, however
small it may be, may arise from the deformation of the glass under the compressive load applied
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by the push rod. This artificially changes the absolute percent linear change value since the initial
dimension was used in all the dilatometric calculation.
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0.0
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-1.0
-1.5
0
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800

Temperature (ºC)

Fig. 2-4. Percent linear change (%) vs temperature for the (25−X)SrO-20La2O3-(7+X)Al2O3
40B2O3-8SiO2 glass at X = 2.5 mol% from dilatometry.

Td and Tg′ changes vs. Al2O3 content are shown in Fig. 2-5. From Fig. 2-5, it can be
observed that the softening temperature Td is greater than 660°C for all the compositions. As X
increases from 0.0 to 10.0 mol%, Td increases from 661°C to 676°C. For all the thermal cycles,
Tg′ and Td values and the differences between Tg′ and Td are very consistent. After the three
thermal cycles, the physical appearance of the samples remains unchanged. This observation also
indicates that the glass is stable up to at least 660°C. Tg′ increases by 20°C with Al2O3 content
increase from 2.5 to 10.0 mol%. This result is consistent with the DSC results (Fig. 2-3).
However, the value of Tg′ obtained from the dilatometry is about 30°C lower than that from the
DSC experiments. The difference in Tg′ and Tg from these different experimental methods has
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been reported [7]. There are two possible reasons for this difference. First, the heating rates are
different: 10°C/min in the DSC experiment and 3°C/min in the dilatometry. This may cause the
difference in Tg′ and Tg since glass transition temperature is thermal history dependent. Second,
Tg′ depends on the viscoelastic properties of the glass. In the dilatometry experiment, the
samples were subjected to a compressive load by the push rod. This load may affect the
viscoelasticity of the glass, shift the Tg′ to lower temperatures, and thus cause difference in Tg′
and Tg .
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Fig. 2-5. Tg′ and Td change vs Al2O3 content increase (X) from dilatometry study.

CTE decreases with Al2O3 content increase X as shown in Fig. 2-6. Also, the CTE during
the first thermal cycle is lower than those of the remaining thermal cycles at the temperatures
below Tg′. After the first heating cycle, the CTEs remain consistent, demonstrated by the low
CTE standard deviation. To illustrate the difference, Fig. 2-6 shows the CTE changes for the first
thermal cycle and the remaining cycles. The CTE values obtained from the first heating cycle are
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14.10 × 10-6/°C at X = 2.5 mol%, 9.73 × 10-6/°C at X = 5.0 mol%, 6.86 × 10-6/°C at X = 7.5
mol% and 6.47 × 10-6/°C at X = 10.0 mol%. Average CTE after the first heating cycle is 16.74 ×
10-6/°C for X = 2.5 mol%, 15.37 × 10-6/°C for X = 5.0 mol%, 9.58 × 10-6/°C for X = 7.5 mol%,
and 9.30 × 10-6/°C for 10.0 mol%. This difference in CTEs between the first and the remaining
heating cycles may be explained as follows. The samples used in the dilatometry have been
obtained by quenching. Structural rearrangement toward equilibrium glass state is incomplete as
the glass melt quickly solidifies. Residual stress is likely to be created during the first thermal
cycle. During the dilatometry measurements, the slower heating rate and the dwell time at the Td
remove the residual stress in the quenched glass. Since the cooling rate is also slower, no further
thermal stress develops during cooling. Thus after the first heating cycle structural rearrangement
of the glass is complete or nearly so. As a result, molar free volume of the sample decreases and
CTE increases to a consistent value after the first heating cycle. This prediction is supported by
the consistent CTEs in the annealed (25−X)SrO-20La2O3-(7+X)Al2O3-40B2O3-8SiO2 sample at
X = 7.5 mol% (Fig. 2-6).
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Fig. 2-6. CTE variation vs Al2O3 content increase (X) from dilatometry.
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After the first thermal cycle, the CTEs of all the glass compositions are greater than 9.0 ×
10-6/°C and show good potential to match with the CTEs of other cell components [22]. Good
thermal expansion match with other SOFC/SOEC components such as zirconia electrolyte and
metallic interconnect [23], moderate Tg, and stability of these compositions are suitable as
sealant materials below 800°C SOFC/SOEC operation temperatures.

2.3.3. Microstructural evolution
SEM images of the as-quenched glass samples are given in Fig. 2-7. No devitrified phase
or phase separation is observed for any of the compositions, as supported by the XRD patterns to
be shown in Fig. 2-10. The cracks observed in the SEM micrographs were created during SEM
sample preparation. This means all the samples studied start with pure glass phase.

(a)

(b)

20 µm

20 µm

Fig. 2-7. SEM images of as-quenched glasses: (a) X = 0.0 mol%, and (e) X = 10.0 mol%.

The SEM micrographs of the samples after the DSC thermal cycling are given in Fig. 28. The dark phases are glass phase and the bright phases are crystalline phase. There are drastic
microstructure differences among glass compositions ranging from X = 0.0 to 10 mol%. When
the Al2O3 content is at X = 0.0 mol% (Fig. 2-8 (a)), irregular shaped, equiaxed devitrified appear
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in the glass matrix. The sizes of the devitrified phases appear to be about 20 µm. When X
increases to 2.5 mol% (Fig. 2-8(b)), elongated devitrified phases appear and have a dendritic
morphology. Even though the short dimension of these elongated devitrified phases is less than
20 µm, the long dimension is mostly greater than 20 µm. When X increases to 5.0 mol% (Fig. 28(c)), the devitrified phases morphology becomes more needle-shaped. These needles form long
strands that are separated by a small amount of glass phase. However, the size of individual
devitrified phase is much smaller, mostly in the sub-micron to single micron range. When X is
further increased to 7.5 mol% (Fig. 2-8(d)) and 10.0 mol% (Fig. 2-8(e)), the devitrified phases
are only ~ 1 µm size, still with elongated shape. Sizes of the devitrified phases for X at 10.0
mol% are smaller than those for X at 7.5 mol%. More importantly, these devitrified phases
uniformly distribute in the glass matrix. From the SEM observation, it demonstrates that Al2O3 is
effective in suppressing glass devitrification. This means Al2O3 has the function of retaining the
vitreous phase in the glass, preventing/delaying a glass matrix with large crystallites, and shifting
the glass softening process to higher temperatures. Nevertheless, complete suppression of
devitrified phases formation is not possible for the glass compositions studied. Also, Al2O3
content cannot be excessively increased for glass forming purpose.

(b)

(a)

20 µm

20 µm

52

(c)

(d)
1 µm
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20 µm
Fig. 2-8. SEM micrographs of thermally cycled glasses: (a) X = 0.0 mol%, (b) X = 2.5 mol%, (c)
X = 5.0 mol%, (d) X = 7.5 mol%, and (e) X = 10.0 mol%.

2.3.4. Energy dispersive spectroscopy
The results of EDS are shown in Fig. 2-9 for the designed glass compositions, and the
residual glass phase and the devitrified phase of the thermally cycled glasses. With the
understanding that the EDS technique is not well suited for absolute quantification of sample
compositions, the thermally cycled sample compositions are determined by using the asquenched glass compositions as standard. The composition analysis obtained by this procedure is
consistent as shown in Fig. 2-9. The larger standard deviation at high X values is a result of
decreased size of the devitrified phases to the detection limit of the EDS technique.
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Fig. 2-9. Comparison of (a) the nominal compositions of the as-quenched glasses, (b) the glass
phase compositions, and (c) the crystalline phase compositions of the DSC thermally cycled
samples.

From Figs. 2-9(a) and (b), it can be seen that the composition of the glass matrix after
thermal cycling is very different from that of the nominal composition of the as-quenched glass.
The main difference is the substantially reduced La and B in the glass matrix after the thermal
cycling. Significant increase in Sr, Al and Si contents is observed in the residual glass phase. The
devitrified phase has the highest percent of B followed by La as shown in Fig. 2-9(c). Very small
amount of Sr is also present. Small amounts of Al and Si concentrations in the crystalline phases
are present except for X at 0.0 and 2.5 mol%. Since the crystalline phases are new compounds
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that deviate from the simple mixture of original oxides, complete composition ratios in oxide
format can not be obtained.

2.3.5. X-ray diffraction
The X-ray diffraction patterns of two as-quenched glass compositions (X = 0.0 mol% and
10.0 mol %) and the thermally cycled samples of all the glass compositions are shown in Fig. 210. For the as-quenched samples (Fig. 2-10(a)), no crystalline phase is detected. Since X = 0.0
mol% and X = 10.0 mol% covers the two limits of the glass compositions studied, this confirms
the SEM observation (Fig. 2-7) that all the compositions start with pure glass phase. For the
thermally cycled samples, devitrification is observed. From X = 0.0 mol% to 10.0 mol%,
orthorhombic LaBO3 is the main crystalline phase. At X = 0.0 mol%, small amount of
orthorhombic SrB2O4 is identified. In other compositions, Sr2Al2SiO7 is the minor phase. This
observation also supports the EDS result about the presence of small amount of Sr, Al and Si.
This means La2O3 and B2O3 devitrification into LaBO3 is the main process during the thermal
cycling. When the Al2O3 content is low (at X = 0 mol %), SrB2O4 crystallization cannot be
effectively suppressed. SrO participates in devitrification at all conditions but the effect is small.
Since Al and Si contents are higher in all other compositions except for X at 0.0 mol%,
Sr2Al2SiO7 is the minor phase in those compositions.
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Fig. 2-10. X-ray diffraction patterns of (a) as-quenched and (b) thermally cycled samples.

The devitrification tendency of the studied glass system can be understood from the
electrostatic bond strength point of view. The electrostatic bond strength of La3+ ion is 0.43 and
Sr2+ ion is 0.27. La tends to separate from the parent glass phase due to its high electrostatic bond
strength and bonds with trigonally-coordinated B to form LaBO3 crystalline phase. Electrostatic
bond strength of 0.27 for Sr2+ ion is a transition value for silicate glass. However, it can cause
borate glass phase separation [26]. Since the glass compositions contain both B2O3 and SiO2, Sr
probably plays a minor role in phase separation. This assumption is supported by the presence of
SrB2O4 crystal phase in minor amount for the composition of X = 0.0 mol% and very small
amount of Sr in Fig. 2-9(c). Al3+ seems to display some unusual behavior. Inspite of the potential
to have high electrostatic bond strength (0.5 in octahedral coordination and 0.75 in tetrahedral
coordination), Al tends to be tetrahedrally-coordinated in the glass network [27]. This is
supported by the enriched Al concentration in the residual glass phase and small concentration of
Al in the crystalline phase in the thermally cycled samples (Fig. 2-9(b)). Absence of SrB2O4
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phase and appearance of Sr2Al2SiO7 phase in all the compositions except for X = 0.0 mol%
indicate that there is a critical Al2O3 concentration to suppress the formation of SrB2O4. From
XRD patterns it is also apparent that there is more minor phase in the composition of X = 0.0
mol% than in all other compositions. Based on these observations, La2O3 and B2O3 will be
modified. B2O3 change should be made carefully because of its essential role in forming glass
and increasing CTE. Although SrO participates in devitrification, reducing SrO will likely
decrease CTE as seen from Fig. 2-6. From EDS and XRD analyses it indicates that Al2O3 should
be lowered since it decreases CTE (Fig. 2-6) and forms minor phases at X = 10.0 mol%.

2.4. Conclusions
Seal glasses are synthesized based on (25−X)SrO-20La2O3-(7+X)Al2O3-40B2O3-8SiO2
system and X has been varied from 0 to 10 mol%. All the compositions have glass transition
temperatures Tg above 620°C and crystallization temperatures Tc above 826°C. Also, the glasses
have thermal expansion coefficients CTE between 9.0 and 14.5×10-6/°C after the first thermal
cycle. Suitable increase of Al2O3 stabilizes the glass by suppressing devitrification. La2O3 and
B2O3 contribute to devitrification by forming LaBO3. The role of other oxides on the stability of
this system is not significant.
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CHAPTER THREE

NETWORK STRUCTURE AND THERMAL BEHAVIOR OF SrO-La2O3-Al2O3-B2O3
SiO2 GLASS SYSTEM –EFFECT OF B2O3/SiO2 RATIO

Abstract
Desirable thermal properties have been obtained in SrO-La2O3-Al2O3-B2O3-SiO2 -based
seal glasses. La2O3 and B2O3 in this system promote devitrification which degrades the thermal
stability of a seal glass. A series of composition is designed with low La2O3 and B2O3 content
with varying B2O3:SiO2. The thermal properties and the devitrification behavior were
investigated for all the compositions. The network structure evolution of the glasses with
increasing B2O3:SiO2 ratio was studied using Raman spectroscopy and nuclear magneto
resonance spectroscopy to understand the role of B2O3 on the thermal properties and thermal
stability. Glass network connectivity as well as silicon and boron glass former coordination was
calculated for different B2O3:SiO2 ratios. The study shows that high B2O3 content induces BO4
and SiO4 structural unit ordering, increases micro-heterogeneity and the amount of non-bridging
oxygen; which decrease glass network connectivity. Correspondingly, the Tg of the SrO-La2O3Al2O3-B2O3-SiO2 glasses changes from 635°C to 775°C and the Td changes from 670°C to
815°C with decreasing B2O3 content. Glass thermal stability decreases with B2O3:SiO2 ratio
increase. The glass without B2O3 is thermally stable and has the desired thermal properties.

3.1. Introduction
Desirable thermal properties such as glass transition temperature Tg, glass softening
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temperature Ts, and thermal expansion coefficient CTE have been obtained in several seal glass
systems as well as in SrO-La2O3-Al2O3-B2O3-SiO2 (SABS) based seal glasses [1-6]. However,
the thermal stability is a persistent problem for any seal glass. In chapter one, the advantages of
the SABS based seal glasses than the other seal glass systems have been discussed. B2O3 is
added in a seal glass to modify the thermal properties such as Tg, Ts, and CTE. Tg and Ts
decreases 50-100°C with increasing B2O3:SiO2 ratio in a BaO-MgO-borosilicate seal glass [3] as
shown in Fig. 3-1 for example. The decrease in Tg and Ts can be understood by the low Tg of
pure B2O3 glass and the presence of planar boroxyl groups in the network structure [7]. CTE
increases 1.0-2.0 × 10-6/°C with increase in B2O3/SiO2 ratio [4,8]; which can be understood by
the asymmetric structure of borate structural units [7]. However, opposite trend of the thermal
properties with B2O3 addition have been also reported. For a MgO-BaO-silicate seal glass, Ts
increases by 50-100°C when 0.2-0.5 wt% B2O3 is added [9]. For a BaO-silicate glasses, 10-30
mol% B2O3 addition decreases CTE by 1.0-3.0 × 10-6/°C [3]. The reasons for the observed
anomalies are related to the glass network structure but have not been investigated.
Thermal stability of a seal glass is defined as the resistance to devitrification.
Devitrification of a seal glass is undesirable because of the glass property change it incurs,
degrades thermal stability, and lowers the flowability. Localized stresses due to the CTE
difference between the devitrified phase(s) and the glass phase are of most concern. For example,
pores and cracks form in a BaO-CaO-borosilicate glass after thermal treatment at 850°C for 1 hr
followed by 4 hrs at 750°C because of the CTE difference between the devitrified phases and the
glass phase [10]. Subsequently, the performance of the seal glass degrades. Unfortunately,
thermal stability is not well defined so far. Qualitatively, higher temperature and longer time
required for a glass to devitrify mean higher thermal stability.
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The thermal stability of a borosilicate seal glass degrades due to coexistence of several
different types of structural units that induces heterogeneity in the network structure [11-14]. The
thermal stability of a borosilicate glass decreases with increasing B2O3/SiO2 ratio as can be seen
in Fig. 3-1 for a MgO-BaO-borosilicate glass [3]. In this context, composition-structure-property
relationships of a seal glass need to be understood to obtain desired thermal properties and
stability. Moderate Tg, Ts, and CTE have been obtained in the SABS glasses studied in chapter
two. However, La2O3 and B2O3 contribute to devitrification by forming LaBO3 and degrade the
thermal stability of the SABS glass system [15]. Also, B2O3 may evaporate in the form of
volatile HBO2 and B(OH)3 species in the presence of water steam at cell operating temperature
[16-18]. In this chapter, the effect of B2O3:SiO2 in SABS glass system are studied at the network
structure level in order to improve the thermal properties and stability of the glass system.
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Fig. 3-1. Tg, Ts, and Tc change with B2O3/SiO2 ratio in a BaO-MgO-borosilicate glass [3].
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Raman spectroscopy is a technique that can identify the structural units present in a glass
[19-21]. For chalcogenide glasses, Raman scattering played a pivotal role in elucidating the
molecular structures and identifying domains of intermediate phases [22]. Raman spectra from
Na2O-CaO-MgO-A12O3-SiO2 system were interpreted in terms of structural alteration as the
composition was altered from the binary end members to more complicated glasses [23].
Addition of CaO and MgO to Na2O-SiO2 glasses acted only to increase the disorder of the
network slightly. Addition of A12O3 greatly modified the network. In the Na2O·R2O3·SiO2 (R =
A1, B) system, Raman spectroscopy showed that B2O3 induces destruction of the Q3 species and
creation of highly charged Q2 and Q1 species, as well as fully connected Q4 silicate units [24].
Nuclear magnetic resonance (NMR) spectroscopy has been used to analyze glass
structure differences. The temporal evolution of the coordination environments of boron atoms in
borosilicate glasses was studied. The temperature dependence of boron speciation was found to
be the most important source for the production of configurational entropy in these glasses,
signifying a direct link between structure, configurational entropy, and viscous flow [25]. The
structure of BeO-SiO2 glasses with up to 20 mol% BeO was studied with 9Be and

29

Si NMR

spectroscopic techniques. The NMR results showed nano-clusters of corner-shared BeO4 and
highly strained corner-shared SiO4 network [26]. Distributions of aluminum among the structural
units in CaO-Al2O3-SiO2 and MgO-Al2O3-SiO2 glasses were investigated by 29Si and 27Al magic
angle spinning (MAS) NMR. Taking the convention that the silicate units with four bridging
oxygen atoms, three bridging oxygen atoms, two bridging oxygen atoms, one bridging oxygen
atom, and zero bridging oxygen atom are denoted as Q4, Q3, Q2, Q1 and Q0, respectively, the
results indicated that aluminum is largely in Q4 sites, except in Al-rich glasses where it is also in
Q3 sites [27].

17

O enriched calcium and potassium aluminoborosilicate glasses were studied by
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11

B, 27Al, and 17O NMR [11]. Dramatic differences in boron and oxygen speciation demonstrate

a large effect of the modifier cations on glass former mixing behavior and stabilization of nonbridging oxygen atoms.
This chapter is focused on understanding the relations between the network structure and
thermal properties and thermal stability of the SABS glass system. To examine the SABS glass
structural evolution with B2O3:SiO2 ratio change, Raman spectroscopy and MAS NMR studies
have been carried out. Structural evolution data obtained from NMR and Raman spectroscopy,
two complementary methods for giving detailed information about borosilicate glass structure,
provide the best knowledge about the devitrification resistance of the studied SABS glass
system. Raman spectroscopy gives information on glass structural unit types, ordering, and
distribution whereas NMR gives access to the BO3/BO4 ratio and to the identification of different
structural units’ environment. Glass network connectivity and coordination have been calculated
for different SABS glasses. Thermal properties of the glasses, including Tg, dilatometric
softening temperature Td, and CTE have been obtained from dilatometry. To understand the
glass thermal stability, X-ray diffraction (XRD) analysis was used. The key aspects regarding
glass structure are network connectivity and homogeneity, which directly affect the thermal
properties and thermal stability of a glass. Connectivity in a glass structure is described by the
number and arrangement of bridging and non-bridging oxygen atoms which link the structural
units to their neighbors. Glass homogeneity is directly related to the distribution of different
structural units and modifiers. If there is heterogeneity, such as structural unit ordering or
distribution preference in a glass, even if in small localized regions, glass can devitrify easily [7].
The correlation between the glass network structure and the thermal properties and thermal
stability is established.
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3.2. Experimental procedure

3.2.1. Glass preparation
SABS glass samples were prepared with conventional quenching method. SrCO3 (99.9%,
Sigma Aldrich, St. Louis, MO), La2O3 (99.98%), Al2O3 (99.95%), B2O3 (99.98%), and SiO2
(99.8%) (all oxides from Alfa Aesar, Ward Hill, MA) at designed ratios were mixed in a ball mill
for overnight. The mixed powders were heated in a platinum crucible in a box furnace (Lindberg,
Model No. 51314, Watertown, WI) to 1100°C and kept there for 1 hr for SrCO3 to decompose.
After that, the mixture was heated to 1400°C for 4 hrs. The heating rate was 10°C/min. The
molten glass was quenched into a graphite mold.
All the glass compositions had 40 mol% of SrO, La2O3, and Al2O3 at fixed
SrO:La2O3:Al2O3 ratios. The total amount of B2O3 and SiO2 was 60 mol%. B2O3:SiO2 ratio was
varied from 0 to 1.4. The compositions were abbreviated as SABS-0, SABS-5, SABS-10, SABS15, and SABS-35 in this study. The numbers represent the mol% of B2O3 in each composition.

3.2.2. Raman spectroscopy
For network structure analysis of the SABS glass compositions, quenched glass samples
were polished to optical finish. Raman spectra of the polished samples were collected in 2001600 cm-1 wave number range using a Raman spectrometer (JY Horbia LabRam HR 800, Horiba
Ltd., Japan) with a CCD detector and a Labspec software package. The light source was a 514.57
nm argon laser at 50 mW power and 400 s exposure time. The spectra were later corrected for
background noise and temperature effect [28]. For data analysis, the Raman spectra were fitted to
Gaussian bands without any restrictions to deconvolute the superimposed Raman peaks [29,30].
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Curve fitting was done with GRAMS/AI (7.02) software (Themo Fisher Scientific, Inc.
Waltham, MA).

3.2.3. NMR spectroscopy
The

11

B,

29

Si, and

27

Al MAS NMR spectra of the SABS glass samples were collected

with Bruker MAS probes and a Bruker Avance 500 spectrometer equipped with a widebore
ultrashield magnet operating at a Larmor frequency of 160.4, 99.5, and 130.3 MHz for 11B, 29Si,
and 27Al, respectively. The applied magnetic field was 11.7 T. 11B and 27Al MAS NMR spectra
were collected with a 4 mm-probe. Crushed SABS glass samples were spun in Si3N4 and ZrO2
rotors at 15 kHz. All 11B and 27Al MAS spectra were collected using non-selective rf pulses with
15° tip angle and a recycle delay of 2 s. Approximately 500 to 1000 free induction decays were
averaged to obtain each spectrum. The 11B and 27Al chemical shifts were externally referenced to
0.1 M Na2B4O7 solution at 9.8 ppm and to 1 M AlCl3 solution at 0 ppm, respectively. For

29

Si

MAS NMR experiments the crushed glass samples were spun in a ZrO2 rotor with a 7 mm
Bruker MAS probe. The spectra were collected using rf pulses with 60º tip angle and a recycle
delay of 30 s. Approximately 4000 free induction decays were averaged to obtain each spectrum.
29

Si chemical shifts were externally referenced to tetramethyl silane (TMS) at 0 ppm.

3.2.4. Thermal property measurement
Glass transition temperature Tg, dilatometric softening temperature Td, and thermal
expansion coefficient CTE were measured with a push-rod dilatometer (Model 1600R, The
Edward Orton Jr. Ceramic Foundation, OH). Cylindrical samples of 27 mm long and 5 mm
diameter were used. During the dilatometry study, the samples were heated at 3°C/min heating
rate to 900°C for 2 hrs and then cooled to room temperature at the same rate. Each sample was
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thermally cycled three times under this condition. Average Tg, Td, and CTE values were obtained
from both the heating and the cooling cycles [15].

3.2.5. Phase analysis
For thermal stability study, bulk SABS glass samples were put on a platinum foil and
heated to 850°C at the same heating and cooling rate of 5°C/min. The samples were thermally
treated at 850°C for 50-200 hrs. The bulk glass samples were crushed to fine powders for XRD
study. XRD studies were carried out in an X’Pert PRO diffractometer (PANalytical B.V.,
EA Almelo, The Netherlands) to identify the crystalline phases in the thermally treated samples.
The scan rate was 0.0020°/s with CuKα radiation (λ = 1.5406 Å) and a nickel filter.
3.3. Results and Discussions

3.3.1. Glass network structure

3.3.1.1. Glass structural unit local ordering
Thermal properties of a glass depend on the presence of network level structural units,
their relative arrangement, and the amounts of bridging and non-bridging oxygen atoms [31].
This is because these structural parameters determine the glass network connectivity. To
understand the bonding structure of the SABS glasses, Raman spectroscopy results are shown in
Fig. 3-2.
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Fig. 3-2. As collected Raman spectra of different SABS glasses.

