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Function and requirements of hermetic seals 

Pin 

Glass 

Shell 

• Isolate components from environment 

• Mechanically bond different components 

• Electrically insulate one component 

from another 

• Weak link/strong link functions 

• Thermo-mechanical compatibility 

• CTE requirements (matched vs. compression) 

• Sealing temperature 

• Environmental stability (ambient and other component materials) 

• Component functionality (dielectric, optical, etc. properties) 
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Why use glasses for hermetic seals? 

• Superior hermeticity 

• >103 lower permeation rates than polymers 

• Compositional flexibility to tailor specific properties 

• E.g., CTE ranges to match fused silica and copper…. 

• High temperature stability 

• Electrically insulating 

• Processing flexibility 

• Viscous flow for complex shapes 

• Solid, powder preforms; thin films 

• Glass-ceramic options 

• Brittle- CTE mismatches 

• Temperature limitations 

• Incompatible chemistries 
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Example: High-strength seals for pyrotechnics 
• High yield strengths 

– >100 kpsi 

• good fracture toughness 

• excellent corrosion resistance 

 

 

Inconel 

Shell 

Hastelloy 

Pins 

Hastelloy 

Rings 

Sealing 

Material 

 Problem: 

 Hermetic seals are required to 

 isolate air-sensitive materials. 

Glass-ceramics are the solution 

 good mechanical properties 

 CTE-matches to many alloys 

 good chemical properties 

 convenient manufacturing 
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Conventional glass-ceramic process profile  



‘S-glass’ (mole%) 

23.7 Li2O 2.8 K2O 2.6 Al2O3 

2.6 B2O3 1.0 P2O5 67.1 SiO2 

CTE depends on crystalline phases: 

Li-disilicate, CTE ~110x10-7/°C 

cristobalite, CTE ~125x10-7/°C (20-100°C) 

  ~500x10-7/°C (20-300°C)  

 

Li-silicate glass ceramics have the 

requisite CTEs for super-alloy seals 
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1000°C 

20 min 

650°C 

15 min 

820°C 

20 min 

Seal & 

Nucleate Crystallize 

0.5 mm 

LP CR 

CR 

•Li3PO4 nuclei form at 1000°C 

•Epitaxial growth of cristobalite at 820°C 

•no nuclei: low CTE Li-disilicate 

(Headley and Loehman, J. Am. Ceram. 
Soc., 1984) 

High temperature heterogeneous nucleation 

leads to desirable glass-ceramics 



• poorly crystallized interface 

• Cr-phosphide crystallites 

Cr(metal)+ Li3PO4CrxPy+Li2O(gl) 

• 25% lower CTE 

detonators, actuators, bolt 

cutters, high-voltage 

connectors, etc. 
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The heterogeneous nucleation mechanism has 

important application ramifications 
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Materials issues for designing a sealing glass 

 

• CTE requirements 

• Other desirable physical and chemical properties 

• Sealing and operational temperatures 

• Viscosity and process-required properties 

• Long-term stability of properties 

• Interactions with seal components 
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We will consider three types of electrochemical devices 

• Lithium batteries (ambient temperatures, liquid electrolyte) 

• Lithium stability 

• Alkali storage batteries (intermed. temperatures, 200-400°C) 

• Long-term alkali stability 

• Solid oxide fuel cells (high temperatures, 600-900°C) 

• Long-term thermo-chemical stability 

• Failure from thermal cycling 

 

Glass is an enabling technology to produce robust devices 



Glasses have been developed as electrolytes 

for Li-batteries 
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Example: Lithium D-cell 

 Glass seal: 

• electrical isolation 

• encapsulates reactive 

electrolyte 

Mo Pin 

(cathode) 

S. Steel 

Header 

(anode) 

Li D-cell 

(Li/SO2) 

http://journals.cambridge.org Downloaded: 05 Jan 2013 IP address: 131.151.25.27

Li anode     

Separator 

Cathode 

Collector 
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Lithium and other alkali 

metals react with silicate 

glasses 

Maschoff, et al., Appl. Surf. Sci. 27 (1986)  

Li thin film on silica at 75°C 

4Li + SiO2 2Li2O + Si 
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Silicate glass seals are attacked by lithium 

http://journals.cambridge.org Downloaded: 05 Jan 2013 IP address: 131.151.25.27

Conventional 

silicate sealing 

glass after three 

months at 70°C, 

Li/SOCl2 

electrolyte-  

 
Bunker et al., J. 

