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Executive Summary

SECA Core Technology Program (SECA CTP) led workshop on the topical area titled
“SOFC seal: Technology, Challenges and Future Directions” was held on August 10,
2007 at Hyatt Regency, San Antonio, TX. The workshop was attended by scientists and
engineers presently involved in the development, engineering, fabrication, and testing of
advanced solid oxide fuel cell seals. Attendees represented industries, national
laboratories and academia.

The objective of the workshop was to present and disseminate technical information
related to the recent development and findings in the areas of advanced seal materials
chemistry, chemical interactions, long-term stability and reliability along with
applications of predictive mathematical models utilizing SECA derived computational
tools and methodologies. It was also the objective of the workshop to provide a forum for
technical discussions on topics related to advanced sealing concepts and materials along
with identification of technical priorities and developmental needs.

Overview technical presentation described the SOFC seal technology status currently
being pursued under the SECA program. Literature related to global research and
development work towards the development and testing of advanced seal technology was
also reviewed and presented. Participants from fuel cell manufacturing industries
presented their experience related to seal fabrication, electrical testing in short and tall
stacks, long term endurance and post test characterization results. Seal specifications and
requirements for SECA derived fuel cell stacks were presented. Selected highlights of the
workshop include detailed presentations and discussions on seal materials, materials
stability, seal-test conditions, design and engineering requirements and development
needs.

(a) Seal materials: Technical discussions mostly concentrated on applications of
refractory glass-ceramic and visco-elastic (self healing) glasses currently being
developed under SECA-CTP. Advantages of higher temperature sealing process on
the development and maintenance of adequate contacts in active and seal area were
examined. Materials chemistry, experimental test results under SOFC exposure
conditions, synthesis and seal fabrication processes were discussed in detail and the
possible impact of long term exposure of such materials on interactions with
adjoining cell components, and exposure environment in the 650-850C temperature
range were discussed.

(b) Materials stability: Role of bulk, interfacial and surface stability of glass-ceramic and
self healing glasses were examined and discussed to explore their long term role on
chemical interactions, cell electrode poisoning and mechanical changes. Time
dependent structural and chemical changes in the bulk glass, interactions with surface
oxides resulting in dissolution and surface reaction product formation, along with
evaporation of glass constituents and reaction products were discussed.
Thermodynamic models for oxide dissolution, surface interaction and vapor species
formation were presented.



(c) Seal test conditions: To meet the SECA coal based SOFC systems life and
performance targets, SOFC seals must show chemical, structural and mechanical
stability under nominal and transients conditions of cell and stack operations for up to
40,000 hours. Some of the typical requirements identified for stack design
consideration, stack fabrication and cost effectiveness are-

» Temperature range: 650-850°C
» Up to 85% fuel and 25% oxidant utilizations and 50% steam in anode
environment

Applied load of less than 35 kPa on seal area

Electrical isolation (>500Q.cm”) between cells and stack at nominal stack

operating condition (0.7 V @ 500-700 mA/cm®)

Tolerance to both anode and cathode electrode poisoning in order to meet

0.1%/1000hr performance degradation

Seal application temperature not to exceed 1000-1050C

Thermal cyclic stability demonstrated per systems requirement

Use of low cost materials synthesis and application processes that meet SECA

cost target
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(d) Seal design and engineering requirements: Role of SECA developed computational
tools for the development and optimization of engineering design and long term
reliability of seals were presented. Need for materials properties data, time dependent
properties changes, interface strength and measurement techniques were identified as
key areas for further work.