The Raman spectra of the SABS glasses can be first examined in a general term. In high
wave number region (1300-1600 cm-1), the structural units detected are only from B2O3 [29].
Both peak width and intensity increase with B2O3 content. The peak width increase means
decreased local ordering of the B2O3-related structural units. The peak intensity increase means
that the relative percent of the B2O3-related structural units increases. In 800-1200 cm-1 wave
number region, the spectra contain both B2O3 and SiO2 structural units; the intensity and width of
the Raman peaks decrease as the B2O3 content increases. The decreased peak width indicates
increased local ordering of the B2O3-related and the SiO2-related structural units with B2O3
content. The decreased peak intensity means the relative percent of the B2O3-related structural
units and the SiO2-related structural units decreases. In 400-800 cm-1 wave number region, the
spectra contain both B2O3 and SiO2 structural units; the peak width increases but the peak
intensity decreases with B2O3 content. This indicates that the B2O3 and SiO2 structural units in
this region have less local ordering and the relative percents of the B2O3-related structural units
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and the SiO2-related structural units decrease. In this region, a tendency of peak splitting is also
seen with increasing B2O3 content. In lower than 400 cm-1 wave number range, the vibration
modes are due to complicated twisting and torsion of the silicate networks and motion of the
modifier cations. In vitreous silica, continuum is observed below 400 cm-1 wave number region
[32]. In the SABS glass, distinct peaks are observed. This is believed to be caused by random
distribution of tetrahedral structural units and Si-O-Si bond angles, as well as the structural units
from the glass modifiers SrO and La2O3 [33]. The peaks shift to lower wave numbers as B2O3
content increases, indicating the increasing effect of the modifier species on the SABS glass
network structure. However, detailed data on the bonding characteristics between the glass
formers (SiO2 and B2O3) and glass modifiers (SrO and La2O3) are beyond the scope of the
current study.
To analyze the network structure of the SABS glasses, it is beneficial to examine silicate
glass and borate glass structures first. In silicate glass, there are four major peaks representing
the nature and contribution of different silicate structural units. The 1050-1100 cm-1 region
describes the stretching motion of disilicate composition with three bridging oxygen atoms. The
950-1000 cm-1 peak describes the stretching motion of metasilicate composition with two
bridging oxygen atoms. The 900 cm-1 peak reflects the pyrosilicate composition with one
bridging oxygen atom. The 850 cm-1 peak represents orthosilicate composition with zero
bridging oxygen atoms [20]. In this context, the silicate units with four bridging oxygen atoms,
three bridging oxygen atoms, two bridging oxygen atoms, one bridging oxygen atom, and zero
bridging oxygen atom can be denoted as Q4, Q3, Q2, Q1 and Q0 respectively. The 400-700 cm-1
peak is due to the delocalized vibration of Si-O-Si bonding from mixed stretching and bending
modes [24]. In borate glass, the 1300-1600 cm-1 peak describes the B-O- (O- denotes the non-
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bridging oxygen) stretching mode with chain and ring metaborates which also connect the
network [21]. Based on the above understanding, peaks in different wave number ranges of the
SABS glass spectra can be identified. However, individual peaks corresponding to different
structural units have a tendency to overlap due to a high degree of disorder (peak widening).
Also, wave number peak shift occurs for such complex glass systems [31,32]. To establish the
correlation between the Raman peaks and specific glass structural units, the spectrum for each
SABS glass sample needs to be deconvoluted. The deconvoluted spectra for different SABS
glass compositions in the 400-1600 cm-1 range are given in Fig. 3-3. With the understanding that
the composition difference between the conventional silicate glass and the SABS glasses can
cause some peak shift, individual de-convoluted peaks can be identified. In this study, detailed
Raman spectrum analysis can be separated into three wave number regions: 1200-1600 cm-1,
800-1200 cm-1, and 400-800 cm-1, as outlined previously.
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Fig. 3-3. Deconvoluted Raman spectra for: (a) SABS-0, (b) SABS-5, (c) SABS- 10, (d) SABS15,
and (e) SABS-35 glasses.

For the SABS-0 glass, no peaks are detected in the 1300-1600 cm-1 wave number range,
corresponding to the Raman peaks from B2O3. This is because the SABS-0 glass is B2O3 free.
For the SABS-5 and SABS-10 glasses, the 1426 cm-1 peak is identified to be from the
metaborate units [34]. For the SABS-15 glass, multiple peaks are identified after Raman peak
deconvolution. The presence of 1387 cm-1 and 1357 cm-1 peaks indicate the B-O- vibrations in a
large borate network [21]. The peaks at 1424 cm-1, 1452 cm-1, 1460 cm-1, 1479 cm-1, and 1501
cm-1 can be assigned to the metaborate units and localized stretching vibration modes of B-Obonds as for the 1426 cm-1 peak in the SABS-5 and SABS-10 glasses. The two peaks at 1402 cm1

and 1438 cm-1 cannot be identified. In the SABS-35 glass, the peaks at 1354, 1382, and 1394
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cm-1 can be assigned to the splitted 1380 cm-1 peak identified for the B-O- vibrations [21]. The
peaks at 1466 cm-1, 1487 cm-1, 1510 cm-1, and 1514 cm-1 can be assigned to localized stretching
vibration of the B-O- bonds which would be at 1468 cm-1, 1475 cm-1, and 1490 cm-1 wave
numbers [24,28]. The 1330 cm-1, 1417 cm-1, and 1443 cm-1 peaks cannot be identified. Also, the
high wave number Raman peak intensity increases with B2O3 content increase. From this
analysis, it can be concluded that B2O3 progressively participates in the SABS network structure
[24] the relative amount of non-bridging oxygen atoms increases and the glass network becomes
less connected with B2O3 content increase.
For the de-convoluted peaks in the 800-1200 cm-1 wave number range, it can be
understood as follows. For the SABS-0 glass, the weak 1180 cm-1 and 1143 cm-1 peaks
correspond to the splitted 1060-1200 cm-1 peak in vitreous silica when peak shifting is
considered [35]. These peaks describe the four bridging oxygen atom Q4 units. The 1060 cm-1
and 1105 cm-1 peaks are from the three bridging oxygen atom Q3 units. The 1010 cm-1 and 949
cm-1 peaks are from the two bridging oxygen atom Q2 units. The 872 cm-1 peak is from the Q0
units. For the SABS-5 glass, no Q4 glass network units are detected. The 1037 cm-1, 1072 cm-1,
and 1094 cm-1 peaks are from the Q3 units. The 943 cm-1 and 1003 cm-1 peaks are from the Q2
units. The 872 cm-1 peak is from the Q0 units. In the SABS-10 glass, the peak at 1188 cm-1 is
from the diborate or pyroborate units [21]. The peaks at 1053 cm-1 and 1077 cm-1 are from the Q3
units. The peaks at 951 cm-1, 986 cm-1, and 1020 cm-1 are from the Q2 units. The peak at 916 cm1

is from the Q1 units. The 872 cm-1 peak is from the Q0 units. For the SABS-15 glass, the 1056

cm-1 peak is from the Q3 units. The 953-1028 cm-1 peaks are from the Q2 units. The 929 cm-1
peak is from the Si(OAl)3 units with one bridging oxygen atom [36]. The 904 cm-1 peak is from
the Q1 units. For the SABS-35 glass, the 1122 cm-1 peak is attributed to the diborate units. The
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1068 cm-1 and 1089 cm-1 peaks are attributed to the Q3 units. The 970-1047 cm-1 peaks are
attributed to the Q2 units. The 937 cm-1 peak represents orthoborate or B-O-Si stretching mode
[19]. The 875 cm-1 and 903 cm-1 peaks correspond to the Q1 and Q0 units respectively. This
means some B-O-Si bonds exist in the SABS-35 glass. Again, the Raman peak analysis in the
800-1200 cm-1 region shows that B2O3 content increase causes boron-containing structural unit
formation. Also, the amounts of silicon-containing structural units decrease. Both aspects
indicate that the SABS glass network connectivity decreases.
For the SABS-0 glass, the 619 cm-1 and 641 cm-1 peaks are from the two bridging oxygen
atom Q2 units corresponding to the characteristic bands of metasilicate glasses between 620-640
cm-1. The 606 cm-1 peak is from the broken Si-O bonds as in vitreous silica with the Q3 units. For
the SABS-5 glass, the 643 cm-1 peak is from the Q2 units. The 690 cm-1 peak is from the Q1 units
[24]. The 537 cm-1 and 580 cm-1 peaks are from the [BO4] units in anionic rings. For the SABS10 glass, the peaks at 679 cm-1 and 680 cm-1 peaks are from mixed Si-O-B linkage with the Q1
units. Some metaborate units may also contribute to these peaks. The 642 cm-1 peak is from the
Q2 units. Some metaborate units also appear at the 642 cm-1 peak since the integral area increases
with increasing B2O3 content. The peaks at 524 cm-1, 534 cm-1, and 582 cm-1 are from the BO4anionic rings. For the SABS-15 glass, the 741-744 cm-1 peaks are attributed to the BO4tetrahedral units. The 677 cm-1 and 704 cm-1 peaks are attributed to the Q1 units along with some
metaborate units. The peaks in the 400-644 cm-1 region are attributed to delocalized vibration of
Si-O-Si bridging units. The 644 cm-1 peak is from the Q2 units. The 517 cm-1 and 583 cm-1 peaks
are from the BO4- units. The 471 cm-1 peak is due to the bending mode of B-O-B, B-O-Si, and
Si-O-Si linkages associated with the Q3 units [19]. The 446 cm-1 peak is from the Q4 units.
Simultaneous presence of 929 cm-1 and 471 cm-1 peaks indicate B-O-Si linkages. In alkaline
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borate glass and alkaline earth borate glass, simultaneous presence of 930 cm-1, 650 cm-1, and
485 cm-1 peaks confirms the presence of pentaborate unit and the 755 cm-1 peak is from
dipentaborate units. In the SABS-35 glass, simultaneous presence of 937 cm-1, 779 cm-1, 645 cm1

, 508 cm-1 peaks confirms the presence of pentaborate and dipentaborate structural units. The

742 cm-1 peak is attributed to the BO4- tetrahedra. The 467 cm-1 and 688 cm-1 peaks are
attributed to B-O-Si linkages. The 688 cm-1 peak may also be attributed to the metaborate units.
The peak at 539 cm-1 is attributed to the BO4- units. As it shows, peak splitting increases with
B2O3 content increase. From SABS-0 to SABS-35 glass, the boron-containing structure units
change from metaborate to pentaborate and even to dipentaborate units with non-bridging
oxygen atoms.
With the understanding that Raman spectroscopy can only provide a qualitative picture of
the overall glass structure, the following observations can be made: a) The amount of nonbridging oxygen atoms increases along with the appearance of metaborate, orthoborate, and
pentaborate units with increasing B2O3 content. B2O3 reduces the connectivity of the SABS
glass. b) Peak splitting appears and then increases with increasing B2O3 content, suggesting
increased localized ordering of the structural units in the SABS glasses. c) The peaks
corresponding to B-O-Si linkages indicate that borate groups or boroxol rings mix with SiO4
tetrahedral structural units.
3.3.1.2. Glass structural unit environment
The

11

B MAS NMR spectra of the SABS glasses are shown in Fig. 3-3. SABS-0

composition is not included since it is B2O3 free. The broad powder pattern on the left (12 ppm
peak) and the narrow Gaussian curve on the right (0 ppm peak) can be readily assigned to BO3
(trigonal boron species) and BO4 (tetrahedral boron species), respectively. Direct simulation of
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these spectra is difficult due to the heterogeneous broadening of the BO3 line shape. Instead,
these spectra are all normalized to the highest intensity of the BO4 line shape. The relative
intensity of the BO3 peak maximum is used as a relative measure of BO3:BO4 ratio. As seen from
Fig. 3-4, the BO3:BO4 ratio in the SABS glasses decreases significantly and systematically with
B2O3 content increase. This means higher B2O3 content induces BO4 glass structural unit
formation. The fundamental cause is that the bonding between BO3 and SiO4 (trigonal and
tetrahedral network units) is unfavorable because of their relatively high local charge
concentrations. The degree of coordination with SiO4 for BO3 is less than that for BO4 even
though SiO4 and BO4 coordination needs to be further examined [37].
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Fig. 3-4. 11B MAS NMR spectra of SABS glasses.

Previous

11

B NMR studies of borosilicate glasses have shown that BO3:BO4 ratio is

independent of B2O3:SiO2 ratio at low modifier contents [38]. However, at high modifier
concentrations that are characteristic of the SABS glasses studied here, the BO3:BO4 ratio is
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expected to decrease at a rapid rate with B2O3 content increase [38]. This structural scenario is
consistent with the compositional evolution of the 11B MAS NMR spectra shown in Fig. 3-4. As
it indicates, the BO3:BO4 ratio progressively decreases from SABS-5 to SABS-35. It is also
interesting to note that the

11

B chemical shift for the BO3 site is located around 11 ppm,

indicating that these sites contain at least one non-bridging oxygen atom forming a T2 boron site
(where T stands for “ternary” by analogy to the Qn nomenclature for quaternary silicon) [39]. In
addition, the 11B chemical shift for the BO4 sites shows systematic increase from –0.50 ppm to
0.44 ppm with increasing B2O3 content from SABS-5 to SABS-35. This result means that
increasing 11B chemical shift for the BO4 sites causes less sharing of oxygen between BO4 and
SiO4 tetrahedra from SABS-5 to SABS-35 [40]. The bonding between BO4 and SiO4 is better
than that between BO3 and SiO4 but keeps decreasing from SABS-5 to SABS-35.
The 29Si MAS spectra of the SABS glasses are shown in Fig. 3-5. These spectra show a
slightly asymmetric peak that centers from -85 to -87 ppm. The absence of B2O3 in the SABS-0
glass and the small amount of Al2O3 (in comparison to SiO2) make the

29

Si peak assignment

straightforward. The main structural unit is Q3 (chemical shift of ~ -87 ppm) [41]. The shoulder
near –100 ppm indicates the presence of a small amount of Q4 species with one or two aluminum
as next-nearest neighbors. The 29Si MAS NMR spectra of SABS-5 to SABS-10 are very similar
to that of SABS-0, in spite of the increase in the B2O3 content. This observation implies that SiO4
tetrahedrals in these glasses share oxygen with BO3 units to a certain extent. However, as
mentioned above, the systematic change in the 11B chemical shift of BO4 units in these glasses
indicates preferred linking of BO4 and SiO4 tetrahedra, which begins to influence the

29

Si

chemical shift in SABS-15 and SABS-35 glasses. In SABS-35, characterized by the highest
B2O3 content and the lowest BO3:BO4 ratio, the entire 29Si MAS NMR spectrum shifts to higher
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chemical shift values indicating either the formation of Q2 species or Q3 species linked with
multiple BIV next-nearest neighbors. SABS-15 glass reveals a chemical shift in-between those of
SABS-10 and SABS-35. This means at low B2O3 content SiO4 structural units may bond with
BO3 structural units. As B2O3 content increases, BO4 content increases; SiO4 structural units are
more likely to bond with BO4 structural units.
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Fig. 3-5. 29Si MAS NMR spectra of SABS glasses.

For clarity, only the

27

Al MAS NMR spectra of SABS-0, SABS-10, and SABS-35

glasses are shown in Fig. 3-6. These spectra are nearly identical and dominated by a strong,
asymmetric peak positioned at 56 ppm that corresponds to tetrahedrally coordinated aluminum
with a distribution of quadrupolar coupling coefficients, typical of oxide glasses. This means
Al2O3 mainly acts as a glass former in the SABS glasses.
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Fig. 3-6. 27AlMAS NMR spectra of SABS-0, SABS-10, and SABS-35 glasses.

As reported before, the addition of Al2O3 can reduce the degree of phase separation in the
SABS glasses; possibly by the formation of B-O-Al-O-Si linkages. These two observations are
consistent. The 27Al MAS NMR spectrum of SABS-35 displays clear but small shoulders near 28
and 0 ppm that correspond to small concentrations (a few %) of 5- and 6- coordinated aluminum
[42]. This result is not surprising, as the structure of this glass with its low SiO2 content would
have a strong presence of boroaluminate network. Such networks are typically characterized by
the presence of 5- and 6- coordinated aluminum atoms forming Al-O-B linkages [11]. This
observation indicates that whether aluminum acts as a glass former or as a glass modifier
depends on the B2O3 content in borosilicate glass. Even though Al2O3 mostly acts as a glass
former, B2O3 content increase could change it to a glass modifier. The quantity of Al2O3 as a
glass former in the SABS glasses requires 27Al triple-quantum MAS NMR studies.
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3.3.1.3. Connectivity
Thermal properties of a glass depend on the presence of atomic level structural units,
their relative arrangement, and the amounts of bridging and non-bridging oxygen atoms [31].
This is because these structural parameters determine the glass network connectivity. If a glass
has high connectivity, then it is likely to be stable and resistant to devitrification. If a glass has
low connectivity, then it is likely to devitrify. Increasing non-bridging oxygen content decreases
glass connectivity. In the SABS glass system, B2O3 becomes more dominant in the glass
structure as its content increases. Along with the increase of the relative percent of BO4 structural
units, the absolute content of BO3 structural units still increases. This leads to more chain and
ring metaborate and even orthoborate (for SABS-35) contents and increasingly broken SiO4
tetrahedral network. As a result, connectivity decreases.
Quantitatively, glass network connectivity ψ can be defined as follows based on prior
knowledge of degree of network formation [7]:

Ψ =
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i
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∑O +∑O
+

Network

×

−

+

(3-1)

Former + Modifier

Fi is the field strength of oxide i in a glass system, Vi is the amount of oxide i in vol%, and Zi is
the atomic number of oxide i. The first term in Eq. (3-1) considers the bonding effect of cations
that are present in a glass network. The second term represents the ratio of bridging oxygen
atoms (O+) vs. total oxygen atoms (O- and O+) in a glass network. ψ thus represents two aspects
in a glass network: bonding effect of glass network cations and the ratio of bridging oxygen
atoms vs. total oxygen atoms.
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Based on the SABS glass compositions, the NMR spectra, and the Raman spectra, glass
network connectivity for the SABS glasses has been calculated using Eq. (3-1) and the results are
given in Table 3-1. The field strength of SiO2, Al2O3, La2O3, and SrO are 1.56, 0.97, 0.43, and
0.27 respectively based on literature values and the cation function in the SABS glasses [43].
The field strength of B2O3 varies between 1.53 to 1.50 based on literature values and the
BO3:BO4 ratios from SABS-0 to SABS-35 [43]. As it shows, the bonding ability of glass
network cations, the relative percent of bridging oxygen atoms, and the SABS glass network
connectivity all decrease with B2O3 content increase. This result is very consistent with the NMR
and Raman spectra, as well as the SABS glass thermal stability to be discussed. Glass
connectivity serves as an important parameter in evaluating the thermal stability of a glass
system.

Table 3-1. Calculated glass network connectivity for SABS glasses.
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SABS-0

1.40

0.53
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SABS-5

1.38

0.52
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SABS 10

1.37

0.48

66

SABS-15

1.36

0.49

66

SABS-35

1.31

0.37

48
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While the connectivity calculation sheds new light on the glass network structure, it
should be cautioned that the connectivity results in Table 3-1 involve two approximations. First,
the amount of network forming cations contributed by Al3+ ions is unknown. Al2O3 participates
in the glass network as a glass former but the relative amount decreases with B2O3 content
increase. For the calculation in Table 3-1, Al2O3 is assumed to always act as a glass former
throughout the SABS glass composition range. Second, there are two Raman peaks for SABS-15
(1402 cm-1 and 1438 cm-1) and three Raman peaks for SABS-35 (1330 cm-1, 1417 cm-1, and
1443 cm-1) that cannot be identified. In this calculation, they are assumed to come from borate
structural units coordinated with glass modifiers.
Because of the configurational entropy difference between SiO4 and BO3 structural units,
SiO4 structural units preferentially link with BO4 structural units, except for the linking among
themselves. To understand the degree of bonding between SiO4 and BO4 units, two other related
parameters can be calculated. One is probability of silicon coordinated to BO4 and the other is
mean number of silicon coordinated to BO4. SiO4 and BO4 structural unit coordination has been
discussed previously but is desired to be further quantified. For a given glass, the mean number
of silicon coordinated to BO4 species is approximately constant and can be averaged over
compositions of SABS-0 to SABS-35. Taking XSi as the molar ratio of silicon to total network
formers (silicon and boron) and assuming no BO4 units are linked with each other, the mean
number of silicon coordinated to BO4 can be expressed as [44]:
< l >=

16 X Si
0.62 + 4.38 X Si − X Si

(3-2)

2

The probability of silicon coordinated to BO4 becomes:
2

P (l ) =

4 X Si
0.62 + 0.38 X Si − X Si 4−l
4!
(
)l (
)
2
2
l!(4 − l )! 0.62 + 4.38 X Si − X Si
0.62 + 4.38 X Si − X Si
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(3-3)

Based on Eqs. (2) and (3), <l> and P(l) can be calculated for the SABS glasses as shown
in Fig. 3-7. <l> and P(l) drastically decrease with B2O3 content increase. For SABS-5, the
average mean number of silicon coordinated to BO4 is 3.75; the probability P(l) of finding silicon
coordinated to BO4 is 0.77. For SABS-35, the average mean number of silicon coordinated to
BO4 is 2.47; the probability P(l) of finding silicon coordinated to BO4 is 0.33. For SABS-10 and
SABS-15, the values of <l> and P(l) are in-between the above ranges. This means as B2O3
content increases, there are not only fewer silicon atoms coordinated to BO4 but the possibility of
finding such coordination also drastically decreases. Put it differently, SiO4 and BO4 structural
units are less and less likely to bond with each other with B2O3 content increase, even by
assuming no BO4 units are directly linked with themselves, an extreme assumption supported by
the NMR results. This indicates that the glass network connectivity results in Table 3-1 should be
considered jointly with the Qn and Tn structural unit distribution and bonding when evaluating a
glass system, such as thermal stability.
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Fig. 3-7. Probability of silicon coordinated to BO4 and average mean number of silicon
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coordinated to BO4 as a function of SABS glass composition.

3.3.2. Thermal properties
The Tg and Td results obtained from the dilatometry experiments are shown in Fig. 3-8.
From Fig. 3-8, it is observed that both Tg and Td decrease as B2O3 content increases from 0
mol% to 35 mol%. The Tg values changes from 775°C to 635°C. The Td value changes from
815°C to 670°C. This means the SABS glass network connectivity decrease directly affects the
thermal properties [45].
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Fig. 3-8. Glass transition temperature (Tg) and glass softening temperature (Td) variation
with B2O3 content in SABS glasses.

The trend in decreased values of Tg and Td with increasing B2O3 content is expected due
to the low Tg and Td of borate glass, contributed by the presence of [BO3] trigonal structures. The
SABS-0 glass consists of stable [SiO4] tetrahedra in a connected network structure. A small
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amount of the Q4 units is present along with the Q3, Q2 and Q0 units in the SABS-0 glass. The Tg
and Td are high since the glass network is more rigid and less mobile. As B2O3 is introduced into
the SABS-5 glass, trigonal [BO3] polyhedra cause the [SiO4] glass network to re-arrange and
result in a less connected 3D structure. In the SABS-5 glass, the amount of the Q3 units increases
and the amount of the Q2 units decreases with the appearance of metaborate units and boroxol
rings. Due to the presence of metaborate units and trigonal boroxol rings, the degree of
connectivity decreases and consequently both Tg and Td decrease sharply. With increasing B2O3
content, the content of the [SiO4] structural units decreases and the content of the [BO3]
structural units increases. However, with increasing B2O3:SiO2 ratio, the content of the borate
structural units with both three and four-coordinated borons (metaborate, pentaborate, and
orthoborate) increases. The bond energy of B-O-Si bond with four coordinated boron is 89
kcal/mol compare to 119 kcal/mole for B-O-Si bond with three coordinated boron [46]. The
absence of the characteristic peak, 805 cm-1, of boroxol rings with three coordinated boron in the
SABS glasses indicates the dominance of the four coordinated borate structural units. The
weaker bond energy of four coordinated B-O-Si bond also contributes to the lower Tg and Td in
the SABS glasses with increasing B2O3:SiO2 ratio. In the SABS-15 glass, the amount of the Q2
units decreases with the evolution of pentaborate units along with more metaborate and boroxol
ring units. In the SABS-35 glass, decreased amount of the Q3 units and increased amount of the
pentaborate units further decrease the glass network connectivity, resulting in lower Tg and Td.
As a result, the decrease in Tg and Td becomes more substantial.
The CTE obtained from dilatometry is shown in Fig. 3-9. The CTE of the SABS glasses
increases with B2O3: SiO2 ratio. The CTEs of the SABS-0 glass is 10.8 ± 0.5 × 10-6/°C and
increases by ~ 1.0 × 10-6/°C to 11.5 ± 0.5 × 10-6/°C for SABS-35 glass. Asymmetric structure of
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boron structural units, increase in non-bridging oxygen, and decrease in network connectivity are
corroborated to the CTE increase with B2O3:SiO2 ratio. This observation is also consistent with
decrease in Tg and Td with increasing B2O3:SiO2 ratio.

-6

CTE (× 10 /°C)

15.0
14.0
13.0
12.0
11.0
10.0
0

10

20
B2O3 (mol%)

30

40

Fig. 3-9. CTE variation with B2O3 content in SABS glasses.
3.3.3. Thermal stability
Degree of glass network connectivity directly affects the devitrification tendency of a
glass system. Decrease in connectivity increases the possibility for devitrification. If structural
unit local ordering occurs in a glass, even if only in small localized areas, the glass will be prone
to devitrification, likely caused by heterogeneous nucleation [47].
For the SABS-0 glass, the thermal treatment at 850°C is carried out up to 200 hrs. The
XRD patterns at different thermal treatment times are given in Fig. 3-10. As can be seen from the
halo shape of the XRD patterns, the glass does not devitrify after 200 hrs of thermal treatment.
This result suggests that the SABS-0 glass is thermally stable.
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Fig. 3-10. XRD patterns of SABS-0 glass thermally treated at 850°C for different times.

For the SABS-5 glass, thermal treatment was conducted up to 100 hrs at 850°C. The
glass devitrifies after 50 hrs thermal treatment as seen in Fig. 3-11. Small devitrification peaks
are observed but the intensity and numbers of peaks are insufficient to determine the crystalline
phases. After 100 hrs of thermal treatment at 850°C, monoclinic La2Si2O7 is the main phase
along with small amounts of α-SrSiO3 and Sr2SiO4 phases. This means as the glass structure
connectivity decreases, [SiO4] becomes more likely to interact with glass modifier, such as SrO
and La2O3, and form new species. This interaction away from the glass network leads to
devitrification and crystalline phase formation.
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Fig. 3-11. XRD patterns of SABS-5 glass thermally treated at 850°C for different times.