Mat. Res. 2 (1987) 
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(Bunker et al., J. Mater. Res., 1987.) 

Underpotential Deposition 

4Li + SiO2 2Li2O + Si 

anode 

(-3.2 V) 

pin 
glass 

electrolyte 

(Li+, SO2) 

Li metal dep. 

air 

corrosion 

front 

A mechanism for glass corrosion has been established 

Reaction limits the 

shelf-life of Li liquid 

electrolyte cells 
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1.  Low silica compositions 

– TA-23 (45 wt% SiO2) 

• shelf-life > 5 years 

 

2.  Aluminoborate compositions 

– CABAL-12  (silica-free) 

• 20MgO20CaO20Al2O3 

40B2O3 

• shelf-life > 20 years 

• lower sealing temperature 

• less prone to crystallization 

Corrosion resistant glasses have been developed 

 Applications include Li-batteries for cameras, 
computers, and biomedical components. 



These glasses are used in designs for long-life Li cells 



RK Brow 

brow@mst.edu 

19 IMI Conf on Functional Glasses 

8 January 2013 

Alkaline earth aluminoborate glasses have the 

requisite properties for lithium battery seals 

RO 

B2O3 Al2O3 

• Range of CTEs for variety 

of pin materials 

• Relatively low sealing temperatures 

(<800°C) 

• CABAL glasses are used in 

Na-vapor lamps 

• Resist attack by lithium 

• kinetic stability (Li reduces B2O3 to 

boride) 

• >20 year projected battery lifetime 

How does structure affect useful properties? 
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Glass properties depend structure  
xRO 0.10Al2O3 (0.90-x)B2O3 

Brow and Tallant, 1997 
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Alumina coordination also depends on composition  

27
Al Chem. Shift (ppm)
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Brow and Tallant, 1997 
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• Titanium alloys have a variety of useful properties 

– High strength-to-weight ratio 

– Superior corrosion resistance 

– Reasonable weldability 

• Potential Sealing Applications: 

– Satellite connectors, actuators 

– Implanted biomedical components 

(pacemakers, insulin pumps, etc.) 

– Biocompatible coatings on  

prosthetic alloys 

 

Ti 

NSi2 25 µm 

Ti5Si3(O) 

Limitation: Reliable, commercial hermetic sealing technology 

• conventional silicate sealing glasses are reduced by titanium 

• silicide formation leads to weak glass/Ti interfaces 

Spin-Off Development: Titanium Sealing Glasses 



Pazo et al (1998) 

900C/1 minute: excessive interfacial 

reactivity between Bioglass and Ti. 

800C/1 minute: no deleterious 

reactions between silicate glass and Ti. 

Silicate bio-glass coatings for titanium require very short 

processing times 
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Borate glasses are compatible 

with titanium alloys 

Ti 

Pin 
Glass 
Seal 

304SS 
Header 
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Borate glasses are now being used in a variety of 

titanium biomedical applications 

Orthopedic pressure sensors 

Pacemakers and 

defibrillators Insulin pumps 
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L. Peddi, RK Brow and RF Brown, J. Mater. 

Sci. Mater Med (2008) 19, 3145 

Bioactive borate glass coatings have been developed for titanium 

Saos-2 cell compatibility 

HAp formation 
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Alkali Thermal Battery Seals 
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Electrochemical energy storage for the green energy grid 

Yang, et al., Chem. Rev. (2011) 



Yang, et al., Chem. Rev. (2011) 

Advanced batteries will be part of the green energy grid 
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Dunn et al., Science 334 (2011) 
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Glass seal requirements 

•a-Al2O3-to-b-Al2O3 

•Chemical compatibility 

• molten, gaseous Na and 

halides (electrolyte) 

• No ‘poisoning’ ions for 

b-Al2O3 (sealing 

reactions) 

•Operate at 300-400°C for up 

to 20 years 

 

 

 

Na/NiCl2 Cell 



Example: Low alkali Bi-

borosilicate glasses and 

glass-ceramics (Song, et 

al., JNCS (2011)) 