R&D needs: Development of structurally and chemically compatible seals for SECA coal
based SOFC power generation systems has been identified as one of the key R&D areas
for further research and development. Both refractory glass-ceramic and self healing seals
will be further studied for compositional, morphological, structural and interfacial
stability to develop the desired composition, engineering design and fabrication/
application procedures. Of interest will be evaluation of the role of alkalis and boria base
gaseous species on interactions with perovskite cathode and conventional anode
materials. Advanced materials synthesis, high temperature materials properties
measurement, bulk and surface characterization, electrode poisoning and over potential
measurement techniques will be identified, developed and utilized for understanding the
long term stability and reliability of developed seal materials and configurations. Selected
R&D areas that need careful attention are -

- Bulk, interface and surface stability

- Seal constituent interactions with electrodes

- Time dependent materials properties

- Seal designs that incorporate visco-elastic glasses

- Fabrication processes



Agenda

SOFC Seal: Technology, Challenges and Future Direction
Friday August 10 2007

8.00 AM Introduction, A. Manivannan (NETL)

8.01 AM Stevenson, J / Singh, P (Specific requirements) (PNNL)

8.15 AM Khaleel, M (PNNL)

8.30 AM Lara-Curzio, E (ORNL)

8.45 AM Singh, R (Univ. Cincinnati)

9.15 AM --- Loehman, R (SNL)

9.45 AM Brow, R (Univ. of Missouri)

10.15 AM Break

10.30 AM Chou, M/ Stevenson, J (PNNL)

11.00 AM Open - Industry input (15 min. each)

Speakers:

Karl Haltiner (Delphi)
Tony Wood (VPS/FCE)
S. Elangovan (Ceramatec)
Nguyen Minh (Consultant)
Steve Shaffer (Delphi)
Peng Huang (FCE)
Joel Doyon (FCE)
Eric Tang (VPS)
Casey Brown (VPS)
Chuck Sishtla (GTI)
John Yamanis (UTRC)

12.00 PM -—-- Break for Lunch

1:00 PM . Discussion / Wrap-up

3.00PM Adjourn

The speakers are requested to make a 15 minutes presentation starting with the
conclusion slide. A 15 minute discussion time will be available for each speaker following
their talk. The speakers should specifically discuss their results, approach, related issues
& future directions to solve them.

SOME OF THE TECHNICAL ISSUES / CHALLENGES TO ADDRESS:

(1) ROLE OF EVAPORATION & VAPORIZATION

(2) INTERFACE REACTIONS

(3) MANUFACTURABILTY / DESIGN APPROACHES

(4) FAILURE ANALYSIS

(5) MECHANICAL STABILITY, LONG TERM STRUCTURAL PREDICTIONS




Technical Presentations



SOFC Seals: Overview

Jeff Stevenson & Prabhakar Singh

Pacific Northwest National Laboratory
Richland, WA

SECA Core Technology Program — SOFC Seal Meeting
August 10, 2007, San Antonio, TX

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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OFC Seals

P Functions
e Prevent mixing of fuel and oxidant within stack
¢ Prevent leaking of fuel and oxidant from stack

o May provide electrical insulation between stack repeat
units

» May provide mechanical bonding between adjacent
components

P Requirements
e Inexpensive
e Structurally stable
s Chemically compatible with other components

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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Seal “Regions” & Challenges

Outline

« Seal Functions & Requirements
» Materials, Design & Engineering
» Seal Approaches

» Challenges

» Path forward

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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OFC SEALS

Most planar designs
require multiple seals per
stack repeat unit.

Possible Seals include:
51: Cell to Metal Frame

52: Metal Frame to Metal
Interconnect

53: Frame/Interconnect

Metal int H?_ |
e e

e — .

Ceramic spacer— :513 i e |

Metal frame I L= ——— g W
m | - | coC—3
e

Region Challenges
Bulk (1) Strength, CTE match, Elasticity/Viscosity
Interfaces (2) Reaction, compound formation

Surface (3) Evaporation, contamination

l:| I Initial, Time Dependent Material Properties

=l

| Seal Design and Engineering

e o e B

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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elected Chemical Reactions

Alloy with glass constituents:

Cr(alloy), Ba(glass) BaCrO, 2nd phase
Fe(alloy) FeO, soluble in glass
Evaporation:

SiO, + H,0 Si(OH), (9)

B,0; + H,0 H,BO, (9)

Pacifie Northwes! National Laboratory

Batielie s, Lol Energy T

—E .
to Spacer (for electrical Metal endplat
£ Seaar s s 1
S4: Stack to Base l l I

Manifold Plate fuel air air fuel

Design Specific: Seal designs and materials will largely depend
on the cell/stack design and contacting surfaces/materials

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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Degradation Processes
CTE Mismat(ch _I_)_evitrification
2
Alloy Alloy
qsw ~— Cr(second phase)
“—— Fe (increased conductivity)
/ l Deformation, Creep
Contaminants
B, Si, Na, K
Volatility
Battetie P epumen o gy

Possible Mitigation Approaches

Degradation Process Solution

Cracking during Thermal CTE match

Cycles - _

Elemental diffusion from alloy | Coating

(Fe)

Interfacial reactions (Cr) Coating

Volatility (B,Si) Minimize exposed seal area;

- barrier coating -

Devitrification Modify glass composition

Deformation, Creep Modify viscosity/creep
behavior; composite
approaches

Baflelie e epirtent 6 Energy




as Seals for SOFC Stacks

Sealing Approaches:
+ Rigid, bonded seals
*Room-temperature analog: Epoxy glue
+Materials: Devitrified glass, brazes,_high Tg glass, cements
+ Compressive seals
*Room-temperature analog: Rubber O-ring, gasket
+Materials: Mica-based “hybrid” seals
+ Compliant, bonded seals
*Room-temperature analog: RTV Silicone

+Materials: Low Tqg Glass (including glass-matrix composites

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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eal Development - Methodology

For a given seal approach, need to:

* Prioritize the seal design parameters (eliminate irrelevant

or non-essential parameters)

* |[dentify relevant materials properties to satisfy criteria

* When possible, determine desired range of materials

properties (via modeling of proposed design)

* Select seal materials; Optimize relevant materials

properties

+ Fabricate and validate the seal design experimentally
*UUse staged approach, i.e., from small coupons to
large coupons to stack tests

Pacifie Morthwes! National Laboratory

Batlelie U.5. Department of Energy

Summary: General Criteria for Seal Design

Sealing temperature and environment

Operating temperature range (stacks are not iscthermal)

Thermal expansion (for rigid seals)

Interfacial reactions

Long-term thermal stability (e.g., crystallization rate and products)
Wetting properties

Volatility in SOFC environments

Mechanical integrity during thermal cycling

Electrical resistance

YYYYYYYYY
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For a given seal approach, need to
#  Pricritize the seal design criteria (eliminate non-essential criteria)
o |dentify relevant materials properties to satisfy criteria

= When possible, determine desired range of materials properties (via
modeling of proposed design)
= Select seal materials; Optimize relevant materials properties
« Fabricate and validate the seal design experimentally
= Use staged approach, i.e., from small coupons to large coupons to stack tests
SECA Seal Workshop, August 10, 2007, San Antonio  Pacific Northwest Natianal Labaratory
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a0-Al,0,-Si0, Glass-Ceramic Seals

o7 Expansion of Crystalina pnases
BaD- 28102 =14

2Ba0 - 35102 u=126
M08 BaD-AIZ03 - 25102 w=Bfor
hexagonal and 2.7 for manaciink

Glass-ceramic seals:

+Alkaline earth-
aluminosilicate
based glass
system

*Patents:
US 6,430,966
US 6,532,769

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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eal Parameters of Interest

> ling temp ire and envir
= Dperating temperature range and envir t (dual at pl )
# Pressure differential

» Mechanical load

> Thermal expansion

# Interfacial reactions

> Long-term thermal stability (e.g., erystallization rate and products)
# Wetting properties