The SABS-10, SABS-15 and SABS-35 glasses are thermally treated at 850°C for 50 hrs
only since devitrification becomes apparent at this condition, as shown in Fig. 3-12. Monoclinic
lanthanum silicate (La2Si2O7) is the only phase in the SABS-10 glass. Three phases are identified
in the SABS-15 glass. They are monoclinic lanthanum silicate (La2Si2O7), rhombohedral
aluminum borate (AlBO3), and orthorhombic strontium boron aluminum oxide (Sr2B2Al2O8). In
the SABS-35 glass, two phases, orthorhombic strontium borate (SrB2O4) and orthorhombic
lanthanum borate (LaBO3), are identified. LaBO3 is the main phase. This appearance of totally
different phases in the SABS-35 glass is also seen in the peak shifting in the XRD patterns
whereas the major peaks are exactly overlapped for the SABS-10 and the SABS-15 glasses (Fig.
3-12).
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Fig. 3-12. XRD patterns of SABS-10, SABS-15, and SABS-35 glasses thermally treated at
850°C for 50 hrs.
In the studied SABS glass system, only B2O3:SiO2 ratio changes. With increasing B2O3
content, different devitrified phases evolve. This indicates that the devitrification process is
accompanied by the complex interaction between different glass structural units and glass
modifiers. Gibbs free energy change during the devitrification process may be the most
convincing approach to explain the devitrification tendency and the most likely devitrifying
phases. However, thermodynamic data for the SABS glass system at high temperatures are not
available, especially for the species involving the SrO and La2O3 modifiers. With the Raman
spectra and NMR providing complementary data about BO3:BO4 ratios, environment of different
structural units, as well as structural unit types, ordering, and distribution, XRD serves as an
effective means to identifying the devitrified phases.
In borosilicate glasses, borate structural units and silicate structural units do not disperse
well and tend to stay separated. This glass structural unit clustering is supported by the peak
splitting in the deconvoluted Raman spectra in Fig. 3-3. The amount of non-bridging oxygen
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atoms increases with B2O3 addition. Thus the amount of glass structural units with low
connectivity increases. The presence of localized low connectivity structural unit promotes
devitrification via nucleation in the glass [13,14]. Therefore, devitrification is more prominent
with increasing B2O3:SiO2 ratio.
Another important aspect to consider for the SABS glass system is the glass modifiers.
The non-bridging oxygen atoms tend to coordinate with the glass modifiers and form new
species. In K2O-La2O3-SiO2 system, the non-bridging oxygen atoms due to the Q3 units at 1030
cm-1 and 1100 cm-1 peaks coordinate with La3+ ions [48]. In lanthanum containing glasses,
lanthanum bonds either with silicate tetrahedra forming ‘lanthanide Q3’ species (Si-O-La), La-O
clusters, and linked La-O polyhedra by ‘oxide-like’ La-O-La [49, 50]. These structural units are
energetically favorable [49,50] and forms small, isolated, phase-ordered domains which
essentially also act as nucleation sites favoring devitrification of glass. In the SABS glasses, La3+
and Sr2+ ions act as modifiers. The intense peaks in the 1020-1030 cm-1 region in the SABS-5
(1037 cm-1), SABS-10 (1020 cm-1) and SABS-15 (1028 cm-1) glasses suggest that the nonbridging oxygen atoms from the Q3 units coordinate with La3+. Consequently, La2Si2O7 phase
forms in the SABS-5, SABS-10, and SABS-15 glasses. For the SABS-35 glass, similar argument
can be applied. Some non-bridging oxygen atoms are coordinated with Sr2+ ions and thus Srcontaining phases evolve. The isolated La-O clusters probably bond with borate structural units
and form B-O-La instead of B-O-Si due to the higher concentration of borate structural units and
higher electrostatic bond strength of boron (1.62) than silicon (1.54). Consequently, LaBO3
phase forms as main phase in the SABS-35 glass. This interpretation is also supported by the
appearance of several peaks above 1300 cm-1 wave number, similar to the crystalline phase
La(B3O6) peak in BaO-La2O3-B2O3 metaborate glass [51,52]. With addition of B2O3 in the SABS
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glasses, the diborate, metaborate, orthoborate and pentaborate structural units evolve as seen
from Raman spectroscopy. These borate structural units contain both four-coordinated and threecoordinated borons [53]. In Sr-containing boroaluminate glass, the devitification is favored by
the formation of boroaluminate phase by the interaction of three coordinated boron and four
coordinated aluminium [54,55]. With increasing B2O3 content, the tetraderal BO4 structural units
(four-coordinated boron) break the Al-O-Al bonds in glass network to form Al-O-B bonds and
react with SrAl2O4 to form strontium aluminoborate and strontium borate phases [56].
Consequently, with increasing B2O3 content AlBO3 and Sr2B2Al2O8 phases evolve along with
La2Si2O7 phase in SABS-15 glass and SrB2O4 evolves along with LaBO3 phase in SABS-35
glass. As a result, analogous structural units of LaBO3 and Sr-metaborate are present.
3.4. Conclusions
The effects of B2O3:SiO2 ratio on the network structure and thermal properties of the
SrO-La2O3-Al2O3-B2O3-SiO2 glass system are studied. Increasing B2O3:SiO2 ratio causes glass
network connectivity decrease, non-bridging oxygen increase, glass structural unit local
ordering, and glass former distribution inhomogeneity. Increased B2O3:SiO2 ratio degrades the
thermal properties. The micro-heterogeneity from different glass structural units also increases
the tendency of devitrification and degrades thermal stability. Depending on the bonding affinity
with glass modifiers, silicon-containing devitrified phases form for low B2O3 content SABS
glasses and boron-containing devitrified phases form for high B2O3 content SABS glasses. Boron
free SABS glass exhibits excellent combination of thermal properties and thermal stability.
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CHAPTER FOUR

EFFECT OF NICKEL ON THE STRUCTURE AND THERMAL BEHAVIOR OF SrOLa2O3-Al2O3-B2O3-SiO2 GLASS

Abstract
Nickel is added in a seal glass composition to modify thermal properties depending on its
role as network former or modifier. To understand the role of nickel in the network structure and
thermal properties of SrO-La2O3-Al2O3-B2O3-SiO2-based seal glass, 2 mol% SiO2 and B2O3 glass
formers and SrO glass modifier have been substituted with nickel. Glass network structure was
studied by Raman spectroscopy and network connectivity was calculated. Nickel in the studied
glasses does not significantly modify the thermal properties but degrades thermal stability by
decreasing network connectivity, increasing micro-heterogeneity, and increasing non-bridging
oxygen. Nickel behaves as a glass modifier in the studied glasses.
4.1. Introduction
Transition metal oxides such as TiO2, ZrO2, and NiO are added in a seal glass to modify
the thermal properties. These oxides behave similarly as intermediate oxides depending on the
glass composition [1,2]. Ni or NiO is commonly used additive in a seal glass due to its high
thermal expansion coefficient CTE (14.0 × 10-6/°C) [3]. Ni or NiO has been studied in several
seal glasses as an additive, but the results are ambiguous, if not contradictory [4-6]. In BaOborosilicate glasses, 2-5 mol% Ni addition decreases Tg by 5-10°C and increases CTE by ~1.0 ×
10-6/°C [7]. In a SrO-CaO-borosilicate glass, 5 mol% NiO addition decreases Tg by ~25°C, Ts by
~10°C, and CTE by ~ 0.5 × 10-6/°C. Further increase in NiO (10-15 mol%) increases Tg and Ts
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by ~ 10°C and ~ 5°C respectively [5]. 2 mol% Ni addition into a MgO-borosilicate glass
increases Tc by 80°C but does not affect the CTE [6].
The field strength of nickel ion (0.55 when coordination number is 6 and 0.61 when
coordination number is 4) and falls in-between the field strength of glass network former region
(1.00-2.00) and modifier region (≈ 0.35) [7]. When Ni2+ ions are 4-coordinated, they participate
in a glass network and act as a glass former. Subsequently, Tg and Ts increase and CTE
decreases. When 6-coordinated, Ni2+ ions act as a modifier and decreases Tg and Ts and increases
CTE. However, the role of Ni/NiO as network former or modifier in the studied seal glasses
have not been reported and the contradictory results remain unexplained. In chapter three,
desirable thermal properties and thermal stability have been obtained in SrO-La2O3-Al2O3-B2O3SiO2-based (SABS) glasses. The role of Ni to modify the network structure and thermal behavior
of SABS glasses have been studied in this chapter.
This chapter is focused on understanding the effects of nickel replacement of glass
former (SiO2, B2O3) and glass modifier (SrO) on the SABS glass structure, thermal properties,
and thermal stability. SABS glass with 0 mol% and 5 mol% B2O3 were studied. Nickel of 2
mol% was added to substitute either SiO2, B2O3, or SrO in the same amount in order to
understand the following: 1) How does nickel affect SABS glass structure and connectivity?
Does nickel act as a glass modifier or glass network former? 2) How does nickel affect SABS
glass thermal properties and thermal stability?
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4.2. Experimental procedure

4.2.1. Glass preparation
SrO-La2O3-Al2O3-B2O3-SiO2 based glass samples were prepared with conventional
quenching method. SrCO3 (99.9%, Sigma Aldrich, St. Louis, MO), La2O3 (99.98%), Al2O3
(99.95%), B2O3 (99.98%), SiO2 (99.8%) (all oxides were from Alfa Aesar, Ward Hill, MA), and
nickel metal powders (INCO powder type 110, Novamet, Wyckoft, NJ) at designed ratios were
mixed in a ball mill for overnight. The mixed powders were heated in a platinum crucible in a
box furnace (Lindberg, Model No. 51314, Watertown, WI) to 1100°C and kept there for 1 hr for
SrCO3 to decompose. After that, the mixture was heated to 1400°C for 4 hrs. The heating rate
was 10°C·min-1. The molten glass was quenched into a graphite mold. The glass compositions in
this study were abbreviated as SABS-0 and SABS-5, in which the numbers 0 and 5 indicate 0
mol% and 5 mol% B2O3, respectively. All the glass compositions had 40 mol% of SrO, La2O3,
and Al2O3 at fixed SrO:La2O3:Al2O3 ratios. The total amount of B2O3 and SiO2 was 60 mol%. In
the SABS-0 glass, 2.0 mol% nickel powder was used to replace the glass former SiO2 or glass
modifier SrO of the same amount. In the SABS-5 glass, 2 mol% nickel powder was added to
replace glass former SiO2 or B2O3.

4.2.2. Raman spectroscopy
For network structure analysis of the SABS glass compositions, quenched glass samples
were polished to optical finish. Raman spectra of the polished samples were collected in 2001600 cm-1 wave number range using a Raman spectrometer (JY Horbia LabRam HR 800, Horiba
Ltd., Japan) with a CCD detector and a Labspec software package. The light source was a 514.57
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nm argon laser at 50 mW power and 400 s exposure time. The spectra were later corrected for
background noise and temperature effect [8]. For data analysis, the Raman spectra were fitted to
Gaussian bands without any restrictions to deconvolute the superimposed Raman peaks [9,10].
Curve fitting was done with GRAMS/AI (7.02) software (Themo Fisher Scientific, Inc.
Waltham, MA).

4.2.3 Thermal property measurement
Glass transition temperature Tg, dilatometric softening temperature Td, and thermal
expansion coefficient CTE were measured with a push-rod dilatometer (Model 1600R, The
Edward Orton Jr. Ceramic Foundation, OH). Cylindrical samples of 27 mm long and 5 mm
diameter were used. During the dilatometry study, the samples were heated at 3°C/min heating
rate to 900°C for 2 hrs and then cooled to room temperature at the same rate. Each sample was
thermally cycled three times under this condition. Average Tg, Td, and CTE values were obtained
from both the heating and the cooling cycles [11].

2.4 Phase analysis
For thermal stability study, bulk SABS glass samples were put on a platinum foil and
heated to 850°C at the same heating and cooling rate of 5°C/min. The samples were thermally
treated at 850°C for 50-200 hrs. XRD studies were carried out in an X’Pert PRO diffractometer
(PANalytical B.V., EA Almelo, The Netherlands) to identify the crystalline phases in the
thermally treated samples. The scan rate was 0.0020°/s with CuKα radiation (λ = 1.5406 Å).
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4.3. Results and discussion

4.3.1. Overall glass structure
Thermal properties and thermal stability of a glass depends on the presence of structural
units, their relative arrangement, and the amount of bridging oxygen [12]. These structural
parameters in turn determine the glass network connectivity. To understand the network structure
evolution of the SABS glasses, the Raman spectra of different SABS-0 glasses are shown in Fig.
4-1. Across 400-1200 cm-1 wave number range, peak intensity and peak width drastically
decrease with nickel addition (Fig. 4-1(a)). Nickel replacement of SiO2 has more dramatic effect
on peak intensity and peak width than nickel replacement of SrO. Decreased peak width in Fig.
4-1(a) suggests that glass structural unit local ordering increases with nickel addition. Nickel
replacement of SiO2 has more effect on glass structure local ordering than nickel replacement of
SrO. Absolute peak intensity decrease means decreased amount of structural units with nickel
addition. However, relative change in peak intensity and peak width for a specific SABS glass is
not directly comparable. Because of this, the Raman peaks of the three SABS-0 glasses were
normalized. The normalized peaks do not show substantial peak intensity or peak width
difference as shown in figure Fig. 4-1(b). This means the relative amount of different structural
units in a SABS glass does not change significantly. Also, a strong peak shoulder appears around
885 cm-1 wave number, which will be discussed next.

102

30

1.0

(a)

SABS-0
SABS-0 +Ni in SiO2

Normalized intensity

Intensity (× 103 counts)

40

SABS-0 + Ni in SrO

20
10

(b)

0.8

SABS-0
SABS-0 + Ni in SiO2

0.6

SABS-0 + Ni in SrO

0.4
0.2
0.0

0
400

600

800

1000

1200

1400

400

1600

600

-1

Wave Number (cm )

800
1000
1200
Wave number (cm-1)

1400

1600

Fig. 4-1. Raman spectra of SABS-0 glasses: (a) as-collected, (b) normalized.

Raman spectra of different SABS-5 glasses are shown in Fig. 4-2. Peak intensity and
peak width again drastically decrease with nickel replacement of SiO2 or B2O3. The peak
intensity decreases slightly more for the nickel replacement of B2O3 case. This again means the
absolute amount of the glass structural units decreases but the local ordering increases for the
SABS-5 glasses. Comparison of normalized peak intensity does not show any significant change
for a specific SABS-5 glass, similar to Fig. 4-1(b). Also, nickel replacement of SiO2 or B2O3
shows no change in the relative peak width. A strong peak again appears around 885 cm-1 wave
number.
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Fig. 4-2. Raman spectra of SABS-5 glasses: (a) as-collected, (b) normalized.
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4.3.2. Glass structural unit local ordering
For discussion convenience, silicate glass and borate glass structures will be discussed
again as in chapter three. In silicate glass, the 1060-1200 cm-1 wave number peak comes from
vitreous SiO2 with four bridging oxygen atoms. There are four major peaks representing the
nature and contribution of different silicate structural units. The 1050-1100 cm-1 wave number
peak describes the stretching motion of disilicate composition with three bridging oxygen atoms.
The 950-1000 cm-1 wave number peak describes the stretching motion of metasilicate
composition with two bridging oxygen atoms. The 900 cm-1 wave number peak reflects the
pyrosilicate composition with one bridging oxygen atom. The 850 cm-1 wave number peak
represents orthosilicate composition with zero bridging oxygen [13]. In this context the silicate
units with four bridging oxygen atoms, three bridging oxygen atoms, two bridging oxygen
atoms, one bridging oxygen atom, and zero bridging oxygen atom can be denoted as Q4, Q3, Q2,
Q1, and Q0 respectively. The numerals represent the number of bridging oxygen atoms that each
structural unit has. The 400-700 cm-1 wave number peak is due to delocalized vibration of Si-OSi bonding from mixed stretching and bending modes [13,14]. In borate glass, the 1300-1600
cm-1 wave number peak describes the B-O- (O- denotes the non-bridging oxygen) stretching
mode within chain and ring metaborates which also connect the network [15].
Based on the above understanding, the Raman peaks in different wave number ranges of
the SABS glass spectra can be identified. However, peaks corresponding to different structural
units have a tendency to overlap due to a high degree of disorder (peak widening). Also, peak
frequency shift occurs for such complex glass systems [16]. To establish the correlation between
the Raman peaks and specific glass structural units, the spectrum for each SABS glass sample
needs to be deconvoluted. The deconvoluted spectra for the SABS-0 glass compositions are
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given in Fig. 4-3 and for the SABS-5 glass compositions are given in Fig. 4-4. The thick line
shows the as-collected Raman spectra. The thin lines show the deconvoluted peaks from the
Gaussian fitting. With the understanding that the composition difference between the
conventional silicate glass and the SABS glasses can cause some peak shift, deconvoluted
Raman peaks can be identified. In this study, detailed Raman spectrum analysis can be separated
into three regions: 1200-1600 cm-1, 800-1200 cm-1, and 400-800 cm-1.
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Fig. 4-3. Deconvoluted Raman peaks for: (a) SABS-0, (b) 2 mol% nickel replacement of
SiO2 in SABS-0, and (c) 2 mol% nickel replacement of SrO in SABS-0.
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Fig. 4-4. Deconvoluted Raman peaks for: (a) SABS-5 glass, (b) 2 mol% nickel replacement of
SiO2 in SABS-5 glass, and (c) 2 mol% nickel replacement of B2O3 in SABS-5 glass.

For the SABS-0 glass, no peak is detected in the 1200-1600 cm-1 wave number range,
corresponding to the Raman peaks from B2O3. For the SABS-5 glass, the 1426 cm-1 wave
number peak is from metaborate units [17]. For the SABS-5 glass with 2.0 mol% nickel
replacement of SiO2, the peak at 1426 cm-1 splits into three peaks at 1340 cm-1, 1413, and 1457
cm-1. This peak splitting process is supported by comparing normalized areas of these peaks. The
total area of the 1340 cm-1, 1413 cm-1, and 1457 cm-1 peaks match with the 1426 cm-1 peak area
in the SABS-5 glass. The 1457 cm-1 peak can be assigned to localized stretching vibration of BO- bonds in BO3 triangles [14] or di-triborate group [18]. The 1340 cm-1 peak can be assigned to
di-triborate group or the stretching mode of metaborates associated with non-bridging oxygen
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[15]. The peak splitting indicates local ordering of the metaborate structural units. For the SABS5 glass with nickel replacement of B2O3, no peak is observed in the 1200-1600 cm-1 wave
number region. This is consistent with the original spectrum in Fig. 2. Nickel replacement of
B2O3 causes the disappearance of the B-O- stretching mode of ring and chain metaborates in the
glass network. The effect of nickel addition on the SABS glass properties is similar to those of
Fe2+ and Mn2+, acting as a glass modifier [19]. In the nickel-containing SABS glasses, nickel
likely forms short-range NiO6 octahedra instead of tetrahedral arrangement.
For the de-convoluted peaks in the 800-1200 cm-1 wave number range, it can be
understood as follows. For the SABS-0 glass, the weak 1180 cm-1 and 1143 cm-1 wave number
peaks are from the Q4 units [20]. The 1060 cm-1 and 1105 cm-1 wave number peaks are from the
Q3 units. The 1010 cm-1 and 949 cm-1 wave number peaks are from the Q2 units. The 872 cm-1
wave number peak is from the Q0 units [21]. This means for the SABS-0 glass, a small fraction
of SiO4 glass structure units are fully connected by bridging oxygen atoms, most of the SiO4
glass structure units are partially connected with other SiO4 structure units, and a small fraction
of the SiO4 glass structure units have zero bridging oxygen atoms and only coordinate with the
glass modifier ions.
With 2.0 mol% nickel replacement of SiO2 in the SABS-0 glass, the peaks corresponding
to the Q4 units are absent. The 1105 cm-1 wave number peak shifts to lower wave number of
1089 cm-1. The 1060 cm-1 peak splits into four peaks: 1033 cm-1, 1054 cm-1, 1074 cm-1, and 1089
cm-1 peak. The 1010 cm-1 peak splits into two peaks at 992 cm-1 and 1013 cm-1 wave numbers.
The 948 cm-1 peak in the SABS-0 glass splits into two peaks at 962 cm-1 and 923 cm-1. All these
peak splitting processes can be confirmed by peak area integration. The 923 cm-1 peak is
attributed to discrete Si(OAl)4 units with one bridging oxygen [22]. A new peak at 882 cm-1

107

appears, as pointed out before. This peak is associated with discrete Si(OAl)4 units with zero
bridging oxygen atom, which is analogous to the 850 cm-1 peak in silicate glass [22]. The 855
cm-1 wave number peak corresponds to the Q0 units. This Raman peak analysis shows that for
the SABS-0 glass with 2 mol% nickel replacement of SiO2, no SiO4 structure units are fully
connected to its neighboring SiO4 units. Most of SiO4 glass structure units are partially
connected to other SiO4 units, and a small fraction of SiO4 glass structure units stay separated
from other SiO4 units. The Q0 unit content increases more obviously as evidenced by the 882 cm1

and 855 cm-1 peak appearance.
For the SABS-0 glass with 2.0 mol% nickel replacement of SrO, similar observation can

be made. The 949 cm-1 peak splits into 994 cm-1, 959 cm-1, and 926 cm-1 peaks. This peak
splitting again means increased local ordering of glass structural units. The 889 cm-1 peak is
attributed to discrete Si(OAl)4 units with zero bridging oxygen atom.
For the SABS-5 glass, no Q4 glass structural unit is detected. The 1094 cm-1, 1072 cm-1,
and 1037 cm-1 wave number peaks are from the Q3 units. The 943 cm-1 wave number peak is
from the Q2 units. The 872 cm-1 wave number peak is from the Q0 units. This means for the
SABS-5 glass, none of the SiO4 glass units are fully connected to other SiO4 units. Most of the
SiO4 units are partially connected to other SiO4 units in the glass network. Some SiO4 units stay
separated from other SiO4 units. For the SABS-5 glass with 2 mol% nickel replacement of SiO2,
the 1072 cm-1 peak splits into 1091 cm-1, 1084 cm-1, and 1062 cm-1 peaks. The 987 cm-1, 1003
cm-1, and 1012 cm-1 peaks can be assigned to Q2 units. The 943 cm-1 peak splits into 924 cm-1
and 960 cm-1 peaks. The 872 cm-1 peak splits into 863 cm-1 and 888 cm-1 peaks. This extensive
peak splitting again means increased local ordering of glass structural units. For the SABS-5
glass with 2 mol% nickel replacement of B2O3, similar observations can be made. A weak peak
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appears at 1148 cm-1 wave number which can be assigned to the Q4 units. The 1072 cm-1 peak
splits into 1059 cm-1 and 1094 cm-1 peaks. The 1002 cm-1 peak splits into 982 cm-1 and 1008 cm1

peaks. The 944 cm-1 peak splits into 926 cm-1 and 956 cm-1 peaks. The 874 cm-1 peak splits into

847 cm-1, 857 cm-1, and 887 cm-1 peaks. This again indicates that nickel replacement of SiO2 and
B2O3 in the SABS-5 glass increases glass local ordering and nickel ions act as a glass modifier.
For the SABS-0 glass, the 619 cm-1 and 641 cm-1 wave number peaks are from the Q2
units corresponding to the characteristic bands of metasilicate glasses between 620-640 cm-1
[23]. The 606 cm-1 wave number peak is from the broken Si-O bonds as in vitreous silica with
the Q3 units [16,24]. With nickel replacement of SiO2, peak shifting occurs in the SABS-0 glass
along with the appearance of new peaks. The 606 cm-1 peak shifts to 602 cm-1 with significantly
increased integrated area.

The 619 and 641 cm-1 peaks shift to 631 cm-1 and 659 cm-1

respectively with decreased integrated area. The 690 cm-1 peak can be assigned to the Q1 units
[14,23]. A new, weak peak appears near 725 cm-1 wave number which can be assigned to the
stretching vibrational mode of AlO4 Q4 units [14]. With nickel replacement of SrO, peak splitting
is not clearly observed. However, new peaks appear. The 509 cm-1 peak is assigned to Si-O-Al
linkages with four bridging oxygen [14]. The 569 cm-1 peak is attributed to Al-O-Al bonds
originating from disordering of AlO4 and SiO4 structural units [25]. A very weak peak at 670 cm1

wave number is attributed to the Q1 units [13,14]. Increased amount of broken Si-O bonds in

the SABS-0 glass with nickel replacement of SiO2 and disordered Al-O-Al bonds in the SABS-0
glass with nickel replacement of SrO suggest that nickel addition weakens the overall glass
structure.
For the SABS-5 glass, the 642 cm-1 and 692 cm-1 wave number peaks are from the Q2
units, the Q1 units, and Si-O-B bonds [14]. The 537 cm-1 and 580 cm-1 wave number peaks are
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from BO4 units in anionic rings [15]. With nickel replacement of SiO2 in the SABS-5 glass, the
692 cm-1 peak splits into 686 cm-1 and 681 cm-1 peaks. The 642 cm-1 peak splits into 659 cm-1
and 636 cm-1 peaks. The 580 cm-1 peak splits into 596 cm-1, 586 cm-1, and 576 cm-1 peaks. The
537 cm-1 peak disappears. A very weak peak at 460 cm-1 wave number appears, which is
assigned to BO4 tetrahedra [17]. Also, the 692 cm-1 peak splits into 692 cm-1 and 687 cm-1 peaks.
The 642 cm-1 peak splits into 636 cm-1, 640 cm-1, and 648 cm-1 peaks. A weak peak at 490 cm-1
wave number appears, which can be assigned to the broken Si-O bonds. Again, the splitting of
peaks indicates the increased local ordering of the glass structural units.
Based on the Raman spectrum analysis of the nickel containing SABS-0 and SABS-5
glasses, two conclusions can be drawn for the effect of nickel addition on the SABS glass. First,
nickel addition causes Q4 unit disappearance in SABS-0 glass and increased amount of nonbridging oxygen atoms in both SABS-0 and SABS-5 glass. Second, the peaks correspond to the
Q2 and Q3 units split and discrete Si(OAl)4 and Si(OAl)4 peaks appear, indicating increased local
ordering of glass structural units and presence of microdomain region with heterogeneous
composition. From these conclusions it can be inferred that nickel acts as a glass modifier.

4.3.3. Glass network connectivity
Glass network connectivity indicates glass forming and retaining ability. If a glass has
high connectivity, it is likely to be stable and resistant to devitrification. If a glass has low
connectivity, it is likely to devitrify. Connectivity in a glass structure is determined by the
number and arrangement of bridging and non-bridging oxygen bonds which link each of the
building blocks to its neighbors. High amount of non-bridging oxygen atoms decreases glass
connectivity. To compare SABS glass connectivity, the relative percent of different SiO4
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structural units in the 800-1200 cm-1 region is given in Table 4-1. This particular region is
chosen because in the 400-800 cm-1 wave number region, there are mixed stretching and bending
vibration mode of silicate and borate structural units. In the 1200-1600 cm-1 wave number
region, the characteristic peaks of SiO4 structural units is absent. The 800-1200 cm-1 region
provides a simpler view to understand the effect of nickel addition on the glass network structure
without the presence of BO3 and BO4 structural units.