0-62 Bi2O3 

replacing SiO2 
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Example: Low alkali Bi-

borosilicate glasses and 

glass-ceramics (Song, et 

al., JNCS (2011)) 
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Wetting behavior on b-Al2O3 
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“Major obstacles to demonstrating long-life liquid metal batteries center on 

… the engineering of robust, high temperature, insulating seals.”- Kim et al., 

Liquid Metal Batteries: Past, Present, and Future, Chemical Reviews (2013) 

 

 

“Chemically stable sealants” are one of the outstanding materials problems 

remaining for Na/S batteries- Cheng et al. Advanced Materials (2011) 

 

Still, there is an opportunity for new sealing materials 
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New designs face more complex sealing challenges 

Planar Na/NiCl2 stack for load-leveling applications: same a-to-b alumina seal, 

but added alumina-steel seal 

Lu et al., High Power Planar Sodium-Nickel Chloride Battery, ECS Trans. 28(22) 7 (2010) 

Glass seal 



Solid Oxide Fuel Cells 
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From I. Donald, et al., J Mater Sci 

(2011) 46:1975–2000   



RK Brow 

brow@mst.edu 
39 IMI Conf on Functional Glasses 

8 January 2013 



Designing glasses for SOFC seals is a significant challenge 

Function: 

• Prevent mixing of fuel/oxidant within stack 

• Prevent leaking of fuel/oxidant from stack 

• Electrically isolate cells in stack 

• Provide mechanical bonding of components 

Challenges: 

• Thermal expansion matches to a variety of 

materials 

• Relatively high operational temperatures 

(>700ºC) 

– Long lifetimes (>10000’s hrs) 

– Maintain stability over range of PO2, PH2O 

• Relatively low sealing temperatures (<900ºC) 

– Avoid altering other SOFC materials 

For some designs, glass-ceramics may be suitable, others may require viscous seals 
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There have been a 

number of recent 

reviews of SOFC 

sealing glasses 

JOM, August 2006 

Mat Sci Eng B (2010) 

J. Power Sources, (2005) 

J. Mat. Sci. (2007) 
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Meinhardt, et al., USP 6,532,769 

Mar. 18, 2003 

Sealed, crystallized to form high 

CTE Ba-silicate & Ba-alumino-

silicate phases; e.g., BaO2SiO2, 

2BaO3SiO2 

Ba-silicate glass-ceramics have shown promise 

Al2O3, mol% 

RO, mol% 

 

 

 29

linearly from 11.5 to 13.7·10
-6 

˚C
-1

 [78].  32 vol. % MgO seemed to be the 

maximum due to reduced mechanical properties for higher MgO contents. 

The glass/MgO composite seal worked well above 850˚C as seal material 

for the interconnect alloy Crofer22APU. The sintering and thermo-physical 

properties of glasses in the system 30BaO-5Al2O3-50SiO2-15RO (mol %) 

where R=Ca, Mg, Ba and Zn have been investigated [79]. Tg varied between 

692 and 719˚C with the addition of Zn, Ba, Mg and Ca, respectively. ZnO-

addition had the largest effect on lowering Tg compared to the other. The 

pure barium-aluminium-silicate glass (BAS-glass) with 45 % BaO had a 

TEC of 13.2·10
-6 

˚C
-1

 while for the other 3 additives the same TEC of 

9.7±0.1·10
-6 

˚C
-1

 was observed. In BAS-glasses thermal expansion can be 

modified within wide limits by changing the BaO-content as shown in 

Figure 3.10 [65]. The glass compositions were in the range (mol %) (33.7-

45)BaO-(5-10.5)Al2O3-(50-57.5)SiO2. As Figure 3.10 shows; by changing 

the BaO/SiO2 ratio from 0.6 to 0.94, the TEC changes from 7.6- to 14.6·10
-6 

˚C
-1

. For the same glass system, the glass transformation temperature and 

the softening temperature could be effectively tailored by varying the 

alumina content as shown in Figure 3.11.  
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Effect of BaO/ SiO2 ratio on the thermal expansion coefficient in a BAS glass 

with composition (33.7-45)BaO-(5-10.5)Al2O3-(50-57.5)SiO2 [65]  

B2O3,  

SiO2 mol% 



“Invert Glasses”: discontinuous 

silicate anions tied-together through 

modifying cations. 