> Volatility in SOFC environments

> Mechanical integrity during thermal cycling

# Electrical resistance

Pacifie Morthwes! National Laboratory

Batlelie U.5. Department of Energy

a0-Al,0,-Si0, Glass-Ceramic Seals

o7 Expansion of Crystalling phases|
Ba) - 2802 «= 14

2Ba0 - 35102 0=126

MO8 BaD-MZO3- 25102 we=Blor

hexagonal and 2.7 for manaciink

Glass-ceramic seals:

+Alkaline earth-
aluminosilicate
based glass
system

*Patents:
US 6,430,966
US 6,532,769

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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Devitrified (rigid) glass seals

» “Standard approach” to sealing planar stacks

» Pros:
= \iscousfwetting behavior of glass facilitates hermetic sealing
« Inexpensive, easy to fabricate (tape casting, slurry dispensing)
¢ Properties can be tailored (CTE, T, T.)
=« Rapid devitrification mitigates viscous flow during operation

» Cons:
= Brittle behavior (glass-ceramics; glasses below T.)
o Few systems with appropriate CTE (AE-AIl-Si-O) after devitrification
» Chemical interactions wf adjacent components (e.g. metal interconnects)
» Volatilization of seal constituents (SiO,, B,O,, alkali metals)?

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory
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efractory” Glass-Ceramic Seals for SOFC

T
> Objective: Reliable, CTE- 1600 ==

matched “refractory” sealing

glasses to minimize seal

reactivity and increase seal 900°C AT

stability. Improved electrical TE

contact and strength of 850°C e

cathodefinterconnect = N3

interfac&s. 800°C H Tor!areﬂnn

» Alkaline earth-
aluminosilicate based glass

system
» Patents: US 6,430,966, US _
6,532,769 time
Battelie SECA Seal Workshop, August 10, 2007, San Antonio ~ Pacific NMILT;.‘:J:‘;‘n.lni:::-lnl!-.fi"ir.:'.'; ;



mpressive seals

» Pros:

= May provide mechanical “de-coupling” of adjacent stack components (avoid
thermal stress development during fabrication, operation, thermal cycling)

» Inexpensive, easy to fabricate
» In some cases, no viscous/liquid sealing step required (Mica/Ag foil)
»> Cons:

» Potential for high leak rates through seal/component interfaces for simple
gasket approaches

» Few stable, compliant, hermetic candidate materials
= Must maintain compressive stress
= Adds expense, complexity

= Effect of long-term pressive load on di
components?

| stability of other stack

i Pacific Northwast Natisnal Labarals
Batielie SECAoNa Wolesow AUgHSEED 2007 Ben Ao o hepament of Ereray

mponents of CTP Stack Test

Stack Test Cross-Section: Not to Scale

LSM-20 Contact Paste

Perimeter Seals: Mica/Ag Hybrid \ Cell-to-Frame Seal: Refractory Glass

\ [ Cathode plate: 441 Steel w/ Mn-Co Spinel Coating |

_ a0 g g _
- - - - -

7 s
Nickel Mesh Nickel Oxide Contact Paste

i Pacifi hwst ianal Laboralod
Balle  SECASsWorkshon, August 10,2007, S Artorio.  Paci ot Nt Loy
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mpliant glass seals

» Pros:

s May provide mechanical “de-coupling” of adjacent stack components (avoid
thermal stress development during fabrication, operation, thermal cycling)

+ Easy to fabricate
= Properties can be tailored (CTE, T, T,)

» Challenges:
= Devitrification
= Excessive deformation, creep due to low viscosity
=« Chemical interactions w/ adjacent components (e.g. metal interconnects)
= Volatilization of seal constituents (Si0., B,O,, alkali metals)?