Table 4-1. Relative percent of different structural units in the 800-1200 cm-1 region
Composition

Q4 (%)

Q3 (%)

Q2 (%)

SABS-0

1.36

33.18

61.97

SABS-0+Ni/SiO2

32.24

39.88

21.58

6.31

SABS-0+Ni/SrO

42.57

32.21

14.43

10.80

SABS-5

39.99

56.93

SABS-5+Ni/SiO2

34.44

33.65

24.17

7.74

36.62

35.53

16.27

11.36

SABS-5 +Ni/B2O3

0.23

Q1 (%)

Q0 (%)
3.49

3.07

As can be seen from Table 4-1, only the SABS-0 glass has significant amount of Q4 units.
SABS-5 glass with nickel replacement of B2O3 has only a negligible amount of Q4 units. The
most obvious trend is increased Q1 and Q0 structural units in the nickel containing SABS-0 and
SABS-5 glasses. Qualitatively, this glass structural unit evolution leads to lower glass network
connectivity. Network connectivity is calculated from equation 3-1 in chapter 3.
It should be pointed out that from the SABS glass Raman spectra, it is not possible to
determine the amount of network forming cations contributed by intermediate ion Al3+. From
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Raman spectra, it can be seen that Al2O3 participates in the glass network. Since Al2O3 content is
only 5 mol% in the SABS glass, all the Al3+ ions are assumed to participate in the glass network
during glass network connectivity calculation. The bond strength of SiO2, B2O3, Al2O3, La2O3,
SrO, and NiO are 1.56, 1.62, 0.97, 0.43, 0.27, and 0.55 respectively [7]. The glass network
connectivity of the SABS glasses is then calculated using equation (3-1) and the results are given
in Table 4-2.
Table 4-2. Glass network connectivity of SABS glasses

Composition

⎡ ∑ Z i ( FiVi ) ⎤
⎢
⎥
⎣⎢ ∑ Z iVi ⎦⎥ Network Former
⎡ ∑ FiVi ⎤
⎢
⎥
⎢⎣ ∑ Vi ⎥⎦ Network Former+ Modifier

∑O
∑O + ∑O

Glass

+

−

+

network
connectivity

ψ (%)
SABS-0

1.400

0.531

74.31

SABS-0 + Ni/SiO2

1.415

0.518

73.23

SABS-0 + Ni/SrO

1.385

0.519

71.84

SABS-5

1.380

0.514

70.97

SABS-5 + Ni/SiO2

1.394

0.487

67.95

SABS-5 + Ni/B2O3

1.402

0.474

66.42

From Table 4-2, it can be seen that glass network connectivity decreases with nickel
addition for both SABS-0 and SABS-5 glasses. Also, nickel replacement of SrO induces more
network connectivity decrease than nickel replacement of SiO2 for SABS-0 glass; nickel
replacement of B2O3 induces more network connectivity decrease than nickel replacement of
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SiO2 for SABS-5 glass. However, advanced techniques (e.g. 17O NMR study) to quantify the
amount of bridging and nonbriging oxygens in a glass system will give more precise
quantification of network connectivity.

4.3.4. Thermal properties
Seal glass thermal properties (Tg, Td, and CTE) have critical impact on glass sealing
ability. Tg and Td represent glass viscoelasticity and flowability at cell operation temperatures.
From the dilatometry study, Tg, Td, and CTE values for each SABS glass sample were obtained
as given in Table 4-3. No devitrified phase appears in the SABS samples studied by dilatometry.
This indicates that the SABS glasses do not devitrify at temperatures up to 820°C.

Table 4-3. Thermal properties of SABS glasses.
Composition

Tg (°C)

Td (°C)

CTE (×10-6/°C)

SABS-0

775

815

10.8 ± 0.5

SABS-0 +Ni/SiO2

760

820

11.90 ± 0.44

SABS-0 +Ni/SrO

760

810

11.76 ± 0.35

SABS-5

710

765

11.80 ± 0.37

SABS-5 + Ni/SiO2

705

755

12.31 ± 0.06

SABS-5 + Ni/B2O3

725

770

12.21 ± 0.22

For the SABS-0 glass with nickel replacement of SiO2, decrease in Tg and insignificant
change in Td are observed. Nickel replacement of SrO decreases Tg but Td remains unchanged.
Decrease in Tg is consistent with the SABS glass network structure change with nickel addition.
As seen from the glass structure analysis, nickel addition hinders Q4 unit formation, weakens the
network connectivity, and decreases Tg.
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When 2 mol% nickel replaces SiO2 in the SABS-5 glass, Tg and Td decrease slightly by
5-10°C. However, when nickel replaces the same amount of B2O3 in the SABS-5 glass, Tg
increases by 15°C and Td increases by 5°C. For the SABS-5 glass, decrease in Tg and Td with
nickel replacement of SiO2 is expected because of the decrease in glass network former SiO2,
which also has high Tg and Td values. Nickel, as a glass modifier, creates non-bridging oxygen
atoms in the SABS glass and causes lower glass network connectivity. For the SABS-5 glass,
increases in Tg and Td with nickel replacement of B2O3 can be from higher nickel bond strength
effect and reduced amount of B2O3. Also, the SiO4 tetrahedra Q4 units (1148 cm-1 peak in Raman
spectra) reappear and this could induce higher glass connectivity in very localized regions. From
these observations, it may be concluded that nickel replacement of B2O3 shifts the glass Tg and
Td to higher temperatures while nickel replacement of SiO2 shifts the glass Tg and Td to lower
temperatures.
2 mol% nickel replacement either for SiO2 or SrO in SABS-0 glass does not significantly
changes the CTE as can be seen from Table 4-3. All the nickel added SABS-0 glasses have the
CTE within the error range of the SABS-0 glasses (10.8 ± 0.5 × 10-6/°C). This observation is
consistent with the insignificant decrease in Tg and Td with nickel addition in SABS-0 glass.
2mol% nickel replacement in SABS-5 glass increases the CTE by ~ 5.0 × 10-6/°C which is
consistent with the decreased network connectivity in Table 4-2 and supports that nickel is a
network modifier.

4.3.5. Thermal stability
Thermal stability of a seal glass is a must for solid oxide cells. The fundamental
challenge is not the presence of devitrified phases, but the continuous evolution and instability of
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the seal glass. Excessive devitrification causes the glass to undesirably change from being
viscous to being rigid. Sealing ability deteriorates over time and thermal stress increases because
of difference in CTEs of glassy phase and devitrified phase. The end result is cracking and
degradation of sealing function. In this work, XRD is used to analyze the SABS glass phase
evolution with different thermal treatment time at 850°C. Different phases are identified and
given in Table 4-4.

Table 4-4. SABS glass phase evolution after different thermal treatment time at 850°C.
Sample

20 hr

50 hr

100 hr

200 hr

SABS-0

×

×

×

×

SABS-0 +Ni/SiO2

×

×

×

t-La2Si2O7

La10Al4O21,

La10Al4O21,

La4Sr3O9

La2SiO5, SrSiO3,

SABS-0 +Ni/SrO

×

×

Sr5Al2O8
m-La2Si2O7,
SABS-5

×

×

α-SrSiO3,

Not studied

Sr2SiO4
SABS-5 + Ni/SiO2

m-La2Si2O7,

m-La2Si2O7,

α-SrSiO3

SrSiO3,

Not studied

Not studied

Not studied

Not studied

Sr2SiO4
SABS-5 + Ni/B2O3

Sr7Al2O10

m-La2Si2O7, αSrSiO3, Sr2SiO4
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As shown in Table 4-4, multiple phases evolve simultaneously for the same glass
composition at different thermal treatment times or for different glass compositions at the same
thermal treatment time. Devitrified phases that form at shorter thermal treatment time can
disappear at longer thermal treatment time. One example is the La4Sr3O9 phase for the SABS-0
glass with nickel replacement of SrO and the other is the Sr7Al2O10 phase for the SABS-5 glass
with nickel replacement of B2O3. These phase changes suggest that the devitrified phase
nucleation and growth are accompanied by decomposition reactions. Simultaneous evolution of
several devitrified phases indicates that eutectic crystallization occurs in these glasses [26].
In the SABS-0 glass, no devitrified phase is detected up to 200 hrs of thermal treatment
(Fig. 4-5(a)). When nickel is added to replace SiO2, the SABS-0 glass devitrifies after 200 hrs of
thermal treatment with the appearance of tetragonal La2Si2O7 phase (Fig. 4-5(b)). The SABS-0
glass with nickel replacement of SrO devitrifies at 100 hrs with the appearance of La4Sr3O9 and
La10Al4O21 phases. La4Sr3O9 phase is metastable and disappears after 200 hrs of thermal
treatment with the appearance of new phases La2SiO5, SrSiO3, and Sr5Al2O8. La, Si, Sr, and Al
ions separate from the glass network and participate in devitrification. Nickel addition degrades
the SABS-0 glass thermal stability by facilitating devitrification. This can be explained from the
change in glass structure. Appearance of less connected structural units such as Q1 and Q0
enhances devitrification [27]. With nickel addition, Q0 and Q1 units increase in the SABS glass
structure and Si-O bond breaks. Thus network connectivity of the SABS glass decreases. This is
further supported by the evolution of aluminum containing phases in the SABS-0 glass with
nickel replacement of SrO, in which the Q0 unit content is higher than that of the SABS-0 glass
with nickel replacement of SiO2. Also, portions of Q1 and Q0 units are composed of Si(OAl)4.
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Microdomains with heterogeneous composition then act as nucleation sites and induce
devitrification.
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Fig. 4-5. XRD patterns of SABS-0 glass after thermal treatment at 850°C for different
times: (a) no nickel addition, (b) 2 mol% nickel replacement of SiO2, and (c) 2 mol% nickel
replacement of SrO.

The SABS-5 glass devitrifies after 50 hr thermal treatment as shown in Fig. 4-6. Small
devitrified peaks are observed but the intensity and number of peaks is insufficient to determine
the devitrified phases. After 100 hr thermal treatment at 850°C, monoclinic La2Si2O7 phase along
with small amounts of α-SrSiO3 and Sr2SiO4 phases appears. When 2 mol% nickel is added to
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replace SiO2 (Fig. 4-6(b)) or B2O3 (Fig. 4-6(c)), devitrification occurs much earlier, only after 20
hrs of thermal treatment.
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Fig. 4-6. XRD patterns of SABS-5 glass after thermal treatment at 850°C for different
times: (a) no nickel addition, (b) 2 mol% nickel replacement of SiO2, and (c) 2 mol% nickel
replacement of B2O3.

For the nickel replacement of SiO2 glass sample, the devitrified phases are monoclinic
La2Si2O7 and α-SrSiO3 in contrast to the tetragonal La2Si2O7 phase for the SABS-0 glass. For
nickel replacement of B2O3 in the SABS-5 glass, the devitrified phase is Sr7Al2O10. However, as
the thermal treatment time increases to 50 hr, the devitrified phases evolve into the same species
as in the SABS-5 glass: La2Si2O7, SrSiO3, and Sr2SiO4. La2Si2O7 is the main phase among the
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three. This means nickel replacement of either SiO2 or B2O3 in the SABS-5 glass exacerbates
devitrification. The species that separate from the glass network are lanthanum, silicon, and
strontium ions. Boron species is not involved in the devitrified phase formation. Also, Sr7Al2O10
phase is thermodynamically metastable for the SABS-5 glass with 2 mol% nickel replacement of
B2O3. Absence of Al2O3 containing phases in the 50 hr thermally treated sample supports the
observation that devitrification occurs through decomposition reactions. The devitrified phases
after 50 hr thermal treatment of the SABS-5 glass with 2 mol% nickel replacement of SiO2 are
also the same phases as those in the SABS-5 glass after 100 hr thermal treatment. The reason for
earlier devitrification with nickel addition is the same as in the SABS-0 glass. The absence of
nickel in the devitrified phases suggests that nickel mainly acts as a nucleating agent during the
devitrification process.

4.4. Conclusions
This study is focused on the effects of 2 mol% nickel replacement of glass formers SiO2
and B2O3 and glass modifier SrO on SrO-La2O3-Al2O3-B2O3-SiO2 (SABS) glass structure and
thermal properties. Glass structural unit local ordering has been systematically studied. Nickel
decreases SABS glass network connectivity and acts as a modifier in the glass system. Nickel
replacement of SrO and SiO2 in SABS-0 glass decreases Tg. Nickel replacement of B2O3 and
SiO2 in SABS-5 decreases Tg and Td. Nickel replacement in SABS-5 glass increase CTE by ~
0.5 × 10-6/°C. Nickel addition in both SABS-0 and SABS-5 glasses degrades thermal stability by
inducing microheterogeneity. Fundamental glass structure evolution with nickel addition has
been elucidated by comparing glass network connectivity of different compositions.
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CHAPTER FIVE

INTERFACE OF SrO-La2O3-Al2O3-SiO2 SEAL GLASS WITH CROFER 22 APU ALLOY
INTERCONNECT

Abstract
In planar solid oxide fuel/electrolyzer cells, compatibility and thermochemical stability of
interconnect-seal glass interface is essential in order to avoid mixing and leakage of different
gases and degradation of cell performances. Crofer 22 APU alloy is the commonly used metallic
interconnect. In this chapter, the interfacial compatibility and thermochemical stability are
studied for SrO-La2O3-Al2O3-SiO2 (SABS-0) seal glass with the Crofer 22 APU alloy with
respect to thermal treatment temperature (700-850°C), atmosphere, and time (0-1000 hrs). The
seal glass is compatible with the Crofer 22 APU alloy and pore and crack-free interface is
maintained for all the thermal treatment conditions. The interfaces were investigated by scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray diffraction
(XRD). Other complementary techniques such as wave length dispersive spectroscopy (WDS)
and SEM of thin (~ 200 nm) samples were used to analyze selected samples. Chemical reaction
and inter-diffusion between the seal glass and the Crofer 22 APU alloy occur simultaneously
with the devitrification of the seal glass. Same crystalline compounds are found across the
interface regardless of the thermal treatment conditions, which suggests thermochemical stability
of the interface although the interface morphology differs with the thermal treatment conditions.
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5.1. Introduction
A seal glass should bond well with other solid oxide fuel/electrolyzer cell (SOFC/SOEC)
components which include electrolyte (stabilized cubic zirconia), interconnect (high chromium
ferritic stainless steel), and electrodes (lanthanum strontium manganite and Ni-ZrO2 cermet)
without severe reactions. Among all these cell components, interaction of a seal glass with the
metallic interconnect is the most crucial. Oxidation resistant alloys, ferritic stainless steel, are the
top choice as interconnect in SOFCs/SOECs. Crofer 22 APU alloy is the most preferred
interconnect alloy because of the good electrical conductivity of its Cr2O3 surface layer (7.69 ×
10-4 S·cm-1at 25°C and 1 × 10-2 S·cm-1 at 800°C), high oxidation resistance, and the thermal
expansion coefficient (CTE: 11.4-12.5 × 10-6/°C) which matches with that of the other cell
components [1,2].
To achieve ‘gas-tightness’, the interface of a seal glass with the metallic interconnect
must be pore and crack free, and stable for the entire period (≥ 40,000 hrs) of cell operation at
800°C in oxidizing and wet (≥ 50% H2O) reducing atmospheres. The interface formation
between a seal glass and metallic interconnect usually involves inter-diffusion of elements and
chemical reaction between them [3,4]. Severe interaction between the seal glass and metallic
interconnect increases interfacial layer thickness, which in turn leads to pore and crack formation
at the interface and delamination of the glass [4,5]. At the interconnect-seal interface, chromium
diffusion into the seal glass should be minimal in order to prevent electrical resistivity decrease
and ‘chromium poisoning’. Iron from the interconnect side should not diffuse extensively into
the glass since formation and growth of conductive Fe-containing phases may create a short
circuit in the cell stacks [6]. Diffusion of seal glass elements into the interconnect is undesirable
in order to retain stable glass network structure.
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BaO-CaO-borosilicate seal glasses have been extensively studied. However, this family
of glass reacts with chromium in the Crofer 22 APU alloy and forms detrimental BaCrO4 of very
high CTE (21.0-23.0 × 10-6/°C). Due to the thermal expansion mismatch between BaCrO4 and
the seal glass, thermal stress arises resulting in pores and cracks at the interface [7,8]. Other
BaO-CaO –silicate seal glasses also react severely with the Crofer 22 APU alloy and induce
cracks at the interface when exposed to either oxidizing or reducing atmosphere [6,9,10]. SrOCaO-borosilicate seal glasses react with the Crofer 22 APU alloy and form SrCrO4 of high CTE
(~ 21.0-23.0 × 10-6/°C) and pores at the interfaces [11]. It has also been demonstrated that
undesirable chromate formation is severe at the interconnect-glass seal-air phase boundary.
Interfacial stability of seal glass with the Crofer 22 APU alloy strongly depends on the
exposed atmosphere. For example, A BaO-MgO-silicate glass does not bond with the Crofer 22
APU alloy in an oxidizing atmosphere but bonds well with the same alloy in a wet reducing
atmosphere [12].
For most of the interconnect-seal glass interfacial studies, the experiments have been
conducted in an oxidizing atmosphere. The detrimental chromate (BaCrO4, SrCrO4) formation
may be eliminated by avoiding direct exposure of the interconnect-seal glass boundary to air.
Seal glass can be bonded with the interconnect in an inert atmosphere, such as argon. To achieve
strong bonding with the metal interconnect, the seal glass and the metal must have certain extent
of inter-diffusion, which is dependent on the bonding temperature and time for a given
atmosphere. Stability of the interconnect- seal glass interface has been studied as a function of
thermal treatment time but no literature report is available regarding the impact of the thermal
treatment temperature. In addition, SOFC/SOEC reducing atmosphere usually contains ≥ 50%
H2O but most of the studies have been conducted in 3% H2O containing reducing atmosphere.
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In this dissertation, several seal glasses have been investigated based on SrO-La2O3Al2O3-B2O3-SiO2 system (SABS) among which B2O3 free SABS-0 has almost all the desired
thermal properties along with the thermal stability (chapter 2, 3, and 4). This chapter is focused
on the interfacial compatibility and thermochemical stability of the SABS-0 glass with the Crofer
22 APU alloy. The effects of thermal treatment temperature, atmosphere, and time on the Crofer
22 APU alloy-SABS-0 interface were investigated.

5.2. Experimental procedure

5.2.1. Glass preparation
SABS-0 glass was prepared with conventional method. SrCO3 (99.9%, Sigma Aldrich,
St. Louis, MO), La2O3 (99.98%), Al2O3 (99.95%), and SiO2 (99.8%) (all oxides were from Alfa
Aesar, Ward Hill, MA) at designed ratios were mixed in a ball mill for overnight. The mixed
powders were heated in a platinum crucible in a box furnace (Lindberg, Model No. 51314,
Watertown, WI) to 1100°C and kept there for 1 hr for SrCO3 to decompose. After that, the
mixture was heated to 1400°C for 4 hrs. The heating rate was 10°C/min. The molten glass was
quenched into a graphite mold.

5.2.2. Sample preparation for interfacial study
Crofer 22 APU samples (ThyssenKrupp VDM, Germany) were polished to remove
oxidized layer, if any, and to obtain scratch-free flat surface. The nominal composition of the
Crofer 22 APU is given in Table 5-1. The polished samples were cleaned by ultrasound in water
and then in acetone before being dried and wiped with acetone. A clean and flat SABS-0 glass
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piece was put on the polished Crofer 22 APU surface and thermally treated at 960°C for 30
minutes in argon in order to bond the SABS-0 glass with the Crofer 22 APU. No external load
was applied during the bonding process.

Table 5-1. Crofer 22 APU alloy composition (wt %) (ThyssenKrupp VDM, Germany) [7]
Cr

Fe

Mn

22.8

Balance 0.45

Ti

Si

Al

C

S

P

La

0.08

…

…

0.005

0.002

0.016

0.06

To study the effect of thermal treatment temperature and time, the bonded Crofer 22
APU/SABS-0 couple was thermally treated at 700°C, 750°C, 800°C, and 850°C for 100 hrs in
argon atmosphere. The thermal treatment at 800°C was carried out for different times (0-100
hrs). First, the bonded Crofer 22 APU/SABS-0 couple was thermally treated for 10 hrs. Then a
portion of the Crofer 22 APU/SABS-0 couple was removed. The remaining part of the Crofer 22
APU/SABS-0 sample was thermally treated for 20 hrs, 50 hrs, and 100 hrs respectively. The
dwell times at 800°C were accumulative with interruptions for sample removal.
To study the effect of atmospheres, the bonded Crofer 22 APU/SABS-0 couple was
thermally treated at 800°C for 100 hrs in argon, air, and H2O/H2 atmospheres. The H2O/H2
atmosphere was created by passing hydrogen gas through a water bath. The temperature of the
water bath was maintained at 83 ± 2°C to obtain approximately 50% water vapor [13]. The
bonded Crofer 22 APU/SABS-0 couple was also thermally treated at 800°C in air and H2O/H2
atmospheres for 500 and 1000 hrs to study the long-term interfacial stability. The same heating
and cooling rates of 3°C/min were used for all the thermal treatment experiments.
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5.2.3. Characterization
The cross sections of all the thermally treated Crofer 22 APU/SABS-0 couples were
finely polished to optical finish. Field emission SEM (Quanta 600 FEG, FEI Company,
Hillsboro) was used to examine the interfacial morphology between the SABS-0 glass and the
Crofer 22 APU interconnect. The EDS module (Bruker AXS, MiKroanalysis, Gmbh, Berlin,
Germany) attached to the SEM was used for composition analysis in order to understand the
elemental distribution in the Crofer 22 APU metal and the SABS-0 glass. The analyses followed
standardless method. The elemental distribution along the interface was determined by EDS spot
and line scan and area mapping. For all the studied samples the EDS spot and line scan were
done in at least three randomly selected regions. The results given here are the averages of these
scan data. To investigate the devitrified phases at the interface of the Crofer 22 APU/SABS-0
couple, high resolution X-ray diffraction (XRD) studies were carried out in an X’Pert PRO
diffractometer (PANalytical B.V., EA Almelo, The Netherlands). SABS-0 glass coated Crofer 22
APU surface was polished until the glass layer was 15 - 20 μm thick. Such SABS-0 glass layer
thickness was deemed suitable since X-ray detects 95% of the phase information from 25 μm
penetration depth [14]. The scan time per step was 3000 s with CuKα radiation (λ = 1.5406 Å).
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5.3. Results and discussion

5.3.1.Crofer 22 APU/SABS-0 couple thermally treated in argon for different times and
temperatures

5.3.1.1. Interfacial microstructure
The microstructures of the Crofer 22 APU/SABS-0 couple thermally treated at 700°C,
750°C, 800°C, and 850°C in argon for 100 hrs are given in Fig. 5-1. The microstructures at
different temperatures show distinct, intimate, and pore free interfaces. The interfacial zone
thickness fluctuates but is generally less than 3 μm. Elongated phases with different orientations
can be seen in the SABS-0 glass matrix close to the interface. The elongated phases are only
present in the regions very close to the interface for the thermally treated sample at 700°C. For
the 750°C thermally treated sample, the elongated phases are locally distributed in the SABS-0
glass matrix. However, for the 800°C and 850°C thermal treatment conditions, the elongated
phases extend well into the SABS-0 glass matrix. This means the amount of the elongated phases
increases with thermal treatment temperature. Based on the chapter two for similar glass system,
the elongated phases are the newly devitrified phases. This is also consistent with the knowledge
that localized devitrification occurs when a glass is bonded to metal [15]. However, the
elongated phases in the SABS-0 glass do not exist beyond 10 μm on the SABS-0 glass side
(lower magnification images are not shown). For all the Crofer 22 APU/SABS-0 samples treated
at different temperatures, small black spots (<<1 μm) can be seen on the interconnect side near
the interface. These may be closed pores which form as a result of chromium evaporation from
the interconnect [7]. At the studied temperatures the pore sizes are <<1 μm.
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(a)

(b)

5 µm

5 µm

(c)

(d)

5 µm

5 µm

Fig. 5-1. SEM images of the Crofer 22 APU/SABS-0 samples thermally treated for 100 hrs : a)
700°C, b) 750°C, c) 800°C, and d) 850°C.

The microstructures of the Crofer 22 APU/SABS-0 samples thermally treated at 800°C
for different dwell times are given in Fig. 5-2. The SABS-0 glass bonds well with the Crofer 22
APU alloy as seen in Fig. 5-2(a). In the as-bonded sample (Fig. 5-2(a)), elongated, needle-shaped
bright phase on the SABS-0 glass side is observed. For all the thermally treated samples, such
elongated phases become more widespread on the SABS-0 glass side. The samples show a
distinct, thin interfacial layer. Evolution of the interfacial layer with thermal treatment time
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suggests that the diffusion of the Crofer 22 APU and the SABS-0 glass elements plays an
important role in the interfacial new phase formation. Again, small pores (<<1 μm) near the
interface on the Crofer 22 APU side are observed, similar to the samples thermally treated for
100 hrs at different temperatures.

(a)

(b)

5 µm

5 µm

(c)

(d)

5 µm

5 µm

Fig. 5-2. SEM images of Crofer 22 APU/SABS-0 couples thermally treated at 800°C for
different times: (a) as-bonded, b) 10 hrs, c) 20 hrs, and d) 50 hrs.
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5.3.1.2. Elemental distribution across the interface
Elemental distribution across the interface of the Crofer 22 APU/SABS-0 samples
thermally treated at different temperatures for 100 hrs is given in Fig. 5-3. On the x-axis, ‘0’
indicates the center of the interface. The left (negative) side is the Crofer 22 APU alloy and the
μm element has been
5 μm
right (positive) side is the
SABS-0 glass. The atomic concentration of5 each

normalized based on its maximum concentration. From the microstructures in Figs. 5-1 and 5-2,
it can be seen that diffusion and chemical reaction occur between the SABS-0 glass and the
Crofer 22 APU alloy. Devitrification of the SABS-0 glass is also observed. Chemical reaction
between the Crofer 22 APU alloy and the SABS-0 glass and devitrification of the SABS-0 glass
itself make quantitative diffusion analysis ambiguous. The elemental distribution profile across
the interface is not the classical ‘S’ shape. Still, approximate diffusion distance can be
determined by identifying the inflection point and diffusion tail at the interface.
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Fig. 5-3. Elemental distribution of thermally treated Crofer 22 APU/SABS-0 couples
thermally treated at different temperatures for 100 hrs.