 

•Greater CTE’s 

•More fragile viscosity behavior 

•‘shorter’ glasses 

•More ‘basic’ reaction chemistries 

 

•Metasilicates (chains): [O]/[Si]~3.0 

•Polysilicates (short chains): [O]/[Si]>3.0 

 

•Greater CTEs from polysilicate 

crystalline phases 

Candidate sealing glasses have ‘invert’ structures  
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• Pyrosilicates 

– CaSrAl2SiO7, Ca2ZnSi2O7 

• Orthosilicates 

– Sr2SiO4, Zn2SiO4 

• The crystalline phases appear to 

be thermally stable. 
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Phase distributions can 

change with time….. 

Other distributions remain stable ….. 



Thermo-mechanically robust seals can be made to SOFC 

component materials 

750°C/two weeks in air 
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One potential problem is deleterious reactions with chromia 

CTE mismatches occur at 

the glass-metal interface: 

 

BaCrO4: 18 ppm/K 

Steel/Glass: 12ppm/K 



Yang et al., JMEPEG 13, 327 (2004)  

G18/Crofer after 1 week at 750°C 

2BaO+Cr2O3+½O22BaCrO4 
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Liu, et al., Int. J. Appl. Cer. Tech., 8[1], 49 (2011)  

A second problem with ‘rigid’ glass-ceramic seals involves the 

thermal stresses associated with slight CTE mismatches 

One solution may be to use a ‘viscous’ seal that will ‘re-heal’ on heating 
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To calculate and compare crack-healing rate of these
glasses, accurate determination of the variation in crack
length with time at a given temperature is required. An
approach of microindentation wasused to generate cracks
of a well-defined geometry. To achieve this, sintered
samples of a glass were polished with 0.5-l m alumina
paste. Polished sampleswerethen indentedusingaVickers
microindenter under a load of 10 N for 15 s. Due to the
indentation, four cracks one on each side of the indent
were formed on the sample as schematically shown in
Fig. 6(a). The average crack length was calculated as
arithmetic averageof thesefour crack lengths (L1, L2, L3,
and L4). These samples were then heat treated at different
temperatures and times in air and fuel (Ar–4% H2–6%
H2O) to simulate SOFC environments. During heat treat-
ment, crackswereobserved under anoptical microscopeor
in situ using avideo recording system,34 and crack length
wasmeasured asafunction of timeat agiven temperature.
The variation in this average crack length with time at a
particular temperature was then used and plotted in the
graphs to study the crack-healing kinetics. Morphological
evolution of the crack with annealing time was also
studied using the same approach. Figure 6 also shows an
example of theproposed approach to study thekinetics of
crack healing in a glass using an optical microscope.
Figure 6(b) shows an as-indented glass surface on which
four dominant cracks were generated. This indented glass
samplewasthen annealed at 570 °C for different length of
timesto reveal different stagesof crack healing of theglass
at 570 °C in Figs. 6(c)–6(f). These preliminary ex situ
proof-of-concept experiments resulted data(Fig. 6), which
showed that the crack healing of the glass can be divided
into threestages. In thefirst stage, crack tip blunting along
with some other changes in the crack morphology are
observed, which result in cylinderization of the crack as
shown in Fig. 6(c). In the second stage, this cylindrical
crack gets filled by viscous flow of theglassand results in

spherodization of thecrack. In thethird stage, thespherical
crack cavity also decreaseswith time[Fig. 6(e)] and results
in a crack-free surface [Fig. 6(f)] at the end of the crack
healing. Thisapproach wasused tostudy thecrack-healing
kinetics in a pure glass B.

A model of crack healing is attempted and applied to
explain the crack-healing behavior of glasses and glass–
ceramic composites. The total time (t) required for crack
healing based on three steps (crack tip blunting, cylin-
derization of crack, and spherodization of crack) shown
in Fig. 6 and controlled by viscous flow/creep can be
derived as

t ¼ Kg ; ð1Þ

or ln t ¼ lnK þ ln ðgÞ ; ð2Þ

where K is a constant dependent of crack geometry and
surface energy and g is the viscosity of the glass and
related to creep behavior.