SECA Seal Workshop, August 10, 2007, San Antonio Pacifie Morthwest National Laboralory

LS. Department of Energy 16
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MECHANICAL PROPERTY
CHARACTERIZATIONS AND
PERFORMANCE MODELING OF
SOFC SEALS

Pacific Northwest National Laboratory

PNNL, Richland, WA

Battelie

Structural Modeling and Sealing
Past and Present

P Past
» Developed constitutive models
» |nterface/bulk damage model
= Viscoelastic damage model
e Damage/thermal cycling report
e Stress relaxation report
e Compliant seal development
P Present
o Evaluate stress relaxation benefits of glass-ceramic
seals in stacks
o |dentify constituent data for G18 homogenization efforts

Pacific Northwest National Laboratory

Batnielie LS. Degurtment of Energy

Introduction:
Glass-Ceramic Seals

Cracks problematic for

structural integrity and leak

> Reactions can make the

interfaces weak

P Reactions create enriched
or depleted regions

> Seal fractures

+ Through glass layer

+ Between glass layer
and scale

s Between scale and
metal interconnect
> Need predictive i
modeling tools Metal ™ - Metal Interconnect”
o Stack-level approach | Interconnect = i

Pacifie Northwes! N
US. De

Laboratary
ment of Energy

Banelie

G18 Material Properties:
Elastic Constants

P Pulse-echo ultrasonic
measurement for room
temperature

» Dynamic resonance
method for elevated
temperature
measurements

P Flexure tests used for
temperatures greater
than 600°C [

» Glass-ceramic modulus - T Teant : 11
drops considerably
above 600°C for 4hr
heat treatment

Baflelie et o Erarey

Elastic Modulus 4hr
——

Elastic Modulus 1000hr

Shear Moduli

Structural Modeling and Sealing
Objectives

B Develop reliable SOFC seals

» Develop constitutive and damage models for glass-
ceramic sealants and interfaces

¢ Utilize experimental data for material model inputs

e Evaluate reliability of glass-ceramic seals in the stack
during thermal-cyclic operations

o |dentify the effects of the heterogeneous microstructures
on the macroscopic response

s Determine optimum material structure, properties, and
seal dimensions

Pacific Northwest National Laboratory

Batnielie LS. Depariment of Energy

Structural Modeling and Sealing
Outline

P Glass-ceramic issues

P Review of experimental data used in the models
P Viscoelastic damage model formulation

P Damage model results

P Stack model description

» Stack model results

P Future Work

Pacific Northwest National Laboratory

Batnielie LS. Depariment of Energy

G18 Material Properties:
Stress-Strain

» 4-point bend flexure tests B Elastic up to 700°C and
inelastic above 750°C

performed at 25, 600, 700,
750, and 800°C

P Heat treatments of 4 and

e -, 710C
P
3

i ! — e
i. ,."'r P Inelastic | ¢ | Elastic DAk —

x. {(’I ’_ — - . f-, - P Inelastic

R >

i 4 hr heat treat | i ’s 1000 hr heat treat |
i o st oy 1

G18 Material Properties:
Strength

B G18 strength obtained from ¥ Interface strength lower than
flexure tests glass-ceramic strength

» Interface strengths obtained with  # Interface shear strength greater
tension and torsion tests than normal strength

= Crofer 22 APU assemblies -

Interface Shear Strength 4hr _:\
TToE T

Flexural Strength 1000hr \,(\

Interface Tensile Strength 4hr
w5

g B

Srengh Fe
&

o

Tenperatue 0)

Pacific Northwest National Laboratary
L5, Department of Energy

Banelie
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Continuum Damage Model:

Formulation
» Behaviorat T < 710°C ' b
e Linear stress/strain responses —
until failure N

» Failure due to Tgm\o\fﬂj and
propagation of a critical flaw

= Maximum stress criterion used to

predict failure AR

» Behaviorat T > 710°C £

» Viscoelastic deformation of the -

glassy phase L]

» Other potential nonlinearities BT - {

= void formation ' L
= cliding between phases ]‘/
= microcracking . | worsnn t
« Evolution of damage until a - )
critical saturatn;tm alue i
corresponding to the onset of ’
failure i
» Macro-crack propagation :
moge?ec[ﬁr varrjlle%lng elgment R i
technigue . =