Oscillations in the concentration profiles are observed for the SABS-0 glass elements and
can be explained as follows. First, the step size of the EDS line scan was 0.06 µm for this study.
The spatial resolution of the secondary X-rays is ≥ 1 µm. Interaction between the X-ray of the
different elements can be expected for the experimental step size resulting in oscillations in the
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concentration profiles. Second, low concentration of La and Al, compositional difference
between the devitrified and glass phases, and low density of the SABS-0 glass are also the likely
reasons for the oscillations in the concentration profiles [16].
All the elements in the SABS-0 glass, silicon, strontium, lanthanum, aluminium, and
oxygen, diffuse 2-3 μm into the Crofer 22 APU alloy side. Iron in the Crofer 22 APU alloy
diffuses 2-3 μm into the SABS-0 glass. Chromium diffuses ~ 5 μm into the SABS-0 glass for the
samples thermally treated at 700°C and 750°C and ~ 7 μm into the SABS-0 glass for the samples
thermally treated at 800°C and 850°C. The concentrations of manganese and titanium are at
maximum at the interface as revealed from the sharp peaks at the interface. Also, titanium
concentration peaks shift to the left in comparison to the manganese peaks. Manganese (0.4-0.8
wt %) and titanium (0.2 wt %) are the minor elements in the Crofer 22 APU alloy. Manganese is
added in the Crofer 22 APU alloy to suppress chromium evaporation and diffusion. Titanium is
added to improve the electrical conductivity of the alloy [17]. Since manganese and titanium
have higher affinity with oxygen than chromium [18,19], they are more likely to react with
oxygen and form oxides to prevent further Crofer 22 APU alloy degradation. Because of their
higher oxygen affinity and diffusivity, manganese and titanium accumulate at the interface and
hinder the diffusion of the SABS-0 glass elements and the Crofer 22 APU elements into each
other.
Elemental distribution of the Crofer 22 APU/SABS-0 sample thermally treated at 800°C
for different thermal treatment times is shown in Fig. 5-4. The elements in the SABS-0 glass and
iron in the Crofer 22 APU alloy diffuse a similar distance of ~ 2 μm. This implies that the
diffusion of the SABS-0 glass elements is not significantly affected by the thermal treatment
time for up to 100 hrs. Chromium in the Crofer 22 APU alloy diffuses into the SABS-0 glass at ~
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5 μm in the as-bonded sample. The diffusion distance of chromium increases to ~ 7 μm in the 50
hr thermally treated sample and remains almost unchanged for the 100 hr thermally treated
sample. This suggests that chromium diffusion increases with the thermal treatment time.
Manganese and titanium concentrations are highest at the interface. Again, titanium peaks reside
beneath the manganese-rich layer on the Crofer 22 APU side.
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Fig. 5-4. Elemental distribution of Crofer 22 APU/SABS-0 couples thermally treated at
different thermal treatment times at 800°C.

The diffusion distances of the SABS-0 glass elements and the Crofer 22 APU elements
except for chromium remain unchanged at ~ 2 μm with different thermal treatment time. Such
diffusion distances are close to the interfacial zone thickness (<3 μm) shown in Figs. 5-1 and 52. This indicates that the interface is formed by the diffusion-controlled chemical reaction. The
fluctuations in lanthanum and aluminium distributions may be due to the compositional
difference between the elongated crystalline phases and the glass matrix. Diffusion distance of
chromium also remains unchanged at ~ 7 μm after 50 hrs of thermal treatment time. Longer
diffusion distance of chromium than that of other elements in the Crofer 22 APU alloy suggests
that volatile chromium species might have diffused into the SABS-0 glass.
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To further understand the interaction between the Crofer 22 APU alloy and the SABS-0
glass at the interface, elemental mapping results are shown in Fig. 5-5 for the sample thermally
treated at 850°C for 100 hrs. This thermal treatment condition should provide the most severe
interfacial interaction scenario. As shown, the interfacial layer has higher concentrations of
manganese and titanium from the Crofer 22 APU alloy and lanthanum and oxygen from the
SABS-0 glass. Consistent with the EDS plot (Figs. 5-3), titanium-enriched layer is present
beneath the manganese-enriched layer. Chromium is also rich at localized interfacial spots.
Aluminium and lanthanum have also diffused to the Crofer 22 APU side. Other than the above
observations, the distributions of both the Crofer 22 APU and the SABS-0 glass elements are
homogeneous after thermal treatment at 850°C for 100 hrs. This means the elongated phases on
the SABS-0 glass side observed in Figs. 5-1 and 5-2 are due to the devitrification of the SABS-0
glass.
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Fig. 5-5. Elemental distribution maps of the SABS-0/Crofer 22 APU couples thermally treated at
850°C for 100 hrs.

5.3.1.3. X-ray diffraction analysis
In addition to the microstructure and the elemental distribution results obtained, the
Crofer 22 APU/SABS-0 glass interfacial phase changes need to be understood. In this study, the
SABS-0 glass layer is thin enough that all the phases at the interface can be detected by passing
X-ray from the top of the SABS-0 glass layer into the Crofer 22 APU alloy.
The XRD pattern for the Crofer 22 APU alloy is shown in Fig. 5-6(a). The characteristic
(110) plane of iron can be seen. The XRD patterns for the as-bonded Crofer 22 APU/SABS-0
sample and the thermally treated Crofer 22 APU/SABS-0 at different temperatures for 100 hrs
are given in Fig. 5-6(b). The presence of the characteristic (110) plane of iron at 44.67° in all the
samples confirms that the XRD patterns include all the crystal phases across the interface. For
the bonded samples, the indexing of X-ray patterns was done using standard method for
polycrystalline materials [20]. As Fig. 5-6(b) shows, new crystalline phases are present at the
Crofer 22 APU/SABS-0 interfaces for all the samples. The crystal phases can be identified as
monoclinic La2Cr2O9 and hexagonal Sr7Al12O25. It should be noticed that the peaks of these two

138

phases overlap. The same number and location of peaks in the XRD patterns mean that the
crystal phases are the same for all the studied thermal treatment times and temperatures.
However, the XRD peak intensities vary. This is likely due to the thermal treatment effect and
the slightly different thickness of the SABS-0 glass layer on the Crofer 22 APU alloy.
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Fig. 5-6. XRD patterns of a) Crofer 22 APU alloy and b) of the Crofer 22 APU/SABS-0
interfaces. The samples include the as-bonded condition and thermally treated conditions at
different temperatures for 100 hrs.

It can be understood that devitrification of the SABS-0 glass causes formation of
Sr7Al12O25. In the SABS-0 glass, Al3+ is a glass former [21]; Sr2+ is a charge compensator for the
nearest localized (AlO4)- tetrahedral structural units [22]. Microheterogeneity in the SABS-0
glass structure, such as localized (AlO4)- tetrahedral units, induces the devitrification of the
SABS-0 glass. Accordingly, Sr7Al12O25 crystalline phase forms.
Formation of La2Cr2O9 can be explained as follows. La2O3 containing glass tends to form
energetically favorable, isolated, small, and phase ordered clusters. These clusters generally
contain La-O-La structural units. These La-O-La structural units are overlapped in 1105 cm-1 and
1010 cm-1 wave numbers in the Raman spectra of the SABS-0 glass (chapter three). These
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isolated La-O-La clusters act as nucleation sites for devitrification of the SABS-0 glass.
Accumulation of lanthanum and oxygen at the interface can be seen in Fig. 5-5. At the same
time, chromium diffuses to the SABS-0 glass side as observed from the EDS analysis (Figs. 5-3
and 5-4). This leads to the breakdown of the SABS-0 glass network structure [23]. According to
Sanderson, acidobasicity value, a glass property related to the chemical environment, is 3.50 for
chromium and 1.95 for lanthanum [24]. This means chromium is acidic and lanthanum is basic
in nature. Therefore, reaction among lanthanum, chromium, and oxygen favors La2Cr2O9
formation. La2Cr2O9 phase, likely a result of diffusion-controlled reaction, should be the
interfacial crystalline phase
Almost similar morphologies of the interfaces and same crystalline phases for all the
thermally treated samples suggest that the SABS-0 glass is compatible and the interface is stable
regardless of the thermal treatment times (0-100 hrs) and temperatures (700-850°C).

5.3.2.Crofer 22 APU/SABS-0 couple thermally treated at 800°C in argon, air, and H2O/H2
atmospheres

5.3.2.1. Interfacial microstructure
Microstructures of the as-bonded and the thermally treated Crofer 22 APU/SABS-0
couples in agon, air, and H2O/H2 atmospheres are shown in Fig. 5-7. The as-bonded sample is
included in Fig. 5-7 for ease of discussion. In the images, the left side is the Crofer 22 APU alloy
and the right side is the SABS-0 glass. The microstructures at all the studied conditions show
distinct bonding interfaces. The microstructures can be divided into three regions near the
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interface: tiny (<<1 μm) black spots on the Crofer 22 APU alloy side, interfaces with some
scattered and elongated secondary phases, and partially devitrified SABS-0 glass side.

(a)

(b)

5 µm

5 µm

(d)

(c)

5 µm

5 µm

Fig. 5-7. SEM images of Crofer 22 APU/SABS-0 couples: a) as-bonded, b) argon, c) air, and d)
H2O/H2 atmosphere. The samples were thermally treated for 100 hrs at 800°C in different
atmospheres.

The interface morphologies differ for the as-bonded and the thermally treated samples.
The interface for the as-bonded condition is smoother (no granular phase on the Crofer 22 APU
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alloy side at the interface) than the thermal treatment conditions. Rough interfaces with granular
phases are observed for the thermally treated samples. The morphologies of the interfaces again
differ with the thermal treatment atmospheres. The distribution of granular phases at the interface
is uniform for argon but non-uniform for air and H2O/H2 treated samples. The granular and
rough interface can be understood from the chemical interaction between the Crofer 22 APU
alloy and the SABS-0 glass. For the H2O/H2 treated sample, two types of granular phases, small
and large, are observed. The interface morphology is also the roughest for the H2O/H2 treated
sample than the other samples. This can be explained as follows. In H2O/H2 atmosphere, both
oxygen and hydrogen are present. Subsequently, simultaneous oxidation and reduction of the
Crofer 22 APU alloy elements occur which in turn may slightly increase the size of the granular
phases in expense of some granular phases by the reduction process and change the composition.
Subsequently, the interface becomes the roughest in H2O/H2 atmosphere among all the studied
conditions. These observations agree with the rough surface due to oxidation of a Fe-Cr alloy in
H2O/H2 atmosphere [25]. The black spots at the interface similar to the as-bonded sample are
distinct for the argon and air treated samples but almost invisible for the H2O/H2 treated samples.
A distinct black layer on the glass side near the interface is observed for all the thermally treated
samples and the composition is similar to that of the as-bonded sample.
On the SABS-0 glass side, two types of secondary phases are observed for all the
samples: bright phase close to the interface and dendritic phase in the SABS-0 glass. The
orientations of both the phases are random for all the samples. Equiaxed and platelet like bright
phases are observed. This means the morphology of the bright phases depend on the interaction
between the Crofer 22 APU alloy and the SABS-0 glass elements. The bright phases form due to
the redox reaction between the the Crofer 22 APU alloy and the SABS-0 glass [15, 26]. The
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dendritic phases form due to the SABS-0 glass devitrification. The devitrified phases are not
uniformly distributed. The localized devitrication of the SABS-0 glass is also consistant with the
glass/metal interfacial study reported in literatures [15, 26]. The amount of dendritic phases
increase from the as-bonded condition to the thermally treated conditions in argon and air
atmospheres and the highest for the air treated sample. For the H2O/H2 treated sample, the
dendritic phases are the lowest and also spread to the lowest extent. Nonetheless, the devitrified
phases do not extend beyond 10 µm from the interface. However, the redox reaction, the
localized devitrifictaion, and effect of thermal treatment conditions on the devitrication are not
understood. The thermal treatment atmospheres significantly affect the overall oxidation of the
Crofer 22 APU alloy, its interaction with the SABS-0 glass, and the interface formation.

5.3.2.2. Elemental distribution across the interface
Energy dispersive spectroscopy (EDS) analysis was carried out to explore the
compositional difference among the different types of phases observed in the microstructures in
Fig. 5-7. For spot analysis, higher magnification (>30,000 X) images (not shown here) and
5 μm
electron beam of 6 nm diameter
was used. However, the spatial resolution is > 1µm and the

analysis can not give absolute composition. The analysis can only provide qualititative
information to understand the trend in compositional difference between the different phases. To
maintain consistency, a constant collection time (60 s) was used for all the spot analysis.
Average compositions of the different phases are reported in atomic%.
The compositions of the tiny black spots on the Crofer 22 APU alloy near the interface
are approximately same (Fe 65.13, Cr 20.81, Mn 0.53, Ti 2.96, O 10.57) and different from the
Crofer 22 APU alloy composition (Fe 75.58, Cr 23.99, Mn 0.43) for all the thermally treated
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samples. Titanium concentration in the bulk Crofer 22 APU alloy is too low for the EDS
detection limit. High content of titanium with oxygen indicates that the black spots are titanium
oxide. In the Crofer 22 APU alloy, titanium concentration is the lowest between the minor
alloying elements, titanium and manganese (Table 5-1). Low concentration and low diffusivity
(mobility) of the alloying elements, and high solubility of oxygen in the alloying elements favor
the internal oxidation [27]. The diffusivity of titanium is lower than manganese in a Fe-Cr alloy
[28, 29]. Subsequently, titanium oxide is formed by internal oxidation in which oxygen diffuses
inwardly into the alloy rather than the outward cationic diffusion of the alloying elements.
Similar orientation and composition regardless of the thermal treatment atmosphere suggest that
the thermal treatment atmosphere do not affect the internal oxidation of titanium in the Crofer 22
APU alloy. It can be mentioned that the tiny black spots are not closed pores as mentioned in
section 5.3.1.
The compositions of the granular phases are similar for argon and air treated sample (Fe
16.03, Cr 18.64, Mn 3.35, Ti 0.37, Si 3.76, Sr 3.39, La 0.49, Al 1.64, and O 52.31) suggesting
the chemical interaction between the Crofer 22 APU alloy and the SABS-0 glass. For the H2O/H2
treated sample, the large granular phases have less iron and the SABS-0 glass elements and more
chromium and manganese than the small granular phases. This means thermal treatment
atmosphere affects the chemical reaction which is consistent with the different interface
morphologies in Fig. 5-7.
Bright and black spots are observed at the interfaces in Fig. 5-7. The bright spots are
higher in iron and chromium content (Fe 37.36, Cr 16.17, Mn 1.30, Ti 0.25, Si 5.33, Sr 4.27, La
0.85, O 34.47) and the black spots are higher in silicon and strontium content (Fe 24.02, Cr
12.54, Mn 1.37, Ti 0.21, Si 8.84, Sr 6.73, La 1.76, Al 1.95, O 42.59). This means the interface
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composition is not homogeneous. The black layer on the SABS-0 glass side is enriched in glass
compositions (Fe 9.93, Cr 9.24, Mn 1.48, Ti .21, Si 16.17, Sr 7.69, La 2.10, Al 3.14, and O
50.05). These observations again indicate the chemical interaction between the Crofer 22 APU
alloy and the SABS-0 glass.
On the SABS-0 glass side in Fig. 5-7, the equiaxed bright phases have more Crofer 22
APU alloy contents (Fe 7.67, Cr 10.10, Mn 2.02, Ti 0.21, Si 13.62, Sr 7.99, La 4.45, Al 2.99, and
O 50.95) than the platelet like phases (Fe 1.33, Cr 2.14, Mn 0.64, Ti 0.37, Si 15.74, Sr 8.95, La
5.22, Al 3.00, and O 62.63). The devitrified phases have slightly higher strontium and lanthanum
and lower aluminium than glass. It can be mentioned that the glass and devitrified phases near
the interface (within ~ 5 µm) also consist of little amount of Crofer 22 APU alloy elements
among which chromium content increases with the increasing order of H2O/H2 > air > argon.
This can be explained by the higher rate of chromium vaporization from the Crofer 22 APU alloy
in the same order with the studied atmospheres [30]. From EDS spot analysis, it can be
understood that the internal oxidation of titanium and chemical reaction between the Crofer 22
APU alloy and the SABS-0 glass occur simultaneously.
Elemental distribution across the Crofer 22 APU alloy/SABS-0 glass interface has also
been carried out by EDS line scan. The diffusion behavior of the elements is analyzed by the
concentration profiles obtained from EDS. The concentration profiles of the Crofer 22
APU/SABS-0 samples are shown in Fig. 5-8. The concentration profiles of iron and chromium in
the Crofer 22 APU and the SABS-0 glass elements (Si, Sr, La, Al, and O) are ‘S’ shaped with
two diffusion tails: one at the higher concentration and other at the lower concentration. This
means the elemental inter-diffusion of the Crofer 22 APU alloy and SABS-0 glass occurs during
interface formation [31]. However, oscillations in the concentration profiles are observed for the
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SABS-0 glass elements and the possible reasons are discussed in section 5.3.1.2. The oscillations
are more distinct for the air treated sample and aluminium and lanthanum. However,
approximate diffusion distance can be determined by identifying the inflection point and
diffusion tail at the interface. In Fig. 5-8, ‘0’ on the ‘x’ axis indicates the boundary between the
alloys and the interface. The left (negative) side is the alloy and the right (positive) side is the
SABS-0 glass. ‘y’ axis shows the normalized concentration of the elements.
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Fig. 5-8. Elemental concentration profiles of the Crofer 22 APU/SABS-0 couples thermally
treated in argon, air, and H2O/H2 atmosphere.

The SABS-0 glass elements (Si, Sr, La, Al, and O) diffuse 2-3 μm into the Crofer 22
APU alloy side for all the samples. However, in comparison with the as-boned sample, diffusion
distances slightly increase in the samples thermally treated in argon and air although the
diffusion distances remain 2-3 μm. The diffusion distances are maximum for the samples
thermally treated in air. The diffusion distances of these elements, except oxygen, decrease in the
H2O/H2 treated sample and remain at ≤ 2 µm. Oxygen diffusion distance remains almost
unchanged. Iron in the Crofer 22 APU alloy diffuses 2-3 μm into the SABS-0 glass for the asbonded samples and the thermally treated samples. Chromium diffuses ~ 5 μm into the SABS-0
glass for the as-bonded sample, increases to ~ 7 μm and 10-11μm, respectively, for the argon and
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air treated samples, but decreases to ~ 6 μm for the H2O/H2 treated sample. Increased diffusion
distances of these elements in air mean that the interaction between the Crofer 22 APU alloy and
the SABS-0 glass due to elemental inter-diffusion depends on the thermal treatment atmosphere.
Chromium vaporizes in the form of CrO3 species in air and CrO2(OH)2 in H2O containing
atmosphere [30]. The rate of chromium vaporization from the Crofer 22 APU alloy is more in
the H2O containing atmosphere. So, the diffusion length of chromium into the SABS-0 glass
should be more for the H2O/H2 treated sample. But the CrO2(OH)2 is thermodynamically more
stable than CrO3 [30]. Accordingly, chromium diffuses more into the SABS-0 glass side in the
air treated sample than that of H2O/H2 but its concentration on the SABS-0 glass side near the
interface is more for H2O/H2 treated sample as discussed in the composition analysis by EDS
spot analysis. This means both thermodynamics and kinetics simultaneously affect the interfacial
kinetics. Manganese and titanium concentration is maximum at/near the interface as can be seen
from the sharp humps in the concentration profiles rather than ‘S’ shape. Also, titanium
concentration humps shift to the left in comparison to that of manganese. This is consistent with
the presence of titanium oxide (tiny black spots) on the Crofer 22 APU alloy side near the
interface as shown in the microstructures of the Crofer 22 APU/SASB-0 glass (Fig. 5-7).
The elemental distribution can be better understood from the EDS maps. The elemental
maps of the Crofer 22 APU/SABS-0 samples are shown in Fig. 5-9. It can be observed that
silicon, strontium, and aluminium in the SABS-0 glass are uniformly distributed and do not
diffuse into the Crofer 22 APU alloy. The bright spots on the SABS-0 glass side near the
interface in the microstructures (Fig. 5-7) are enriched in lanthanum. Oxygen is accumulated at
the interface. These observations mean that the SABS-0 glass structure is perturbed to form the
interface which is in agreement with the presence of the SABS-0 glass elements at the interface
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in the microstructures and diffusion of these elements into the Crofer 22 APU alloy. However,
the overall distribution of the SABS-0 glass elements are uniform as can be understood by a little
compositional difference among the dendritic phases, black spots between the dendritic phases,
and the bulk glass. Chromium, manganese, and oxygen enriched and iron depleted regions are
observed and superimposed with the granular phase positions on the Crofer 22 APU alloy side in
the microstructures (Fig. 5-7). This means the interface consists of chromium and manganese
rich oxide phases. Chromium enrichment at the interface is not clearly observed for the as-boned
and the air treated samples which is consistent with the absence of the granular phase for the asbonded sample (Fig. 5-7(a)) and little amount of the granular phases for the air treated sample
(Fig. 5-7 (c)). However, very small second phases are also observed in the microstructures of the
as-bonded and air treated samples. Titanium accumulation can be observed beneath the
manganese-enriched layer for the air and H2O/H2 treated samples which is also consistent with
the titanium enrichment on the Crofer 22 APU alloy side near the interface in the microstructures
(Fig.5-7) and titanium concentration profiles (Fig. 5-8). Titanium accumulation is not observed
for the as-bonded and the argon treated samples although titanium enrichment on the Crofer 22
APU alloy side is observed in the microstructures and the concentration profiles. This may be
attributed to the low concentration of titanium.
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Fig. 5-9. EDS maps for the as-bonded the argon, air, and H2O/H2 treated Crofer 22 APU/SABS-0
glass couples.

Overall, the compositional analysis by EDS spot and line scans is consistent with the
elemental maps. From the elemental maps, it can be concluded that the interface consists of
mainly chromium, manganese, and oxygen. The SABS-0 glass composition remains almost
homogeneous although being devitrified.

5.3.2.3. X-ray diffraction analysis
The XRD patterns of the Crofer 22 APU alloy and the studied Crofer 22 APU/SABS-0
samples are shown in Fig. 5-10. The presence of the Crofer 22 APU alloy peaks in all the
samples confirms that the XRD patterns include all the crystal phases across the interface. The
crystal phases can be identified as Sr7Al12O25, α-SrSiO3, Mn(CrMn)O4, Ti8O15, and LaMn2O5.
The same number and location of peaks in the XRD patterns mean that the crystal phases are the
same for all the studied samples. However, the XRD peak intensities vary. This is likely due to
the thermal treatment effect and the slightly different thickness of the SABS-0 glass layer on the
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Crofer 22 APU alloy. It can be mentioned that in section 5.3.1.3, only Sr7Al12O25 and La2Cr2O9
phases were found. This may be explained as follows. The planes of several crystalline phases
overlap in a multicomponent system. The indexing is done by comparing the intensity ratios and
most likely matched crystal planes of the crystalline phases. The XRD patterns in section 5.3.1.3
were collected for only 20-50° 2θ range which was unable to distinguish other phases. In the
present study, the XRD patterns were collected for wide 2θ range (20-90°). So, more planes were
detected from the corresponding crystalline phases and the indexing was more certain.
Subsequently, different crystalline phases than La2Cr2O9 are identified.
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Fig. 5-10. XRD patterns of the Crofer 22 APU alloy, the as-bonded, and the thermally
treated Crofer 22 APU/SABS-0 couples.

Based on the identification of the crystalline phases, it can be understood that Sr7Al12O25
and α-SrSiO3 phases form due to devitrification of SABS-0 glass itself. The process can be
understood as follows. In the SABS-0 glass, Al3+ is a glass former; Sr2+ is a charge compensator
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for the nearest localized (AlO4)- tetrahedral structural units. Microheterogeneity in the SABS-0
glass structure, such as localized (AlO4)- tetrahedral units, induces the devitrification of the
SABS-0 glass. Accordingly, Sr7Al12O25 crystalline phase forms. In analogy, Si4+ is a glass
former. Sr2+ is a charge compensator for the nearest silicate structural units. Q0, Q1, Q2, and Q3
silicate structural units with non-bridging oxygen have been observed in the SABS-0 glass in
chapter 3. These structural units can induce devitrification and subsequently α-SrSiO3 phase
forms. The formation of these phases is also consistent with the higher strontium content in the
devitrified phases. Formation of the Mn(CrMn)O4 phase can be understood from the oxidation of
the Crofer 22 APU alloy. Manganese is added in the Crofer 22 APU alloy to form protective
manganese-chromium spinel at the surface. This is supported by the superimposed manganese
and chromium-enriched layer at the interface (Fig 5-9). Formation of Ti8O15 phase can be
understood by the internal oxidation of titanium which is supported by the tiny black spots
enriched in titanium on the Crofer 22 APU alloy side. However, other forms of titanium oxide
such as TiO2 might be present since these peaks overlap with the Ti8O15 phases. LaMn2O5 phase
forms due to the interaction between La2O3 in the SABS-0 glass and the Mn enriched interface
on the Crofer 22 APU alloy side. This is supported by the observed La accumulation at the
interface in the EDS maps (Fig. 5-9).
The XRD results are consistent with the EDS results. Microstructure and the EDS spot
analysis show that the interaction between the Crofer 22 APU alloy and the SABS-0 glass
depends on the thermal treatment atmospheres and changes the interface morphology. However,
the same crystalline phases for all the thermally treated samples and the as-bonded sample show
that the interface is stable regardless of the thermal treatment atmospheres.
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5.3.3. Long-term thermal treatment of Crofer 22APU/SABS-0 couple in air and H2O/H2
atmospheres

5.3.3.1. Interfacial microstructure
Microstructures of the Crofer 22 APU/SABS-0 glass samples thermally treated in air,
and H2O/H2 atmospheres for 500 and 1000 hrs are shown in Fig. 5-11. In the images, the left side
is the Crofer 22 APU alloy and the right side is the SABS-0 glass. The microstructures at all the
studied conditions show distinct bonding interfaces. The microstructures again can be divided
into three regions near the interface: tiny (<<1 μm) black spots on the Crofer 22 APU alloy side,
crack-free interface, and partially devitrified SABS-0 glass side. The tiny black spots distribute
in the Crofer 22 APU alloy within 3 µm region from the interfaces for all the thermally treated
samples.
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Fig. 5-11. SEM images of thermally treated Crofer 22 APU/SABS-0 couples for: a) 500 hrs in
air, b) 1000 hrs in air, c) 500 hrs in H2O/H2 atmosphere, and d) 1000 hrs in H2O/H2 atmosphere.