Therefore, it isclear that thecrack-healing responseof the
glassisdirectly dependent ontheviscosity of theglass. Crack
healing in glasses occur over a relatively small temperature
range. If the temperature is too low, no or very little crack
healing occurs. If temperature isvery high, thecrack healing
is too rapid and could not be studied. So, the temperature
rangeover which crack healing occursand can besystemat-
ically studiedfallsunderanarrowrangeof about100–200°C.
For such a narrow range of temperature, it is reasonable to
assume that ln (viscosity) linearly changeswith temperature
(1/T), where T is the temperature in Kelvin. Consequently,
a straight-line equation can be used as:

lnðgÞ ¼ m
1

T
þ C : ð3Þ

FIG. 6. (a) Schematic of Vickers indented cracks on a glass surface and (b–f) crack-healing behavior of a glass indicating several stages of

healing of cracks introduced by microindentation technique. The crack geometry for modeling will be based on actual data such as this

(Magnification: 400 ).
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Self-repairable glass seals for solid oxide fuel cells

Raj N. Singha)

School of Materials Science and Engineering, Oklahoma State University, Tulsa, Oklahoma 74106-0700

(Received 13 January 2012; accepted 21 May 2012)

Seals are required for a functioning solid oxide fuel cell (SOFC). These seals must function at
high temperatures of 600–900 °C and in oxidizing and reducing environments of the fuels and air.
Among the different type of seals, the metal–ceramic seals require significant attention, research,
and development because thebrittle nature of ceramics and glasses leads to fracture and loss of seal
integrity and functionality. A novel concept of self-healing/self-repairable glass seals is proposed,
developed, and used for making metal–glass–ceramic seals for application in SOFC for enhancing
reliability and life. Glasses and glass–ceramics displaying self-healing behavior are investigated and
used to fabricate seals. The performance of these seals under long-term exposure at higher
temperatures coupled with thermal cycling is characterized. Self-repairability of these glass seals is
also demonstrated by leak tests along with the long-term performance. An approach for studying
the kinetics of crack healing in glasses and glass–ceramics responsible for self-repair is briefly
described.

I. INTRODUCTION

Solid oxide fuel cell (SOFC) is a solid-state energy
conversion device that produces electricity by electro-
chemically combining fuel and oxidant across an ionic
conducting oxide membrane at high temperatures.1 The
planar SOFC configuration is superior to other config-
urations in terms of efficiency and power density but
requireshermetic sealsto prevent fuel–oxidant mixing and
to provide electrical insulation to stacks.2,3 Seals required
for aplanar SOFC can beclassified asmetal–metal, ceramic–
ceramic, andmetal–ceramicseals(Fig.1). Amongtheseseals,
metal–ceramic seals are particularly challenging because of
their severe functional requirements as well as difficulty in
selection of materials with conflicting requirements and
associated processing. Glassesaremost widely used to make
metal–ceramic seals because these can be modified to have
very close match of thermal expansion with other fuel cell
components, and glass seals show good hermeticity along
with good thermal and environmental stability.4–8 Although
glassesaregoodoptiontoseal SOFCcomponents, they suffer
from their inherent brittleness and can develop cracks in the
seal area during thermal cycling or thermal shock. This can
cause leakageof fuel from theseal leading to degradation in
cell performanceandsystemefficiency. Fortunately, thereare
ways to minimize this problem by using some innovative
approachesdeveloped by our research group such as layered
composite seals9 and self-healing glass seals.10,11 Recently,
our group has advanced a novel concept of active self-
repairablesealsfor SOFCs,10,12whichrequiresafundamental
understanding of the ability of glasses to self-heal/repair

cracks at the SOFC operating temperatures. Therefore, the
primary focusof thispaper isastudy of thecrack-healing/self-
repair behavior of promising glasses and glass–ceramic
composites to further advance this concept of self-repairable
seals for SOFCs.

II. STATUS OF SEALS FOR SOFC

The most delicate component in a SOFC is the
electrode–electrolyte assembly because of the brittle
ceramic electrolyte, which can be as thin as 10–15 l m.
Some designs use anode-supported electrolyte, while
others have used a cathode-supported electrolyte. The
delicate electrolyte–electrode assembly requires a seal to
separate the anode from the cathode physically and elec-
trically (insulating) in a functioning SOFC at ; 800 °C
(Fig. 1). Consequently, a sealing system must not only
transmit the lowest possible stresses to the ceramic com-
ponents but it must also be stable at high temperatures of
; 800 °C over a long period from 5000 to 40,000 h.