Pacific Northwest National Laboratory

Banelie LS. Department of Energy o

Continuum Damage Model:
Monotonic Loading Results

P The viscoelastic response B The viscoelastic strains

and strain rate sensitivity of ive additional compliance
the homogenous structure o the glass seal prior to
is captured fa;lure%valldatlon tests
—-— currently in progress)
% gk &
B I 1, |
8 [ Fa 4 i '
Baflelie et o Erarey
Stack Model:
Description

> 3-cell planar stack built
by the Mentat-FC GUI

» Thermal cycle loading

+ Transient thermal response of
stack using heat generated from
electrochemical reactions for fuel
composition and gas flow rates

« Convective and radiation heat ~ Temperature History =

exchange from stack exterior 1 Shress-free EC activity
e« Thermal boundary condition s )

histories create cyclic loading o
=« Quasi-static structural solution 3 -

using results of thermal solution }

» Seal damage model
e Interconnect/metal frame seals | [t e
« Electrolyte/metal frame seals

Pacific Northwest National Laboratory

Banelie LS. Department of Energy |

Stack Model Results:
Temperature History

Heat Up Heat Up Heat Up
H
EC Startup EC Startup EC Startup  FENAT  Steady State
I'LIIX‘L ol
soady |
state
B B H
EC Shutwn EC Shutdown eznar Cool down Cool down
"

Pacific Northwest National Laboratory

Banelie LS. Department of Energy 1
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Continuum Damage Model:
Relaxation Model

P A viscoelastic damage model L1
was formulated based on s —
thermodynamics of 2
continuous media and e
implemented in MARC .

¥ This is a Maxwell-type model
in which damage is assumed
to affect the elastic properties

» Damage is assumed to be el
decoupled from the viscous E
behavior e

» Damage evolution is derived 8C,, (D.T) o

i i U &
from a damage criterion dD - aD ¥
dependent on a damage  GE(D.T)
threshold function : LED' :
Barelie e it f Enarey

G18 Material Properties:
Viscosity

. . Temperature (C) | Viscosity (MPa-s)
C.onstant strain compression e . T
P Fit load decay to Maxwell 800 35.0e6
model N 850 5.5e6

3 =D
&
e = o

H § ol H

i E | 1 =

H 3 of i to Pa

2 | 1

i WPase
Tt Tioa ey T

=% T Pacific Northwest onal Laboralory

Banelie LS. Department of Energy

Design Methodology

Glass-ceramic seal Homogenization & viscoelastic
composition & microstructure computation within & FE analysis

Redesign seal

| Are design criteria satisfied? |
No | (deformation limit, failure, etc.)

l Yes

Seal processing
Pacific Northwest National Laborato
Banelie 1. Department of Energy

Stack Model Results:
Electrochemistry

» Current density profile with
off-center peak is typical for S
cross-flow designs Rate

» Variation of activity and
heat generation observed
between individual cells

Current Density H2 Concentration

Pacific Northwest National Laboratory

Banelie LS. Department of Energy 17



Stack Modeling Results:
Seal Damage

P Seal evaluated for 10
thermal cycles

» The damage in the
seals:

» Initiated during operation

= Accumulated
significantly during
shutdown of the stack

Damage « Concentrated at bottom

accumulates seal due to influence of

stiff mounting

Bottom seal fails due e Covered a Iarge area of

to influence of mount bottom seal to Suggest

and leaks expected ieakage would occur

Operating Temperature
Hr:w-r: \-.' -

External
Leak

| Internal_ =
\ Leak ]

Room Temperature

Consistent with
expenmenls Pacific Northwest National Lal

Banelie U5, Departime

Stack Model Results:
Anode Stresses

Elastic
Damage Temperaturs (C) | Elaske Modsl: | Viscoclaste | Change
Model Anode Maximum| Model: Anode
Principal Stress | Maximum
(MPa) Principal Stress
(MPs)
Cysle 1 38.4 3
Operation £3%
Cyelc 1 Shut- 656 627
- Deavm 4 4%
Viscoslastic | e o =
Damage Operation 05%
Mode| Cyelc 2 Shut- 74.4 7.4
Dewm Q4%
Batielle B 115