The interface morphologies differ for the air treated and the H2O/H2 treated samples. The
interfaces are uniform, smooth, and 1-2 µm thick with randomly distributed tiny bright spots (<<
1 µm) for the air treated samples. For the H2O/H2 treated samples, the interface is thinner (<<1
µm) with granular phases on the Crofer 22 APU alloy side. This suggests that the thermal
treatment atmosphere affects the interface morphology. It can be noticed that the granular phases
are completely disappeared when thermal treatment time increases from 100 hrs (Fig. 5-7 (c)) to
500 and 1000 hrs (Figs. 5-11 (a) and (b)) for the air treated samples. The granular phases are also
reduced with thermal treatment time for the H2O/H2 treated samples. This means the chemical
reactions between the Crofer 22 APU alloy and the SABS-0 glass change the interface
morphology with thermal treatment time. However, the interface morphologies are same for 500
and 1000 hrs thermally treated samples. This means the interface may become in equilibrium
after 500 hrs thermal treatment.
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On the SABS-0 glass side, different types of secondary phases are observed for the air
treated samples: small grayish secondary phases attached to the interface, and equiaxed and
platelet bright spots at/near the interface. For the H2O/H2 treated sample, only the equiaxed and
platelet bright spots are observed. The bright spots are due to the redox reaction between the
Crofer 22 APU alloy and the SABS-0 glass. It can be noticed that the bright spots are more in the
H2O/H2 treated samples than the air treated samples; an opposite trend to that of the samples
thermally treated for 100 hrs in air and H2O/H2 atmospheres (Figs. 5-7 (c) and (d)). Apparently,
this may mean that the H2O/H2 atmosphere significantly affect the redox reaction for the longterm thermal treatment. However, the SEM images shown here contain all the observed features
and are limited to a very small region compared to the bulk sample. So, the difference in the
quantity of bright spots can not be considered as real feature. Partial devitrification of the SABS0 glass is observed for all the samples as seen by the dendritic phases in the microstructures (Fig.
5-7). However, the extent of devitrification is less in the H2O/H2 treated samples and consistent
with the microstructures in Figs. 5-7 (c) and (d).

5.3.3.2. Elemental distribution across the interface
The compositional analysis of the different phases in the microstructures across the
Crofer 22 APU/SABS-0 interfaces have been carried out by the EDS spot and line scan.
The compositions of the tiny black spots on the Crofer 22 APU alloy near the interface
are approximately same (Fe 51.59, Cr 17.44, Mn 0.39, Ti 10.55, Al 1.61, O 18.42) for the air and
the H2O/H2 treated samples. Again, the tiny black spots are the titanium oxide.
The interface of the air treated sample is enriched in chromium and manganese (Fe7.47,
Cr 26.82, Mn 0.91, Si 1.19, Al 0.45, O 59.56). For the H2O/H2 treated sample, the composition
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of the interface is almost similar but contains all the SABS-0 glass elements (Fe 26.20, Cr 16.50,
Mn 1.85, Ti 2.10, Si 3.53, Sr 4.31, La 0.77, Al 2.27, and O 42.46). For the H2O/H2 treated
sample, the granular phases on the Crofer 22 APU alloy side near the interface has the
composition of Fe 22.49, Cr 22.98, Mn 3.10, Ti 2.12, Si 0.67, Sr 1.72, Al 0.58, and O 46.34 (Fig.
5-11 (d)).
On the SABS-0 glass side, the granular bright spots attached to the interface for the air
treated sample consists of Fe 58.67, Cr 12.53, Mn 1.46, Si 3.59, Sr 1.74, La 0.73, Al 1.61, and O
19.68. The bright spots due to redox reactions have the similar compositions for the air and the
H2O/H2 treated samples (Fe 3.26-8.97, Cr 3.30-3.70, Mn 0.49-0.74, Si 18.71-19.43, Sr 9.7511.12, La 6.89-6.99, Al 3.41-3.84, and O 34.47-47.77). The devitrified phases of the SABS-0
glass can not be distinguished from the glass phases for the air treated sample. For the H2O/H2
treated sample, the devitrified phases have higher Sr and La and lower Al content than the glass
phase. Again, the devitrified phases and the black spots between them near the interface also
contain small amount of iron and chromium.
The concentration profiles of the air and the H2O/H2 treated Crofer 22 APU/SABS-0 are
shown in Fig. 5-12. In Fig. 5-12, ‘0’ on the ‘x’ axis indicates the boundary between the alloys
and the interface. The left (negative) side is the alloy and the right (positive) side is the SABS-0
glass. ‘y’ axis shows the normalized concentration of the elements.
The SABS-0 glass elements (Si, Sr, La, Al, and O) diffuse 2-4 μm into the Crofer 22
APU alloy side for the air and the H2O/H2 treated samples regardless of thermal treatment time.
Iron in the Crofer 22 APU alloy diffuses ~ 6 μm and 3-5 μm, respectively, into the SABS-0 glass
for the air and the H2O/H2 treated samples. Chromium diffuses 5-7 μm and 8-9 μm, respectively,
into the SABS-0 glass for the air and the H2O/H2 treated samples. Manganese and titanium
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concentration is maximum at/near the interface. Also, the highest titanium concentration is
observed beneath the highest manganese concentration.

1.0

(a)

Normalized concentration

Normalized concnetration

1.0
0.8
0.6

Si
Sr
La
Al
O

0.4
0.2

0.6

Fe
Cr
Mn
Ti

0.4
0.2
0.0

0.0

1.0

-5.0

0.0
5.0
Distance (μ m)

10.0

(c)

0.8
0.6

Si
Sr
La
Al
O

0.4
0.2

-10.0

15.0

Normalized concentration

-10.0

Normalized concentration

(b)
0.8

-5.0

0.0
5.0
Distance (μ m)

10.0

0.0
5.0
Distance (μ m)

10.0

1.0

15.0

(d)

0.8

Fe
Cr
Mn
Ti

0.6
0.4
0.2
0.0

0.0
-10.0

-5.0

15.0

-10.0

-5.0

0.0
5.0
Distance (μ m)

10.0

15.0

Fig. 5-12. Elemental concentration profiles of the thermally treated Crofer 22 APU/SABS-0
couples for 1000 hrs: a) SABS-0 glass elements and b) Crofer 22 APU elements for air treated
sample; and c) SABS-0 glass elements and d) Crofer 22 APU elements for H2O/H2 treated
samples.

For better understanding about the elemental distribution across the interface, the EDS
maps are shown for 1000 hrs thermally treated couples in Fig. 5-13 for the air treated sample and
in Fig. 5-14 for the H2O/H2 atmosphere. It can be observed that silicon and strontium in the
SABS-0 glass are uniformly distributed and do not diffuse into the Crofer 22 APU alloy.
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Aluminium in the SABS-0 glass diffuses slightly to the Crofer 22 APU alloy as seen by the
localized aluminium enriched region superimposed with the tiny black spots on the Crofer 22
APU alloy. This is also consistent with the presence of aluminium in the composition of the tiny
black spots. Lanthanum is slightly enriched at the interface. By comparing the lanthanum
enriched spots with the microstructures (Figs. 5-11(b) and (d)), it can be understood that the
platelet bright spots have lanthanum. This observation is consistent with the EDS spot analysis.
Oxygen is accumulated at the interface. Iron is depleted at the interface where chromium and
manganese are enriched. For the air treated sample, Fe-rich localized region is observed on the
SABS-0 glass side near the interface; which superimposes with the granular bright spots in the
microstructure (Fig. 5-11 (b)). Chromium- and manganese –enriched regions superimpose with
the interface for the air treated sample and the granular phases on the Crofer 22 APU alloy side
along with the interface for the H2O/H2 treated sample. Titanium-enriched region is again
observed beneath the manganese-enriched region. However, the overall distribution of the
SABS-0 glass elements are uniform as can be understood by a little compositional difference
among the dendritic phases, black spots between the dendritic phases, and the bulk glass.
Chromium, manganese, and oxygen-enriched and iron depleted regions are observed and
superimposed with the granular phase positions on the Crofer 22 APU alloy side in the
microstructures (Fig. 5-11).
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Fig. 5-13. Elemental maps for the Crofer 22 APU/SABS-0 couple thermally treated at 800°C for
1000 hrs in air.
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Fig. 5-14. Elemental maps for the Crofer 22 APU/SABS-0 couple thermally treated at 800°C for
1000 hrs in H2O/H2 atmosphere.

5.3.3.3. X-ray diffraction
The XRD patterns of the Crofer 22 APU alloy and the Crofer 22 APU/SABS-0 samples
are shown in Fig. 5-15. The presence of the Crofer 22 APU alloy peaks in all the samples
confirms that the XRD patterns include all the crystal phases across the interface. The crystal
phases can be identified as Sr7Al12O25, α-SrSiO3, Mn(CrMn)O4, Ti8O15, and LaMn2O5. The same
locations of peaks in the XRD patterns mean that the crystal phases are the same for all the
studied samples. However, the XRD peak intensities vary. This is likely due to the thermal
treatment effect and the slightly different thickness of the SABS-0 glass layer on the Crofer 22
APU alloy. Same crystalline phases regardless of thermal treatment times and the atmospheres
again indicate the interface stability.

161

Intensity (× 103 counts)

60
Crofer 22 APU alloy

50

As-bonded

40

Air 1000 hrs

30

H2O/H2 1000 hrs

20
10
0
20.0

30.0

40.0

50.0
60.0
2θ (°)

70.0

80.0

90.0

Fig. 5-15. XRD patterns of the Crofer 22 APU alloy and the as-bonded and the thermally treated
Crofer 22 APU /SABS-0 couples.

5.3.4. Interfacial study by complementary methods
The spatial resolution of EDS is ≥ 1 µm. The elemental peaks in the EDS spectra can
overlap. To check the reliability of the compositional analysis by EDS, two complementary
techniques were carried out for selected samples: wave length dispersive spectroscopy (WDS)
and EDS analysis of thin (~ 200 nm) Crofer 22 APU/SABS-0 samples.

5.3.4.1. Wave length dispersive spectroscopy (WDS)
In WDS analysis, the signal processing is based on the characteristic wavelength of the
backscattered electrons by Bragg’s law of diffraction. The count rate is proportional to the
energy corresponding to the characteristic wavelength of the backscattered X-rays of the
elements. The resolution of WDS is better (10-30 times) than that of EDS because of the absence
of peak overlaps [16]. However, the spatial resolution is similar to the EDS. Crofer 22
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APU/SABS-0 couple thermally treated in air for 1000 hrs has the thickest interface and the
highest quantity of the devitrified phases. So, this sample is the most suitable to study the
composition across the interface and the compositional difference between the devitrified phases
and the glass. Subsequently, WDS was carried out only for this sample.
‘Standard’ method was used for the WDS analysis. Line scans were taken across the
interface with 2 µm step size in order to eliminate fluorescence effect and can be compared
directly with the elemental distribution obtained by EDS. Similar to EDS analysis, three line
scans were taken from randomly selected regions across the interface.
The concentration profiles obtained from WDS line scan are shown in Fig. 5-16. The
oscillations in the concentration profiles of the SABS-0 glass elements (Fig. 5-16 (a)) are again
observed instead of the larger step size. In addition the oscillations are also extended beyond the
devitrified region on the SABS-0 glass side (≥ 10 µm from the interface). Again, oscillations are
also observed for silicon and strontium. This confirms that the lower density of the SABS-0 glass
contributes to the oscillations [16]. From Fig. 5-16(a) it can be seen that the SABS-0 glass
elements do not diffuse more than 2 µm into the Crofer 22 APU alloy. Fig. 5-16 (b) shows the
humps near the interface for chromium, manganese, and titanium. The hump for oxygen is not
distinguishable because of larger step size compared to EDS analysis. Similar concentration
profiles from EDS and WDS analysis complement each other. This means the compositional
analysis obtained from EDS is reliable.
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Fig. 5-16. WDS line scan across the Crofer 22 APU/SABS-0 interface: a) concentration profile
of SABS-0 glass elements and b) concentration profile of Crofer 22 APU elements.

5.3.4.2. Interfacial study of thin Crofer 22 APU/SABS-0
The spatial resolution of EDS is ≥ 1µm. The secondary X-rays of the elements interact
more in the transverse direction than the lateral direction. Therefore, thin sample can eliminate
the interactions of different elements to a certain extent. Crofer 22 APU/SABS-0 couples
thermally treated for 1000 hrs at 800°C in air and H2O/H2 were analyzed by using this approach.
The samples were thinned to ~ 200 nm using focused ion beam (FEI Helios 600 NanoLab,
USA).
Microstructures of the thin Crofer 22 APU/SABS-0 couples shown in Fig. 5-17. In the
images, the left side is the Crofer 22 APU alloy and the right side is the SABS-0 glass. Simialr to
the bulk samples, the microstructures again can be divided into three regions near the interface:
tiny (<<1 μm) black spots on the Crofer 22 APU alloy side, crack-free interface, and partially
devitrified SABS-0 glass side. The tiny black spots distribute in the Crofer 22 APU alloy within
3 µm region from the interfaces for both the air and H2O/H2 treated samples similar to the bulk
samples (Figs. 5-11(b) and (d)).
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Fig. 5-17. SEM images of thin Crofer 22 APU/SABS-0 couple thermally treated for 1000 hrs at
800°C in: a) air and b) H2O/H2 atmospheres.

The interface morphologies differ for the air and the H2O/H2 treated samples. The
interface is thinner for the H2O/H2 treated sample than that of air and consistent with the
microstructures of the bulk sample (Figs. 5-11 (b) and (c)). On the Crofer 22 APU alloy side near
the interface, secondary phases are observed for both the air and H2O/H2 treated samples but the
interface is relatively rough for the H2O/H2 treated sample. The interface morphologies are also
similar to the bulk samples (Figs. 5-11(b) and (d)).
On the SABS-0 glass side, bright secondary phases are observed near the interface. The
bright phases are observed for both the samples. However, the platelet bright spots are observed
only for the H2O/H2 treated sample. This may be attributed to the small scan area of the samples.
Devitrified phases of the SABS-0 glass and the black spots between them are distinguishable for
the air treated sample (Fig. 5-17(a)). The devitrified phases are absent for the H2O/H2 treated
sample (Fig. 5-17(b)). This observation is consistent with the microstructures of the bulk samples
(Figs. 5-11(b) and (d)); where the devitrified phases are present in localized region for the
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H2O/H2 treated sample. Since the scan area is very small for the thin samples, the devitrified
phases are not covered.
The compositional analysis of the different phases in the microstructures across the
Crofer 22 APU/SABS-0 interfaces has been carried out by the EDS spot and line scans with the
same conditions as for the bulk samples.
The compositions of the tiny black spots on the Crofer 22 APU alloy near the interface
are approximately same (Fe 60.11, Cr 21.17, Mn 0.49, Ti 12.98, O 0.5-1.0) but 4.67 at%
aluminium is present for the air treated and 1.19 at% silicon is present for the H2O/H2 treated
samples. However, presence of aluminium is also observed for the bulk samples but silicon is not
present in the tiny spots of the bulk samples (Figs. 5-11(b) and (d)). In addition, the oxygen is
very less compared to the bulk sample. These discrepancies may be attributed to the damage of
sample during sample preparation using ion beam. Nonetheless, the compositions of the tiny
black spots are almost consistent with the composition obtained from the bulk samples.
For the air treated sample, the secondary phases on the Crofer 22 APU alloy side near the
interface consists of Fe 1.17, Cr 37.09, Mn 6.37, Ti 2.55, Si 6.85, Sr 3.55, Al 5.10, O 32.31. For
the H2O/H2 treated sample, the composition of the granular secondary phases on the Crofer 22
APU alloy side near the interface is Fe 23.65, Cr 57.90, Mn 8.80, Ti 2.23, Si 0.88, Sr 1.86, Al
1.16, O 3.54. The composition is consistent with the composition of the granular phases in the
bulk H2O/H2 sample (Figs. 5-11(d)) and also similar with that of the secondary phases for the air
treated sample. The composition shows that these secondary phases form due to the reaction
between the Crofer 22 APU alloy and the SABS-0 glass. The interface of the air treated samples
consists of Fe 7.69, Cr 44.32, Mn 6.89, Si 21.87, Al 7.67, O 11.45 and similar to the secondary
phases on the Crofer 22 APU alloy side. The quantity of the Crofer 22 APU alloy elements at the
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interface is consistent with the bulk sample but the quantity of the SABS-0 elements is
inconsistent with the bulk sample composition. The quantity of silicon and aluminium is very
high and oxygen is very low for the thin samples than the bulk samples. This may again be
attributed to the sample damage during thin sample preparation. For the H2O/H2 treated sample,
the composition of the interface is almost similar and consistent with the bulk samples (Fe 18.03,
Cr 37.57, Mn 5.17, Ti 2.04, Si 8.45, Sr 3.97, La 2.32, Al 3.06, and O 19.40). The composition of
the interface is similar to the granular secondary phases on the Crofer 22 APU alloy side.
On the SABS-0 glass side, the bright spots for the air treated sample consist of Fe 60.50,
Cr 23.26, Mn 1.01, Sr 8.62, La 0.90, Al 6.05, and O 0.25. Again, discrepancies of the silicon and
oxygen content are observed with the composition of the bright spots in the bulk sample. The
platelet bright spots in the H2O/H2 treated sample consist of Fe 2.68, Cr 2.98, Mn 0.71, Si 11.04,
Sr 7.35, Al 1.78, O 67.83 and consistent with bulk sample (Figs. 5-11(d)). For the air treated
sample, the compositional difference between the devitrified phases and the black spots between
the devitrified phases is distinct. The devitrified phases are enriched in strontium and have
slightly higher lanthanum and silicon and slightly lower aluminium than the black spots. This
observation is consistent with the bulk sample and with the identified crystalline phases. Similar
to the bulk sample, the devitrified phases and the black spots between them near the interface
contain small amount of iron and chromium. For H2O/H2 treated sample, iron and chromium are
also found in the SABS-0 glass composition near the interface.
The concentration profiles of the air and the H2O/H2 treated thin Crofer 22 APU/SABS-0
are shown in Fig. 5-18. Oscillation in the concentration profiles of the SABS-0 glass elements
are also observed for both air and H2O/H2 treated samples. The extent of the oscillations in the
concentration profiles is more for the air treated sample. This supports the previous explanation
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that the oscillations are due to the compositional difference between the devitrified phases of the
SABS-0 glass and the black spots between them. This observation is also consistent with the
absence of devitrified phases for the H2O/H2 treated sample (Fig. 5-18 (b)). The oscillations in
the concentration profiles of the SABS-0 glass elements for the H2O/H2 treated sample can be
understood for lanthanum and aluminium due to their low concentration. However, Si and Sr
content in the SABS-0 glass are sufficient for the detection limit of the EDS but oscillations are
observed. In the thin samples, the spatial resolution is improved in the transverse direction but
the lateral resolution remains same as in the bulk sample. It has been argued in previous sections
that the oscillations may be due to the small step size used for the line scan. In the thin samples
the given concentration profile is the line scan from one region. The SABS-0 glass is
homogeneous in the H2O/H2 treated sample due to the absence of devitrified phases and also
confirmed by spot and areal compositional analysis in randomly selected regions. Therefore, the
spatial resolution limit in the EDS can not be the sole reason oscillations in EDS profiles. In Fig.
5-18, ‘0’ on the ‘x’ axis indicates the boundary between the alloys and the interface. The left
(negative) side is the Crofer 22 APU alloy and the right (positive) side is the SABS-0 glass. ‘y’
axis shows the normalized concentration of the elements.
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Fig. 5-18. Elemental concentration profiles of thin Crofer 22 APU/SABS-0 couples thermally
treated for 1000 hrs: a) SABS-0 glass elements and b) Crofer 22 APU elements for air treated
sample; and c) SABS-0 glass elements and d) Crofer 22 APU elements for H2O/H2 treated
samples.

The SABS-0 glass elements (Si, Sr, La, Al, and O) diffuse 2-4 μm into the Crofer 22
APU alloy side for the air and the H2O/H2 treated samples. Hump in aluminium concentration
profile is observed on the Crofer 22 APU alloy side and consistent with the presence of
aluminium in the tiny black spots. The concentration of aluminium is also higher than other
SABS-0 glass elements on the Crofer 22 APU side. This can be understood by the fact that the
tiny black spots extend ~ 3 μm from the interface. Iron in the Crofer 22 APU alloy diffuses 1-3

μm into the SABS-0 glass for the air and the H2O/H2 treated samples. Chromium diffuses 2-3
μm into the SABS-0 glass for the air and the H2O/H2 treated samples. Iron and chromium
diffusion distances are not consistent with the bulk sample. The inconsistency may have two
origins. First, the concentration profiles of the bulk samples are the average of three line scans
form randomly selected regions. The interface thickness is not uniform throughout the sample.
So, the average can include more error. Second, interaction between the X-rays of different
elements due to relatively poor spatial resolution in the bulk sample can also contribute to
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apparently longer diffusion distance. Manganese and titanium concentration is maximum at/near
the interface similar to the bulk samples. Also, the highest titanium concentration is beneath the
highest manganese concentration. However, the hump in titanium concentration profile is far
from the interface and is not consistent with the bulk samples. The reason is not understood.
The elemental maps for the thin Crofer 22 APU/SABS-0 couples are shown in Figs. 5-19
and 5-20 for the air and H2O/H2 treated samples, respectively. It can be observed that silicon and
strontium in the SABS-0 glass are uniformly distributed and do not diffuse into the Crofer 22
APU alloy. Lanthanum, aluminium, and oxygen diffuse into the SABS-0 glass for the air treated
sample but these elements do not diffuse into the Crofer 22 APU alloy for the H2O/H2 treated
sample. Lanthanum is enriched at the interface for the H2O/H2 treated sample. By comparing the
lanthanum enriched spots with the microstructure (Figs. 5-17(b)), it can be understood that the
platelet bright spots have lanthanum. This observation is consistent with the EDS spot analysis as
well as with the bulk sample. Iron is depleted near the interface for both the samples and the
depleted regions superimpose with the secondary phases on the Crofer 22 APU alloy side (Figs.
5-17(a) and (b)). Unlike bulk samples, chromium enriched region at the interface is not observed.
For the air treated sample, iron and chromium enriched localized spots are observed on the
SABS-0 glass side; which superimpose with the bright spots and consistent with their
composition and the bulk sample. Manganese enriched region at the interface is also consistent
with the bulk sample. Titanium-enriched region is again observed beneath the manganeseenriched region and consistent with the observations in the bulk samples.
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Fig. 5-19. Elemental maps for the Crofer 22 APU/SABS-0 couple thermally treated at 800°C for
1000 hrs in air.
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Fig. 5-20. Elemental maps for the Crofer 22 APU/SABS-0 couple thermally treated at 800°C for
1000 hrs in H2O/H2 atmosphere.

The interface morphologies and the compositional analysis of the thin Crofer 22
APU/SABS-0 couples are consistent with the bulk samples. This means the compositional trend
across the interfaces obtained from EDS are reliable. However, the elemental maps for
chromium and oxygen for the thin couples are inconsistent with the bulk sample. The reasons are
not understood. Overall, compositional analysis of the thin Crofer 22 APU/SABS-0 couples
complement with the bulk sample analysis.

5.4. Conclusions
Interfacial compatibility and stability of Crofer 22 APU/SABS-0 couple has been studied
with respect to thermal treatment time, temperature, and atmosphere. The SABS-0 glass (SrOLa2O3-Al2O3-SiO2) is compatible with the Crofer 22 APU alloy. The Crofer 22 APU/SABS-0
interface is thermochemically stable at 800°C for 1000 hrs in both oxidizing and reducing
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(H2O/H2) atmospheres. Chemical reactions and inter-diffusion between the Crofer 22 APU alloy
and the SABS-0 glass along with the SABS-0 glass devitrification occur simultaneously during
sealing and the thermal treatments. Sr7Al12O25 and α-SrSiO3 phases form due to the SABS-0
glass devitrification. Mn(CrMn)O4 and Ti8O15 phases form at the interface due to oxidation of
the Crofer 22 APU alloy. LaMn2O5 phases form at the interface due to the inter-diffusion and
chemical reactions between the Crofer 22 APU alloy and the SABS-0 glass. The long-term (1000
hrs) interfacial stability Crofer 22 APU/SABS-0 couple demonstrates the suitability of the
SABS-0 seal glass for SOFC/SOEC application.
The compositional trend across the interface obtained from EDS was verified by WDS
and EDS analysis for the selected Crofer 22 APU/SABS-0 couples. Similar compositional trends
across the interface obtained from all of these complementary methods prove the reliability of
bulk sample analysis. However, some deviation in the compositional trends are observed for the
thin Crofer 22 APU/SABS-0 couples, which can be attributed to the sample damage during
sample thinning by ion beam.
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CHAPTER SIX

INTERFACIAL STUDY OF SEAL GLASS WITH AISI 441 ALLOY METALLIC
INTERCONNECT

Abstract
AISI 441 alloy is a metallic interconnect for planar solid oxide fuel and electrolyzer cells.
The interfacial compatibility and thermochemical stability are studied for SrO-La2O3-Al2O3-SiO2
(SABS-0) seal glass with the AISI 441 alloy with respect to thermal treatment atmospheres such
as argon, air, and H2O/H2, and time (0-1000 hrs). The interfaces were investigated by scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray diffraction
(XRD). Chemical reaction and inter-diffusion between the seal glass and the AISI 441 alloy
occur simultaneously with the devitrification of the seal glass. Interface morphology differs with
the thermal treatment conditions but same crystalline compounds are found across the interface
regardless of the thermal treatment conditions.

6.1. Introduction
AISI 441 alloy is a ferritic chromia forming alloy which is under intensive study for solid
oxide fuel/electrolyzer cell (SOFC/SOEC) interconnect. AISI 441 alloy has some advantages
than the Crofer 22 APU alloy. AISI 441 alloy has comparable oxidation resistance (rate constant
5.0 × 10-4 g2 cm-4 s-1) but superior yield strength (83 MPa at 760°C) than the Crofer 22 APU
alloy (rate constant 7.96 × 10-4 g2 cm-4 s-1 and yield strength 31 MPa at 760°C) [1,2]. AISI 441
alloy has lower chromium content (~ 18 wt%) and subsequently chromium vaporization rate can
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be reduced [3]. The cost of AISI 441 alloy is less than the Crofer 22 APU alloy, which is the
driving force for intensive study. The importance of the interconnect-seal interfacial study has
been discussed in chapter five. However, the interconnect-glass seal interfacial studies for the
AISI 441 alloy has not been reported in literature.
In this chapter, interfacial study of a SrO-La2O3-Al2O3-SiO2 –based seal glass (SABS-0)
with the AISI 441 alloy is studied. The effects of thermal treatment atmospheres and time on the
AISI alloy-SABS-0 interface were investigated by detailed microstructural analysis using
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray
diffraction.