Seals for SOFC can be classified into two main groups
based either on brazing or glasssealing. Glasssealscan be
further subdividedintorigidor compliant seals. Weil et al.13

used alloys like FeCrAlY (Fe 22% Cr, 5% Al, 0.2% Y) as
a model metal for sealing by brazing to yttria-stabilized
zirconia (YSZ) electrolyte. A largenumber of studieshave
focused on using glasses that crystallize either during pro-
cessing or during use in a SOFC thereby forming a more
rigid glass seal.3,4,14 These seals are initially hermetic but
requireclosematch of thecoefficient of thermal expansion
(CTE) and are less forgiving against seal fracture under
thermal transients/shock. A number of other sealing con-
cepts are also possible for SOFC. Lewinsohn et al.15

suggested using polymers of Si–C–N to make seals for
SOFC components. Chou and Stevenson7,8,16used anovel

a)Address all correspondence to this author.
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We have examined 

compositions with low liquidus 

temperatures in the Ba-

borosilicate system 
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Hermetic Sealing Tests  

Furnace

High

Pressure

Low

Pressure

Measure P

YSZ

Viscous Glass Seal

Ferritic Steel

Stainless Steel

Furnace

High

Pressure

Low

Pressure

Measure P

YSZ

Viscous Glass Seal

Ferritic Steel

Stainless Steel

SS441 

0.5 psid (26 torr) 

• Glass pastes were made from powders (-45 µm) mixed with PVB binder and 
acetone, and used to bond NiO/YSZ bi-layer to aluminized steel (SS441) 
substrate (materials from PNNL) 

• Sandwich seals fired in air at 850°C for 8 hours 

NiO/YSZ 

Top side 

Bottom side 
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Hermetic Sealing Tests-cont.  

 Glass 73 seal has survived 100 thermal cycles (750°C to RT) 
     in dry air at a differential pressure of 0.5 psi (26 torr) 
     over the course of > 3,300 hours without failure 
     and the test was deliberately terminated for analysis 
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Viscous seals survey >100 thermal cycles from 750°C 

without failing 
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Original hermetic seal 

Crack 

Resealed (2 hrs at 725°C) 

Foaming in soapy water 

Thermally shocked sample “re-seals” when re-heated 

Cracked on quenching 

(>25°C/s)  

Samples re-seal in 

two hours with 

viscosities of 106 Pa-s 
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Viscous seals may be more reactive that the glass-

ceramics 

Reactivity Characterization  

Glass 73-cont.  

SS441 Glass 

Line Scan 

YSZ/NiO Glass 

Line Scan 

 No major Cr or Fe migration to glass seal 
 Some Al migration to the interface of glass seal 

 No elemental migration to glass seal 
    or to ceramic substrate 



Long-term crystallization will affect glass viscosity- 

and so the self-sealing properties 

7 

 

temperature behavior is noted in Figure 1 for the crystallized sample held in air (dry) at 750°C 

for 2,000 hours. 

 

 

Figure 1. DMA viscosity data for Glass 73 after different thermal histories; the solid lines are fits 

based on the Corning Viscosity Model. 
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Figure 2. Scanning electron microscopy (SEM) micrographs of Glass 73 held at 800⁰C in air for 

(a) 500, (b) 1,000, and (c) 2,000 hours. 
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Summary 

• As a materials science platform, sealing glasses offer opportunities to 

explore new compositions and to study glass phenomena 

• Chemically stable non-silicate compositions 

• Crystallization around the liquidus temperature 

• High temperature compatibility with metals 

 

• Glass seals are enabling materials for many technologies 

• Reliable Li-batteriesbiomedical devices 

• Optimization still required for Na/S, Na/NiCl2 and SOFC systems 

 

• The ability to model sealing processes may be the key to ’scaling up’ 

technologies to useful products 

• Accurate viscoelastic properties 

• Well-controlled manufacturing process parameters 

• Well-understood ‘application’ conditions 
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