Accomplishment — Microstructure
Characterization for G18

Multi-phase micr of the glass: ic seal by SEM
»  Preliminary nanocindentation test results

Madubes, Hurdaess,
B (Gl'a) HiGra)

SEM backscatter images of G18 at different

magnifications are shown. The white phases represent
Room Temperature Nanoendentation resubs for G18 aged for  the barium silicate needles, while the dark phase is the
A hours at T50°C. amorphous mafrix. The darker needies are

hexacelsian

Pacifie Northwes! Nati
U.S. De

Banelie

Summary

» Developed procedure to evaluate damage of
glass-ceramic seals in SOFC stacks

e Experiments to identify material behavior
e Constitutive and damage mechanics model

- Evaluation of thermal cyclic loading
e Damage initiates in first loading cycle
o Stiff mount increases damage in nearest cell of the multi-
cell stack

P Viscoelastic response must be considered to
capture high temperature stress-relaxation of
glass-ceramic seals

s Slightly more damage and seal failure predicted

» Additional compliance is beneficial for relaxation of PEN

stresses cific Nortits
Baflelie Preifie Mot
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Stack Model Results:
Seal Damage

| Damage
Elastic after 2
Damage thermal
Model cycles

Seal Failure

Viscoelastic Damage
Damage after 2
Model thermal
cycles

Slightly
More Seal
Failure

Pacifie Northwes! National Lak

Batnielie U5, Deprartme

Stack Modeling Results:
Anode Stresses

» The seal damage was slightly higher with the addition of
the viscoelastic response
P The additional compliance improves the PEN stresses
« Anode sfresses reduced
» |mportant for evaluating electrode failure rates

Banelie

Current Activity — Seal
icrostructure/Properties Relationship

Case Study: modeling results for the effective elastic properties and CTEs for a glass-
ceramic seal material with elastic moduli ratio Ec/Ea=10.

—_—

2 om
o ] d /-

]

H
',

" = ~

P Ykt (21
,
Ty

— -~

I
Fropemes at high temperature (S00°C)
These results depict how the effective elastic moduli and CTE evolve with the

microstructure (such as the volume fraction of the ceramic phase). The modeling

accounts for the interaction between the phases

This type of analysis will be used to design the microstructure leading the desired

properties.
Banelie

Lab
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The High Temperature Materials Laboratory
is a DOE User Facility located at
Oak Ridge National Laboratory

www.html.ornl.gov
The HTML User Program is funded by DOE's Office of FreedomCAR and Vehicle Technologies

i T e
UT-BATTELLE

Oak RinGe NaTionaL LABORATORY
U. S. DEPARTMENT OF ENERGY

HTML Capabilities are Available to Users for
Hands-On Materials Characterization Research

Residual Stresses

Diffraction: Friction and Wear

i, SE e S
UT-BATTELLE

0ak RinGe NaTionaL LABORATORY
U. S, DEPARTMENT OF ENERGY

HTML Well Equipped for Microstructural and
Microcompositional Characterization

Hitachi HF-2000 FEG-AEM w/EDS
Hitachi S-4700 FEG-SEM w/EDS, Kikuchi backscatter detector
Hitachi FB-2000 FIB Micro-mill
Hitachi HD-2000 Dedicated STEM
JEOL 8200 Electron Microprobe

PHI 680 Scanning Auger Nanoprobe

Oak RIDGE NATIONAL LABORATORY

e e R
U. 5. DEPARTMENT OF ENERGY UT-BATTELLE

Images of Catalytic Materials Demonstrate
ACEM'’s Capabilities

Pt3

Raft Infensity profiles of clustersiatoms in
Edge-on different orientations to beam direetion
E/ &
93/ Osingle
of . < p
aﬁa JAtom