6.2. Experimental procedure

6.2.1. Glass preparation
SABS-0 glass was prepared by conventional quenching method. SrCO3 (99.9%, Sigma
Aldrich, St. Louis, MO), La2O3 (99.98%), Al2O3 (99.95%), and SiO2 (99.8%) (all oxides were
from Alfa Aesar, Ward Hill, MA) at designed ratios were mixed in a ball mill for overnight. The
mixed powders were heated in a platinum crucible in a box furnace (Lindberg, Model No. 51314,
Watertown, WI) to 1100°C and kept there for 1 hr for SrCO3 to decompose. After that, the
mixture was heated to 1400°C for 4 hrs. The heating rate was 10°C/min. The molten glass was
quenched into a graphite mold.

6.2.2. Sample preparation for interfacial study
AISI 441 samples (ThyssenKrupp VDM, Germany) were polished to remove oxidized

178

layer, if any, and to obtain scratch-free flat surface. The nominal composition of the AISI 441
alloy is given in Table 6-1. The polished samples were cleaned by ultrasound in water and then
in acetone before being dried and wiped with acetone. A clean and flat SABS-0 glass piece was
put on the polished the AISI 441 alloy surface and thermally treated at 960°C for 30 minutes in
argon in order to bond the SABS-0 glass with the AISI 441 alloys. No external load was applied
during the bonding process.

Table 6-1. AISI 441 alloy composition (wt %) [1]
Interconnect Cr
AISI441

Fe

Mn

17.6 80.68 0.33

Ti

Si

Al

C

0.18

0.47

0.045 0.01

S

P

Ni

Nb

0.001 0.024 0.20 0.46

The bonded AISI 441/SABS-0 sample was thermally treated at 800°C for 100 hrs in
argon, air, and H2O/H2 atmospheres. H2O/H2 atmosphere was created by passing hydrogen gas
through a water bath. The temperature of the water bath was maintained at 83 ± 2°C to obtain
approximately 50% water vapor [4]. The bonded AISI 441/SABS-0 sample was also thermally
treated at 800°C in air and H2O/H2 atmospheres for 500 and 1000 hrs to study the long-term
interfacial stability. The same heating and cooling rates of 3°C·min-1 were used for all the
thermal treatment experiments.

6.2.3. Characterization
The cross sections of all the thermally treated diffusion couples were finely polished to
optical finish. Field emission SEM (Quanta 600 FEG, FEI Company, Hillsboro) was used to
examine the interfacial morphology between the SABS-0 glass and the AISI 441 alloy. The EDS
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module (Bruker AXS, MiKroanalysis, Gmbh, Berlin, Germany) attached to the SEM was used
for composition analysis in order to understand the elemental distribution across the AISI
441/SABS-0 interfaces. The analyses followed standardless method. The elemental distribution
along the interface was determined by EDS spot and line scan and area mapping. For all the
studied samples, the EDS spot and line scans were taken in at least three randomly selected
regions. The results given here are the averages of these scan data. To investigate the devitrified
phases at the interface of the AISI 441/SABS-0 couple, high resolution X-ray diffraction (XRD)
studies were carried out in an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, The
Netherlands). SABS-0 glass coated AISI 441 surface was polished until the glass layer was 15 20 μm thick. Such SABS-0 glass layer thickness was deemed suitable since X-ray detects 95%
of the phase information from 25 μm penetration depth [5]. The scan time per step was 3000 s
with CuKα radiation (λ = 1.5406 Å).

6.3. Results and discussion

6.3.1. AISI 441/SABS-0 couple thermally treated at 800°C in argon, air, and H2O/H2
atmospheres

6.3.1.1. Interfacial microstructure
Microstructures of the as-bonded and the thermally treated AISI 441/SABS-0 couples in
argon, air, and H2O/H2 atmospheres are shown in Fig. 6-1. In the images, the left side is the AISI
441 alloy and the right side is the SABS-0 glass. The microstructures at all the studied conditions
show distinct bonding interfaces. This means the SABS-0 glass has good adhesion with the AISI
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441 alloy. The microstructures can be divided into three regions: tiny (<<1 μm) black spots on
the AISI 441 alloy side, crack-free interface, and the SABS-0 glass side.

(b)

(a)

5 µm

5 µm

(c)

(d)

5 µm

5 µm

Fig. 6-1. SEM images of AISI 441/SABS-0 couples: a) as-bonded, b) argon, c) air, and d)
H2O/H2 atmosphere. The samples were thermally treated for 100 hrs at 800°C in different
atmospheres.

Tiny black spots are observed on the AISI 441 alloy side for the as-bonded and the
thermally treated samples regardless of thermal treatment atmospheres. A layer consisting of
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uniformly distributed black spots attached to the interface on the AISI 441 alloy side is observed
for all the samples except for the air treated sample where the layer is not uniform.
The interface morphology of the as-bonded AISI 441/SABS-0 couple is different from
the thermally treated samples. The interface of the as-bonded AISI 441/SABS-0 couple (Fig. 61(a)) has two types of morphologies: thick interface at the upper part followed by a long, bright
secondary phases and thin interface at the lower part followed by a black layer on the SABS-0
glass side. The thermally treated AISI 441/SABS-0 couples have similar interface morphologies
with uniform thickness. However, the interface thickness seems to increase with the thermal
treatment atmospheres in the order argon < air < H2O/H2. The bright secondary phase is also
observed on the SABS-0 glass side in localized area.
On the SABS-0 glass side, equiaxed and platelet like bright spots are observed for all the
samples. Equiaxed bright spots are not distinct for the argon treated sample and platelet like
bright spots are not distinct for the air treated samples. The equiaxed and platelet like bright
spots indicate the redox reaction between the AISI 441 alloy and the SABS-0 glass [6,7]. For the
argon and air treated samples, granular shaped secondary phases are observed between the
interface and the dentritic phases. For the H2O/H2 treated sample, distinct angular phases are
observed surrounded by distinguishable black spots. This means thermal treatment atmosphere
affects the interfacial morphology of the AISI 441 alloy/SABS-0 couple. The dendritic phases
are the devitrified phases of the SABS-0 glass as discussed in chapter five and extend 10-15 µm
from the interface.

6.3.1.2. Elemental distribution across the interface
Energy dispersive spectroscopy (EDS) analysis was carried out to explore the
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compositional difference among the different types of phases observed in the microstructures in
Fig. 6-1. Spot analysis was carried out using 6 nm diameter electron beam and higher
magnification (>30,000 X) images (not shown here). However, the spatial resolution of the
secondary X-ray in EDS is > 1µm and the analysis can not give absolute composition. The
analysis only provides qualititative information to understand the trend in compositional
difference between different observed phases. To maintain consistency, a constant collection
time (60 s) was used for all the spot analysis. The compositions are given in atomic%.
Tiny black spots on the AISI 441 alloy side near the interface in the microstructures (Fig.
6-1) are of similar compositions (Fe 65.02, Cr 15.35, Mn 0.75, Ti 4.41, Nb 1.81, Si 0.70, Al 2.71,
O 9.63) for the as-bonded and the thermally treated AISI 441/SABS-0 couples. High content of
Ti with oxygen indicates that the black spots may be titanium oxide. The compositions of the
black spots on the AISI 441 alloy side in a layer form are different for different thermal
treatment atmospheres but follows similar trend. This means the black layer also consists of
oxides of the minor alloying elements of the AISI 441 alloy. These black spots have less Fe and
more Cr than the tiny black spots and also contain 2-5 at% Mn and Ti, 2-3 at% Si and 1-2 at%
Al. Mn, Ti, Al, and Si are the minor alloying elements in the AISI 441 alloy with the
concentration order Si > Mn > Ti > Al (Table 6-1). Low concentration and low diffusivity
(mobility) of the alloying elements, and high solubility of oxygen in the alloying elements favor
the

internal

oxidation

[8].

The

stability

of

the

corresponding

oxides

are

Al2O3>TiO2>SiO2>MnO2. Al and Ti may be oxidized by internal oxidation because of their
lower concentration comparing to Si and Mn. Si and Mn are also oxidized but it is not clear that
whether the internal or external oxidation predominates. The diffusivity of Mn is probably higher
than Si due to the lower mobility of Si4+ attributed to higher valency. So, it can be interpreted
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that Mn is oxidized by external oxidation and Si is oxidized by internal oxidation. However, the
diffusivity of Si is not available for Fe-Cr alloy. Thermal treatment atmosphere may affect the
oxidation of AISI 441 alloy as observed from the lower tiny black spots for the as-bonded
sample and non-uniform distribution of the black layer for the air treated sample. However, the
effect is not understood.
The overall compositions of the AISI 441/SABS-0 interfaces vary with thermal treatment
atmospheres but follows similar trend. The AISI 441/SABS-0 interface mainly consists of the
AISI 441 alloy elements (Fe 7-15, Cr 25-30, Mn 2-5, Ti 1-2, O 34-52) and less than 3 at%
SABS-0 glass elements (Si, Sr, La, and Al) among which chromium concentration is the highest.
This means the interface consists of mainly the AISI 441 alloy elements. It can be noticed that
the interface for the AISI 441/SABS-0 samples have very small concentration of the SABS-0
glass elements.
There are several distinct features on the SABS-0 glass side. Localized, gray-colored
spots (≥ 1 µm) near the interface mainly consist of Fe, Cr, and O with little (<5 at%) amount of
Si, Sr, and Al among which Fe concentration is the highest. Fe and Cr in the AISI 441 alloy can
be oxidized by external oxidation due to their high concentration. The diffusivity of Fe is higher
than Cr and the stability of Fe3O4 and Fe2O3 are also higher than chromium oxide [9,10].
Accordingly, these spots have the highest Fe. However, the reason for the localized oxidation is
not understood. The smaller bright spots ( < 1µm) on the SABS-0 glass side, which are due to
the redox reaction, consist mainly the glass elements with little amount of Fe and Nb from the
AISI 441 alloy (Fe 5-7, Nb 2-3, Si 15-22, Sr 16-18, La 5-7, Al 3-6, O 38-50) and the
compositions are same for both the equiaxed and the platelet types. The granular phases on the
SABS-0 glass side (mainly consist of the SABS-0 glass elements with 1-2 at% Fe and 2 at% Nb.
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The composition of angular phases on the SABS-0 glass side for H2O/H2 treated samples (Fig. 61(d)) are different from the granular phases. The angular phases contain higher Fe, Nb, Sr, and
lower Si, Al content than the granular phases. From these observations it can be understood that
the AISI 441 alloy oxidation and the chemical reaction between the AISI 441 alloy and the
SABS-0 glass contribute to the interface formation depending on the thermal treatment
atmospheres.
Dendritic phases and the black spots between them have almost similar composition of
the SABS-0 glass. Dendritic phases of the devitrified SABS-0 glass have slightly higher Sr and
La content and slightly lower Al content than the black spots between them. However, the
devitrified phases and the black spots near the interface contain small amount of Fe and Cr.
The concentration profiles of the AISI 441/SABS-0 glass elements across the interface
has been studied by EDS line scan and are shown in Fig. 6-2. The concentration profiles of Fe
and Cr in the AISI 441 alloy and Si, Sr, La, Al, and O in SABS-0 glass are ‘S’ shaped with two
diffusion tails: one at the higher concentration and other at the lower concentration. This means
the elemental inter-diffusion of the AISI 441 alloy and SABS-0 glass occurs during interface
formation [11]. However, oscillations in the concentration profiles are observed for the SABS-0
glass elements and can be explained as follows. First, the step size of the EDS line scan was 0.06
µm for this study to obtain smooth concentration profile. The spatial resolution of the secondary
X-rays is ≥ 1 µm. Interaction between the X-ray of the different elements can be expected for the
experimental step size resulting in oscillations in the concentration profiles. Second, low
concentration of La and Al, compositional difference between the devitrified and glass phases,
and low density of the SABS-0 glass are also the likely reasons for the oscillations in the
concentration profiles [12]. However, approximate diffusion distance can be determined by
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identifying the inflection point and diffusion tail at the interface. In Fig. 6-2, ‘0’ on the ‘x’ axis
indicates the boundary between the alloys and the interface. The left (negative) side is the alloy
and the right (positive) side is the SABS-0 glass. ‘y’ axis shows the normalized concentration of
the elements.
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Fig. 6-2. Elemental concentration profiles of the as-bonded and the argon, air, and H2O/H2
treated AISI441/SABS-0 couples.

All the SABS-0 glass elements (Si, Sr, La, Al, and O) diffuse 2-3 µm into the AISI 441
alloy for all the AISI 441/SABS-0 couples. Humps at the AISI 441 alloy side near the interface
are observed for Si and Al for all the samples. This suggests that Al and Si concentrations are
more near the interface on the AISI 441 alloy than the bulk. This observation is supported by the
presence of black layers consisting Al2O3 and SiO2 on the AISI 441 alloy side near the interface
as seen in the microstructures of the AISI 441/SABS-0 couples (Fig. 6-1). Humps are also
observed for Sr on the SABS-0 glass side near the interface. This indicates that the SABS-0 glass
near the interface is enriched in Sr. Fe in the AISI 441 alloy diffuses 5-7 µm into the SABS-0
glass for all the samples. Hump in the Fe concentration profile is consistent with the Fe-rich
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bright phases (≥ 1µm) on the SABS-0 glass side near the interface (Fig. 6-1). Cr in the AISI 441
alloy diffuses ~ 5 µm, ~ 4 µm, ~ 3 µm, and ~ 3 µm into the SABS-0 glass for the as-bonded,
argon, air, and H2O/H2 treated AISI 441/SABS-0 couples. Hump in Cr distribution at the AISI
441 alloy side near the interface is observed for all the samples. Cr rich layer at the interface and
the oxide layers of Al, Si, and Ti probably hinder further diffusion of Cr from the AISI 441 alloy
into the SABS-0 glass and consequently the diffusion distances remain almost unchanged for the
thermally treated samples. The atmospheric effect on the AISI 441/SABS-0 interface is not
significant as can be understood by the comparable diffusion distances for all the SABS-0 glass
and the AISI 441 alloy elements for all the thermal treatment conditions. Mn and Ti
concentration are maximum at/near the interface as can be seen from the peaks in the
concentration profiles rather than ‘S’ shape. Mn and Ti are the alloying elements in the AISI 441
alloy. Since Mn and Ti have higher affinity with oxygen than Cr, they are more likely to react
with oxygen and form oxides and may also hinder the diffusion of the SABS-0 glass elements
and the AISI 441 elements into each other [13,14].
For better understanding of the elemental distribution across the AISI 441/SABS-0
interfaces, elemental maps were obtained from secondary X-ray mapping by EDS. The elemental
maps of the AISI 441/SABS-0 couples are shown in Fig. 6-3.
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Fig. 6-3. Elemental maps for the as-bonded and the argon, air, and H2O/H2 treated AISI
441/SABS-0 couples.

It can be seen from Fig. 6-3 that Si and Sr in the SABS-0 glass are homogeneously
distributed and does not diffused into the AISI 441 alloy. La and Al accumulate at the interface.
O, Cr, and Mn are accumulated at the interface. Fe-accumulation on the SABS-0 glass side near
the interface and at the localized region coincides with the localized Fe-rich phases in the
microstructures (Fig. 6-1) and also consistent with the spot analysis. Ti is also accumulated
beneath the Mn-layer but the accumulation is not seen for the argon treated sample. Ti enriched
layer on the AISI 441 alloy side near the interface can be understood by the presence of titanium
oxide as revealed by spot analysis.

6.3.1.3. X-ray diffraction analysis
The XRD patterns of the AISI 441 alloy and the AISI 441/SABS-0 samples are shown in
Fig. 6-4. The presence of the AISI 441 alloy peaks in all the samples confirms that the XRD
patterns include all the crystal phases across the interface. The same number and location of
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peaks in the XRD patterns mean that the crystal phases are the same for all the studied samples.
The crystal phases can be identified as Sr4(Si4O12), La2Si2O7, Sr7Al12O25, FeSiO3, La2CrO6,
Ti6O11, and TiO2.
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Fig. 6-4. XRD patterns of the AISI 441 alloy and the as-bonded and the thermally treated AISI
441/SABS-0 couples.

It can be understood that Sr4(Si4O12), La2Si2O7, and Sr7Al12O25 phases form due to
devitrification of SABS-0 glass itself. Formation of these phases can be understood as follows.
Q0, Q1, Q2, and Q3 silicate structural units with non-bridging oxygen have been observed in the
SABS-0 glass in chapter 3. The non-bridging oxygens tend to coordinate with the glass modifiers
and form new species. In the SABS-0 glasses, La3+ and Sr2+ ions act as modifiers. Consequently,
Sr4(Si4O12) and La2Si2O7 phases form. Regarding the Sr7Al12O25 phase formation, Al3+ is a glass
former in the SABS-0 glass [15] and Sr2+ is a charge compensator for the nearest localized
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(AlO4)- tetrahedral structural units [16]. Microheterogeneity in the SABS-0 glass structure, such
as localized (AlO4)- tetrahedral units, induces the devitrification of the SABS-0 glass.
Accordingly, Sr7Al12O25 crystalline phase forms.
FeSiO3 and La2CrO6 phases form due to the interaction of the AISI 441 alloy and the
SABS-0 glass. Formation of FeSiO3 and La2CrO6 can be explained as follows. The
microstructures and the EDS analysis show that Fe from the AISI 441 alloy diffuses to the
SABS-0 glass and consistent with the elemental maps (Fig. 6-3). It is also analyzed that the
bright spots (Fig. 6-1) due to redox reactions contain certain amount of Fe along with the SABS0 glass elements. So, the SABS-0 glass network structure has been broken prior to the redox
reaction. Subsequently, FeSiO3 phase forms. Formation of La2CrO6 phase can be explained as
follows. La2O3 containing glass tends to form energetically favorable, isolated, small, and phase
ordered clusters. These clusters generally contain La-O-La structural units. Indeed, these La-OLa structural units are overlapped in 1105 cm-1 and 1010 cm-1 wave numbers in the Raman
spectra of the SABS-0 glass (chapter three). The elemental mapping results in Fig. 6-3 show
accumulation of La and O at the interface. At the same time, Cr diffuses to the SABS-0 glass
side as observed from the EDS analysis across the interface. This leads to the breakdown of the
SABS-0 glass network structure. According to Sanderson, acidobasicity value, a glass property
related to the chemical environment, is 3.50 for Cr and 1.95 for La [17]. This means Cr is acidic
and La is basic in nature. Therefore, reaction among lanthanum, chromium, and oxygen favors
La2CrO6 formation.
Formation of Ti6O11 and TiO2 phases can be understood by the internal oxidation of
titanium which is supported by the tiny black spots and the black layer enriched in titanium on
the AISI 441 alloy side.
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Same crystalline phases for all the AISI 441/SABS-0 couples for all the AISI 441/SABS0 couples suggest that the SABS-0 glass is compatible with the AISI 441 alloy and the interface
between them are stable regardless of thermal treatment atmospheres.

6.3.2. Long-term thermal treatment of AISI 441/SABS-0 glass in air and H2O/H2
atmosphere

6.3.2.1. Interfacial microstructure
Microstructures of the AISI 441/SABS-0 glass samples thermally treated at 800°C for
500 hrs and 1000 hrs in air and H2O/H2 atmospheres are shown in Fig. 6-5. In the images, the left
side is the AISI 441 alloy and the right side is the SABS-0 glass. The microstructures at all the
studied conditions show distinct bonding interfaces. The microstructures again can be divided
into three regions: tiny (<<1 μm) black spots on the AISI 441 alloy side, crack-free interface, and
the SABS-0 glass side.

(b)

(a)

5 µm

5 µm
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(d)

(c)

5 µm

5 µm

Fig. 6-5. SEM images of thermally treated AISI 441/SABS-0 couples at 800°C: a) 500 hrs in air,
b)1000 hrs in air, c) 500 hrs in air H2O/H2, and d) 1000 hrs in H2O/H2 atmosphere.

Tiny black spots are observed on the AISI 441 alloy side for all the thermally treated
samples regardless of thermal treatment time and atmosphere. The tiny black spots tend to form a
black layer as seen in Fig. 6-1. The black layer is more distinct compared to the samples
thermally treated for 100 hrs in Fig. 6-1. However, the black layer is less uniform for the H2O/H2
treated samples (Figs. 6-5(c) and (d)).
The interface thickness of the air treated sample for 1000 hrs is apparently smaller than
the 500 hrs but remains at 1-3 µm similar to the 100 hrs thermally treated samples (Figs. 6-1(a)
and (c)). This can be explained as follows. First, the interface thickness may not uniform as can
observed in slight variation of thickness in the microstructures (Fig. 6-5(a) and (b)). So, the
change in interface thickness may not be real. Second, Cr in the AISI 441 alloy evaporates at
800°C as CrO3 species. With increased thermal treatment time, the extent of evaporation may
have been increased resulting in smaller thickness for the 1000 hrs thermally treated sample.
Subsequently, the interface thickness decreases. The interface thicknesses of the H2O/H2 treated
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samples are uniform and same (~ 1 µm) for 500 hrs and 1000 hrs thermal treatment times (Figs.
6-5(c) and (d)) but smaller than the 100 hrs thermally treated sample (~ 3µm, Fig. 6-1(d)). The
reduction in thickness may be due to the increased rate of vaporization of Cr in the AISI 441
alloy in the form of CrO2(OH)2 species. The interface morphologies of 500 hrs and 1000 hrs
thermally treated samples are almost similar containing scattered bright spots on the AISI 441
alloy side. It can be mentioned that these bright spots are not distinguished for the 100 hrs
thermally treated sample (Fig. 6-1 (c)). The interface morphologies of the H2O/H2 treated
samples are also same for 500 hrs and 1000 hrs thermal treatment time and contain bright spots
on the AISI 441 alloy side; which is not distinguishable for the 100 hrs thermally treated sample
(Fig. 6-1(d)). These observations suggest that the thermal treatment time changes the interface
morphology.
On the SABS-0 glass side, equiaxed and platelet like bright spots are observed for all the
thermally treated samples regardless of thermal treatment time and atmosphere. Apparently, the
bright spots are more distinct for the air treated samples, an opposite trend as is observed for the
100 hrs thermally treated samples (Fig. 6-1(c) and (d). Since these bright spots are randomly
distributed on the SABS-0 glass side near the interface and the SEM images are taken from few
microns region, the atmosphere effect can not be interpreted. The equiaxed and platelet like
bright spots are due to the redox reaction between the AISI 441 alloy and the SABS-0 glass.
Localized and distinct grayish secondary phases (≥ 1µm) on the SABS-0 glass side near the
interface are observed. The granular phases between the interface and the dentritic phases on the
SABS-0 glass side are likely to be present for the air treated samples but less distinguishable than
the 100 hrs thermal treatment time (Fig. 6-1(c)). For the H2O/H2 treated sample, small granular
secondary phases are observed for 500 hrs thermal treatment time but not distinguishable for
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1000 hrs thermal treatment time. It can be noticed that the distinct angular phases observed for
100 hrs thermal treatment time disappear for longer thermal treatment times. This again means
that the interface morphologies change with the thermal treatment time. The dendritic phases due
to SABS-0 glass devitrificattion are observed for all the samples and extend 10-15 µm from the
interface.

6.3.2.2. Elemental distribution across the interface
The compositions of the different types of observed features in the microstructures (Fig.
6-5) have been identified by energy dispersive spectroscopy (EDS) analysis. EDS spot analysis
was carried out for the air and H2O/H2 treated samples for 1000 hrs because this is the longest
thermal treatment time in the present study. The trend can be compared with the short-term
thermal treatment samples.
Tiny black spots on the AISI 441 alloy side near the interface in the microstructures have
similar compositions for the air treated sample (Fe 53.84, Cr 14.33, Mn 0.45, Ti 4.49, Nb 0.20,
Si 0.81, Al 3.54, O 22.35). The compositions are also similar for the H2O/H2 treated sample with
higher Ti and lower Fe content than the air treated sample. It can be noticed that the tiny black
spots and the black layer have almost similar compositions for all the samples, as-bonded and
thermally treated regardless of the thermal treatment time and atmospheres (Figs. 6-1 and 6-5).
These black spots are the oxides of the alloying elements, Ti, Al, Si, and Mn as discussed in the
previous section (6.3.1.2).
The AISI 441/SABS-0 interfaces have similar compositions for the air and the H2O/H2
treated samples (Fe 12.30-16.70, Cr 16.50-20.20, Mn-1.94-3.08, Ti 1.56-2.37, Nb 0.25, Si 1.513.23, Sr 1.00-2.33, Al 0.4-0.6, O 56.92-58.92). The composition shows that the interface mainly
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consists of the AISI 441 alloy. It is also noticed that the compositions of the AISI 441/SABS-0
interfaces are similar for the as-bonded and argon, air, and H2O/H2 treated samples for 100 hrs
thermal treatment time (Fig 6-1 and section 6.3.1.2). The bright spots at the interface contain
higher Fe and slightly higher Nb and Si than the interfaces. The bright spots were not observed
for the as-bonded and the thermally treated samples for 100 hrs (Fig. 6-1). This suggests that the
thermal treatment time affects the AISI 441/SABS-0 interfaces but atmospheres do not.
On the SABS-0 glass side, the equiaxed and the platelet bright spots (< 1 µm) have
similar compositions for the air and H2O/H2 treated AISI 441/SABS-0 sampels and consists of
mainly SABS-0 glass compositions and Fe (Fe 4.83-8.38, Cr 0.90-1.07, Mn 0.7-0.9, Nb 0.0-0.3,
Si 18.55-19.50, Sr 12.10-12.35, La 3.27-5.15, Al 3.28-3.49, O 50.33-55.66). The composition is
also similar with the bright spots observed for the as-bonded and thermally treated samples for
100 hrs in different atmospheres. These bright spots are due to redox reaction between the AISI
441 alloy and the SABS-0 glass. From the composition it can be understood that the redox
reaction oxidizes mainly Fe in the AISI 441 alloy. Localized, gray colored spots (≥ 1 µm) near
the interface mainly consist of Fe, Cr, and O with little (<5 at%) amount of Si, Sr, and Al among
which Fe concentration is the highest (Fe 63.42-84.41,Cr 7.52-15.72, Mn 0.55, Si 2.83-4.26, Sr
1.55-3.10, La 0.70, Al 1.34-1.61, O 1.03-10.65). Fe content is the highest for both the samples
but higher for the air treated sample and the Cr content is higher for the H2O/H2 treated sample.
Highest Fe content for the air treated sample is consistent with the 100 hrs sample and has been
discussed. However, very low oxygen content suggests that some Fe and Cr may be present in
the metallic form. These localized spots also have similar compositions with those of the asbonded and the thermally treated samples for 100 hrs in different atmospheres (Fig. 6-1and
section 6.3.1.2).
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Dendritic phases of the devitrified SABS-0 glass have higher Sr (~ 3 at%), Al (1-2 at%)
and lower La (1-2 at%) content than the black spots between the dendritic phases for both the air
and H2O/H2 treated samples (Fig. 6-5). However, the dendritic phases near the interface also
contain higher Fe, Cr, and Mn than the black spots. Fe, Cr, and Mn content are at 4-5 at% and 12 at%, and 0.7-1.0 at%, respectively; which are higher than the as-bonded and the thermally
treated samples for 100 hrs. This means the interaction between the AISI 441 and the SABS-0
glass increases with thermal treatment time. Far from the interface on the SABS-0 glass side (≥
10 µm), no AISI 441 alloy elements are found in the devitrified phases and the black spots
between them.
From the microstructures and the compositional analysis, it is understood that the
interface morphology changes with thermal treatment time but the composition of the different
phases are almost same. This means the interfaces of the AISI 441/SABS-0 couples are stable for
long-term thermal treatment.
The concentration profiles of the AISI 441/SABS-0 glass elements across the interface
has been studied by EDS line scan and are shown in Fig. 6-6. The concentration profiles of the
samples thermally treated for 500 hrs are not given for brevity. ‘S’ shaped with two diffusion
tails and oscillations in the concentration profiles are observed for the SABS-0 glass elements are
observed as discussed in section 6.3.1.2. However, the oscillations in the concentration profiles
of the SABS-0 elements are relatively lower in the air treated couples than the H2O/H2 treated
couples (Figs. 6-6 (a) and (c)). The possible reasons for the oscillations are discussed in section
6.3.1.2. In Fig. 6-6, ‘0’ on the ‘x’ axis indicates the boundary between the alloys and the
interface. The left (negative) side is the alloy and the right (positive) side is the SABS-0 glass.
‘y’ axis shows the normalized concentration of the elements.
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Fig. 6-6. Elemental concentration profiles of the AISI441/SABS-0 couples thermally treated at
800°C for 1000 hrs: a) SABS-0 glass elements and b) AISI 441 elements for air treated couple;
and c) SABS-0 glass elements and d) AISI 441 elements for H2O/H2 treated couple.

The approximate diffusion distances of the elements are determined as described in
section 6.3.1.2. Si and Sr diffuse 3-5 µm and ~ 2 µm, respectively, into the AISI 441 alloy for all
the samples thermally treated in air and H2O/H2 for 500 and 1000 hrs. The diffusion distances for
La, Al, and O can not be determined due to severe oscillations in their concentration profiles. A
hump is observed in the Sr and Al concentration profiles on the SASB-0 glass side and the AISI
441 alloy side, respectively, near the interface. This means Sr is enriched on the SABS-0 glass
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side near the interface but no distinguishable compositional difference has been found from the
EDS spot analysis to support this observation. Higher concentration of Al on the AISI 441 alloy
side near the interface is consistent with the EDS spot analysis. This can be understood from the
Al-containing (~ 3 at%) black spots and layer on the AISI 441 alloy side near the interface (Fig.
6-5). Fe in the AISI 441 alloy diffuses 7-9 µm into the SABS-0 glass for the thermally treated
samples for 500 and 1000 hrs in air and H2O/H2 atmosphere. However, the diffusion distance
slightly decreases in the H2O/H2 treated samples than in air. This diffusion distance is also
consistent with the observation that the devitrified SABS-0 glass and the black spots between
them near the interfaces contain Fe. Hump in the Fe concentration profile is due to the Feenriched secondary phases on the SABS-0 glass side near the interface (Fig. 6-5). However, the
hump is less distinct for the H2O/H2 treated sample (Fig. 6-6(d)) which can be explained as
follows. The Fe-enriched secondary phases on the SABS-0 glass sides are localized. The given
concentration profiles are the average of three EDS line scan collected from randomly selected
regions. So, all the line scans may not be taken from the localized Fe-rich regions. Subsequently,
the hump is not distinct for the H2O/H2 treated sample. Cr in the AISI 441 alloy diffuses 3-5 µm
into the SABS-0 glass for all the samples. Hump in Cr distribution at the AISI 441 alloy side
near the interface is distinct for the air treated sample (Fig. 6-6 (b)) but not for the H2O/H2
treated sample. Cr-content at the interface is higher for the air treated (20.20 at%) and lower for
the H2O/H2 treated samples (16.50 at%) than the bulk AISI 441 alloy as revealed from the EDS
spot analysis. Subsequently, hump is observed for the air treated sample. Mn and Ti
concentration is maximum at/near the interface as can be seen from the peaks in the
concentration profiles rather than ‘S’ shape. Ti peak is beneath the Mn peak which is consistent
with the microstructures (Figs. 6-5 (b) and (d)) and also with the as-bonded and the thermally
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treated samples for 100 hrs in Fig. 6-2. This again can be understood by the Ti-enriched black
spots and layer on the AISI 441 alloy near the interface.
Elemental distribution across the AISI 441/SABS-0 interfaces were obtained from
secondary X-ray mapping by EDS. The elemental maps of the thermally treated samples in air
and H2O/H2 atmosphere for 1000 hrs are shown in Fig. 6-7 and 6-8, respectively. Si and Sr are
homogeneously distributed on the SABS-0 glass although hump in the Sr concentration profile is
observed in Figs. 6-6 (a) and (c). La-enriched region is near the interfaces both on the SABS-0
glass side and the AISI 441 alloy side. On the SABS-0 glass side, the La-enriched regions
coincide with the small (< 1µm) equiaxed and platelet bright spots in the microstructures (Figs.
6-5 (b) and (d)) and also consistent with the EDS spot analysis. The La-enriched regions coincide
with the black layer on the AISI 441 alloy in the microstructures but inconsistent with the EDS
spot analysis. The reason is not understood. Al-enriched regions are observed on the AISI 441
alloy side superimposed with the black spots and the black layer in the microstructures (Fig. 6-5
(b) and (d)) and also consistent with the compositional analysis from EDS and the hump in the
Al concentration profiles (Figs. 6-6 (a) and (c)). This further confirms that the black spots
contain Al. O is enriched at the interfaces. Localized Fe-enriched regions are observed on the
SABS-0 glass side. The Fe-enriched regions are superimposed with the localized grayish Fe rich
secondary phases in the microstructures (Figs. 6-5 (a) and (c)). It should be noticed that O is
depleted at the Fe-rich localized regions; which is consistent with the EDS spot analysis of these
secondary phases. Cr and Mn are accumulated at the interface and superimposes with each other.
Cr and Mn accumulation at the interface is consistent with the observed humps in their
concentration profiles for the air treated sample in Fig. 6-6 but Cr hump is not observed for the
H2O/H2 treated sample. However, the thickness of the Cr- and Mn-enriched region at the
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interface is comparable with the interface thicknesses for both the air and the H2O/H2 treated
samples. This means the interface mainly consists of Cr, Mn, and O. Ti is also accumulated
beneath the Mn-layer and coincides with the black spots on the AISI 441 alloy near the interface.
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Fig. 6-7. Elemental maps for the AISI 441/SABS-0 couple thermally treated at 800°C for 1000
hrs in air.
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Fig. 6-8. Elemental maps for the AISI 441/SABS-0 couple thermally treated at 800°C for 1000
hrs in H2O/H2 atmosphere.

6.3.2.3. X-ray diffraction analysis
The XRD patterns of the AISI 441/SABS-0 samples thermally treated in air and H2O/H2
atmosphere for 1000 hrs are shown in Fig. 6-9. The XRD patterns of the AISI 441 alloy and the
as-bonded samples are also included for the ease of discussion. The presence of the AISI 441
alloy peaks in all the samples confirms that the XRD patterns include all the crystal phases
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across the interface. The positions of the peaks are same for the as-bonded, air, and H2O/H2
treated samples. This means same phases are present for all the samples. However, the peak
intensity varies which may be due to the effect of thermal treatment condition. Apparently, the
intensity is less for the H2O/H2 treated and the highest for the air treated sample. This means the
amount of the crystal phases are less for the H2O/H2 treated sample. This observation is also
consistent with the low extent of oscillations in the concentration profiles of the SABS-0 glass
elements for the H2O/H2 treated sample (Fig. 6-6 (c)). The crystal phases also contain the
devitrified SABS-0 glass. This means the devitrification rate of the SABS-0 glass is lower in
H2O/H2 atmosphere than air. However, the intensity can also vary due to the variation in
thickness of the SABS-0 glass layer during sample preparation. The numbers of crystal planes
are apparently higher for the air treated samples but there are same number of peaks as revealed
by close observation and the X-Pert software. The same number and location of peaks in the
XRD patterns mean that the crystal phases are the same for all the studied samples.
The crystal phases are identified as Sr4(Si4O12), La2Si2O7, Sr7Al12O25, FeSiO3, La2CrO6,
Ti6O11, and TiO2; which are similar to those of the as-bonded, air, argon, and H2O/H2 treated
samples thermally treated for 100 hrs (Fig. 6-4).
Formation of the crystal phases have been discussed in the section 6.3.1.3. Same
crystalline phases for the as-bonded and the thermally treated samples regardless of thermal
treatment time and atmosphere again indicate the long-term interfacial stability of the AISI
441/SABS-0 couple.
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Fig. 6-9. XRD patterns of the AISI 441 alloy and the as-bonded and the thermally treated
AISI 441/SABS-0 samples.

6.4. Conclusions
Interfacial stability of the SrO-La2O3-Al2O3-SiO2-based seal glass with the AISI 441
alloy is evaluated with respect to argon, air, and H2O/H2 atmospheres for 100-1000 hrs at 800°C.
The seal glass bonds well with the AISI 441 alloy. Chemical reaction and inter-diffusion of the
elements between the seal glass and the AISI 441 alloy contributes to the interface formation.
The interface morphology varies with the thermal treatment times and atmospheres but the
crystalline phases across the interface are same for all the thermal treatment conditions. The
interface of the AISI 441/SABS-0 couple is stable upto 1000 hrs in both air and H2O/H2
atmosphere.
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CHAPTER SEVEN

SEALING EVALUATION OF SrO-La2O3-Al2O3-SiO2 (SABS-0) SEAL GLASS

Abstract
Glass is the most suitable material to seal solid oxide fuel/electrolyzer cell components. A
suitable seal glass should be hermetic for 5,000-40,000 hrs cell operation periods at 650-900°C
with 100-1000 thermal cycles. In this chapter, the sealing performance of the SrO-La2O3-Al2O3SiO2 (SABS-0) seal glass has been evaluated. The SABS-0 glass was sandwiched between AISI
441 interconnect alloy and fully stabilized ZrO2 electrode. The thermal cycling resistance of the
tri-layer assembly is tested by gas leakage for 3-20°C/min heating rates. No gas leakage is
observed for 100 thermal cycles and 1600 hrs at 800°C. Additionally, the interfacial mechanical
strength is evaluated by rupture test.

7.1. Introduction
A hermetic seal is essential for joining different cell components and multiple cells in
order to produce enough power or fuel, and to protect gas leakage and mixing of planar
SOFCs/SOECs [1,2]. Gas leakage through seals should be less than 1% of the gasses in
SOFCs/SOECs for the entire operation period (>5,000 hrs for mobile applications and >40,000
hrs for stationary applications with at least 100 thermal cycles between room temperature and the
operating temperature) [3].
Generally, a seal should withstand 13.8-41.4 kPa pressure for sealing and 70.0-210.0 kPa
stress for mechanical integrity [4]. Several seal glasses have been extensively investigated but
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the pores and cracks at the interconnect-seal glass interface prevent these glasses from being
effective[5-11]. Gas-leakage was observed after <5 hrs of sealing test for borosilicate glasses
[12-14]. A silicate seal glass showed gas-leakage after 50 hrs [13,15]. No gas-leakage was
observed for another silicate seal glass for ~ 3000 hrs but very low (6.7 kPa) gas pressure was
used to evaluate the sealing performance [16].
From the previous chapters in this dissertation, it is seen that the SrO-La2O3-Al2O3-SiO2
based glass (SABS-0) has all the desired properties. In this chapter, the sealing performances of
this glass will be discussed. The sealing performances are evaluated in terms of hermeticity,
thermal cycling resistance.

7.2. Experimental procedure

7.2.1. Glass preparation
SABS-0 glass was prepared with conventional glass manufacturing process. SrCO3
(99.9%, Sigma Aldrich, St. Louis, MO), La2O3 (99.98%), Al2O3 (99.95%), and SiO2 (99.8%) (all
oxides were from Alfa Aesar, Ward Hill, MA) at designed ratios were mixed in a ball mill for
overnight. The mixed powders were heated in a platinum crucible in a box furnace (Lindberg,
Model No. 51314, Watertown, WI) to 1100°C and kept there for 1 hr for SrCO3 to decompose.
After that, the mixture was heated to 1400°C for 4 hrs. The heating rate was 10°C/min. The
molten glass was quenched into a graphite mold. Glass powders of ≤ 36 µm particle sizes were
prepared by grinding the quenched bulk SABS-0 glass.
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7.2.2. Sample preparation for performance evaluation
For the interconnect-seal glass-electrolyte tri-layer assembly preparation, a hole of 6.35
mm diameter was made on AISI 441 interconect alloy (dimension 20 × 20 × 2 mm). A tube was
brazed with the AISI 441 alloy at the hole position. The bottom surface of the AISI 441
interconnect alloy was polished with 600 SiC grit papers to remove the surface oxides. The glass
powders were mixed with an acrylic-based binder to form a paste. The glass paste of ~ 800 µm
thickness was coated on the AISI 441 alloy (except the hole) by a doctor’s blade. A fully
stabilized zirconia electrolyte (30 µm thick and 25 mm diameter, Nextech Materials, Ohio, USA)
was put on the glass paste to cover the hole. Thus the glass sandwiched between the AISI 441
alloy and the zirconia electrolyte forms a tri-layer assembly (Fig. 7-1). The tri-layer assembly is
thermally treated at 875°C in air for 30 mins without applying load to bond the glass with the
AISI 441 alloy and the zirconia electrolyte. The tri-layer assembly was held at ≤ 250°C for ~ 6
hrs to completely remove water and at 450°C for 2 hrs to burn out the binder during sealing.
During the entire sealing process, slow heating and cooling rate of 2°C/min was maintained in
order to avoid thermal stress at the interfaces.
SABS-0 glass
Tube

AISI441 alloy
Electrolyte

Fig. 7-1. AISI 441/SABS-0 glass/Electrolyte tri-layer assembly after sealing.
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7.2.3. Performance evaluation
Gas leakage test was conducted by a pressure leakage method. A differential pressure of
34.5 kPa (5 psi) was created inside the tri-layer assembly by flowing argon gas through the tube.
Once the pressure was obtained inside the tri-layer assembly, the gas supply was disconnected.
The tri-layer assembly with 34.5 kPa differential pressure was thermally cycled with different
heating rates (3-20°C/min) between room temperature and 800°C with 16 hrs dwell time at
800°C. The sealing performance was evaluated by the pressure drop as a function of temperature
and time. The thermal cycling resistance was evaluated by the pressure drop as a function of
heating rate and the number of thermal cycles.
The rupture strength of the tri-layer assembly was evaluated by a rupture test at room
temperature. Argon gas was continuously supplied to increase the pressure inside the tri-layer
assembly until rupture.

7.3. Results and Discussion

7.3.1. Sealing performance and thermal cycling resistance
The sealing performance of the SABS-0 seal glass was evaluated in different steps. The
gas leakage test for the tri-layer assembly was first tested at room temperature with 34.5 kPa gas
pressure for 48 hrs. Then, the sealing performance and the thermal cycling resistance of the same
tri-layer assembly were evaluated simultaneously at 34.5 kPa gas pressure. Thermal cycling
resistance was first evaluated as a function of heating rate between room temperature and 800°C.
Fig. 7-2 shows no gas-leakage (pressure drop) regardless of heating rate. This means the SABS-0
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glass can withstand thermal cycles for 3-20°C/min heating rate without degrading the sealing
performance.
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Fig. 7-2. Sealing performance of SABS-0 seal glass with respect to heating rate.

Long-term sealing performance and thermal cycling resistance of the tri-layer assembly
are evaluated at the heating rate of 20°C/min between room temperature and 800°C, and cooling
rate of 20°C/min in 500-800°C temperature range followed by furnace cooling between 500°C
and room temperature (Fig. 7-3). This is the highest heating and cooling rates that can be
achieved for the experimental design. The tri-layer assembly was thermally cycled for 100 times
before the experiment was aborted. The results are shown in Fig. 7-3. From Fig. 7-3, it is
observed that the SABS-0 glass withstood 100 thermal cycles without any gas-leakage. There
was no gas-leakage at 800°C for 1600 hrs and 2400 hrs including the heating time, cooling time,
and the remaining times at room temperature. Since the same tri-layer assembly was used for all
the tests, it withstood total 105 thermal cycles without any gas-leakage for 2568 hrs. A seal is
subjected to 13.8-41.4 kPa gas pressure in a planar SOFC/SOEC [4]. It should be mentioned that
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the sealing performance and the thermal cycling resistance of other silicate and BaO-borosilicate
glasses have been evaluated at relatively low pressure (≤ 13.8 kPa) and slow heating rate (≤ 5°C)
using inert gasses [13,16]. The gas leakage rate of a BaO-borosilicate glass increases during
cooling from 700°C to 100°C because of thermal stress [17]. This means the SABS-0 glass has
high sealing capability for SOFC/SOEC seal applications. However, the actual SOFC/SOEC
atmosphere can potentially degrade the sealing performance and thermal cycling resistance due
to interfacial reactions.
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Fig. 7-3. Sealing performance and thermal cycling resistance of the AISI 441 alloy/SABS-0
glass/Electrolyte tri-layer assembly.

7.3.2. Rupture strength
A seal glass should withstand 70-210 kPa stress to maintain the mechanical integrity of
SOFC/SOEC [4]. Rupture test has been reported as a quick method to evaluate the strength of a
seal glass [7]. Pores and cracks at the interface and severe interfacial reactions degrade the
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rupture strength. For example, the rupture strength of a BaO-CaO-borosilicate glass sandwiched
between Crofer 22 APU interconnect alloy and electrolyte decreases from 82.7 kPa to 34.5 kPa
after 400 hrs thermal treatment at 750°C [7]. The rupture strength of the tri-layer assembly was
evaluated at room temperature for the long-term thermally cycled sample. The rupture strength
of the thermally cycle sample is 448.5 kPa. The image of the trilayer-assembly after rupture test
is shown in Fig. 7-4 for the thermally cycled sample. The failure of the tri-layer assembly occurs
mainly at the SABS-0 glass/electrolyte interface as can be observed from Fig. 7-4 (a). Cracks or
pores) are observed at the SABS-0 glass/AISI 441 alloy interconnect in Fig. 7-4(b). This means
the failure (thermomechanical) stress exceeds the tensile strength of the SABS-0 glass or the
interfacial bonding strength of the SABS-0 glass/AISI 441 alloy. The tensile strength of the trilayer assembly can be calculated from the rupture strength by a conversion factor of 0.231 and is
15 MPa [7]. The tensile strength of the tri-layer assembly is higher than other seal glasses
reported in literatures (<10 MPa) [18-21]. It should be mentioned that the thermomechanical
stress depends on the thickness, not the width, of the seal glass [22]. The higher rupture stress
than the required value for the long-term thermally cycled sample means the SABS-0 glass can
maintain the mechanical integrity of SOFC/SOECs. However, only one report is available for the
rupture test method and the conversion factor of rupture strength to tensile strength and need to
be standardized. In addition, the actual atmosphere during cell operation can degrade the
mechanical integrity.
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(a)

(b)

Fig. 7-4. Image of the thermally cycled sample: a) after rupture test and b) the front view of
the tri-layer assembly after rupture test.

7.4. Conclusions
The hermeticity, thermal cycling resistance, and the rupture strength of a SrO-La2O3-Al2O3SiO2 (SABS-0) seal glass were evaluated. The SABS-0 glass is hermetic for 2568 hrs, can
withstand 100 thermal cycles at 20°C/ min heating rate, and has high rupture strength.
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE DIRECTIONS

8.1. Conclusions
Several compositions based on SrO-La2O3-Al2O3-B2O3-SiO2-based glasses have been
comprehensively studied. Seal glasses are synthesized based on (25−X)SrO-20La2O3(7+X)Al2O3-40B2O3-8SiO2 system and X has been varied from 0 to 10 mol%. All the
compositions have glass transition temperatures Tg above 620°C and crystallization temperatures
Tc above 826°C. Also, the glasses have thermal expansion coefficients CTE between 9.0 and
14.5×10-6/°C after the first thermal cycle. Suitable increase of Al2O3 stabilizes the glass by
suppressing devitrification. La2O3 and B2O3 contribute to devitrification by forming LaBO3. The
role of other oxides on the stability of this system is not significant.
The effects of B2O3:SiO2 ratio on the network structure and thermal properties of the
SrO-La2O3-Al2O3-B2O3-SiO2 glass system are studied. Increasing B2O3:SiO2 ratio causes glass
network connectivity decrease, non-bridging oxygen increase, glass structural unit local
ordering, and glass former distribution inhomogeneity. Increased B2O3:SiO2 ratio degrades the
thermal properties. The micro-heterogeneity from different glass structural units also increases
the tendency of devitrification and degrades thermal stability. Depending on the bonding affinity
with glass modifiers, silicon-containing devitrified phases form for low B2O3 content SABS
glasses and boron-containing devitrified phases form for high B2O3 content SABS glasses. Boron
free SABS glass exhibits the best combination of thermal properties and thermal stability.
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Effect of nickel addition on the thermal behaviors and the structure of SrO-La2O3-Al2O3B2O3-SiO2 (SABS) –based seal glass have been investigated. Nickel decreases SABS glass
network connectivity and acts as a modifier in the glass system. Nickel addition does not
significantly change the thermal properties but degrades thermal stability by inducing
microheterogeneity. Fundamental glass structure evolution with nickel addition has been
elucidated by comparing glass network connectivity of different compositions.
Interfacial stability of the SrO-La2O3-Al2O3-SiO2-based seal glass (SABS-0) with the
Crofer 22 APU and the AISI 441 alloy are evaluated with respect to argon, air, and H2O/H2
atmospheres for 0-1000 hrs at 800°C. The seal glass bonds well with the Crofer 22 APU and the
AISI 441 alloy. Chemical reaction and inter-diffusion of the elements between the seal glass and
the alloys contribute to the interface formation. The interface morphology varies with the thermal
treatment times and atmospheres but the crystalline phases across the interface are same for all
the thermal treatment conditions. The interface of the Crofer 22 APU/SABS-0 and AISI
441/SABS-0 couples are stable upto 1000 hrs in both air and H2O/H2 atmosphere.
Comositional analysis by EDS module attached to SEM are reliable as verified by
complentary methods such as WDS module attached to electron proble microscope (EPMA) and
EDS of thin samples. However, slight devitation in composition across the thin Crofer 22
APU/SABS-0 interfaces are likely due to the damage during thinning.
Hermeticity and thermal cycling resistance of the SABS-0 seal glass have been evaluated
by pressure-leakage method. Hermeticity for at least 2568 hrs and resistance to 100 thermal
cycles at 20°C/min heating rate demonstrate the suitability of the SABS-0 seal glass for
SOFC/SOEC.
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8.2. Future directions
Detailed understanding of composition-structure-property relationships is the main issue
in designing seal glass compositions. Composition-structure-property relationship of the SrOLa2O3-Al2O3-B2O3-SiO2 –based seal glass has been studied but the detailed structural
information is needed for better understanding the network structure. Quantitative analysis of
network structure, such as the amounts of different structural units and non-bridging oxygen, and
the coordination number of constituent cations, can be obtained from nuclear magnetic resonance
spectroscopy, X-ray diffraction, and neutron diffraction. More detailed structural information
such as cation-oxygen bond length and bond angles can be obtained from neutron diffraction.
The role of SrO and La2O3 on the SrO-La2O3-Al2O3-B2O3-SiO2 –based seal glass can be further
investigated.
The interfacial reactions depend on the sealing conditions such as temperature and
atmosphere. Lack of thermodynamic data for different new phases formed at the interface
hinders the understanding of the reaction kinetics. Detailed analysis of the interfacial
compositions combined with thermodynamic and reaction kinetics modeling is required in order
to address this issue.
The localized stresses cause the degradation of seal glass. CTE mismatch between the
seal glass and the interfacing cell component is the main origin for localized stress. Although the
SrO-La2O3-Al2O3-SiO2 based seal glass shows no sealing performance degradation, the
interfacial strength, effect of the interfacial morphology such as pore size and distribution, and
devitrified phases on the localized stress should be investigated.
Sealing performances have been evaluated in argon atmosphere. Oxidizing and reducing
atmospheres should be used for sealing performance evaluation of the SrO-La2O3-Al2O3-SiO2
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based seal glass because these atmospheres significantly affect the interface morphology.
Differential pressure, seal thickness, leakage area, and gas volume in the tri-layer assembly can
significantly affect the sealing performance and should be optimized.
Seal glass failure degrades the performance and durability of SOFCs by affecting the
microstructure stability of the electrodes. Deposition of vaporized glass species at electrode
grains or grain boundaries and change in overall compositions of electrodes and seal glass are
common issues. Insulating phases at the electrode-electrolyte interfaces degrade the cell
durability. SrO-La2O3-Al2O3-SiO2 based seal glass constituents such as La2O3 and SrO can form
La2Zr2O7 and SrZrO3 insulating phases by reacting with the anode and the electrolyte.
Subsequently, cell performance would degrade. The interfacial reaction between the SrO-La2O3Al2O3-SiO2 based seal glass and the electrolyte and electrodes should be studied along with its
effect on the electrical performance of the solid oxide fuel/electrolyzer cells.
Seal glass should be stable for 5,000-40,000 hrs for practical applications. The evaluation
of seal glass stability for such a long period is not feasible for rapid seal development. A model
needs to be developed to predict the life cycle of a seal glass.
Current research trend is to reduce the operating temperature of SOFC/SOECs <700°C
by designing and developing new electrodes and electrolytes. Suitable seal glasses for low
temperature SOFC/SOECs need to be developed.
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