Oak Ripae N\1m\u.l..\uuu.\umT Electron beam direction
U, 5. DEPARTMENT 0F ENERGY

e e
UT-BATTELLE
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HTML Capabilities are Available to Users for
Hands-On Materials Characterization Research

Thermography and
Thermophysical
Properties:

Materials Analysis;

Mechanical
Characterization and
Analysis:

Ok RIDGE NATIONAL LABORATORY
U. 5. DEPARTMENT OF ENERGY

e e ——
UT-BATTELLE

There are Numerous Ways
to Work with the HTML

¢ HTML User Program
» short-term materials characterization
* hon-proprietary or proprietary
CRADAs
* Work for Others (WFO)

* Collaborative research

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

UT-BATTELLE

ACEM

ACEM:

« is first probe corrected
STEM/TEM in US

has sub-A resolution for
structure and chemical analysis
has resolved single Pt atoms on
alumina substrates

totally automated for remote
operation

user friendly

special facility- low EM fields,
mechanical vibrations.

.

OAK RIDGE NATIONAL LABORATORY

U. 5. DEPARTMENT OF ENERGY UT-BATTELLE

Evaluation of materials and structures over a wide range of time scales

lever-arm electromechanical

testing machines testing machines servohydraulic tesing machines

10°® 10°®

10* 107 10° 10°
strain rate (s™)

10"10

-

Ok RIDGE NATIONAL LABORATORY é—BATF;CE

U. 5. DEPARTMENT OF ENERGY



Effect of Temperature and Environment on Mechanical Behavior

microturbine

2000°C in
vacuum

infrared heating resistance heating
UT-BATTELLE

¢ Laser Flash Thermal Diffusivity
* Cryogemc to 2500°C
* Xenon Flash Thermal Diffusivity System
+ Fast room temperature measurements
* Hot Disk Thermal Constants Analyzer
* Portable
= RT to 650°C
* ULVAC Thermal Diffusivity of thin Films

Oak RIDGE NATIONAL LABORATORY
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U. 5. DEPARTMENT OF ENERGY UT-BATTELLE

IR Imaging and Sensing

* Phoenix MWIR Camera (1.5 — 5.0 pm) l
* Phoenix NIR Camera (0.9 to 1.7 pm) [ 1
- Radiance-HS IR Camera (3 — 5.0 pm)
* Fiber Optic Coupled 2-Color IR Detector
= Up to 100,000 measurements per second
* 3-5 pm and 8-12 pm
* Omega IR Camera (7.5 - 13.5 pm)
* Alpha IR Camera (7.5—13.5 um)
» Hyperspectral Lens (3 -5.0 pmgs-n:‘}‘( .

* Microscope Lens (3 — 5.0 ym)

* InGaAs Spectrometer (0.9 —2.5 um)

* SM-240 Spectrometer (200 — 1050 nm)

* ThermoSonix NDE System <3<
!z,',\f‘l

Ok RIDGE NATIONAL LABORATORY
U. §. DEPARTMENT 0F ENERGY

e
UT-BATTELLE

Our Unique Capabilities Enable Quantitative Analysis Under
Simulated Process Conditions

This project utilized the high-
speed data collection on the
Scintag PADX and PANalytical
X'Pert Pro diffractometers. The
} Cs.e different detector and furnace
3 ome options on these instruments
} e, were complementary and
enabled a range of kinetic data

} ST o be collected.

This plot shows the evalution of a glass/Cu/Se bilayer film on
heating in air to 470°C. At around 160°C the CuSe, phase
forms, but at higher temperatures volatization of selenium
produces Cu-rich phases.

Oak RInGE NATIONAL LABORATORY
U. 5. DEPARTMENT OF ENERGY
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UT-BATTELLE

of Capabilities for Mechanical Testing & Analysis

a g B 5 u i

structural and multiaxial testing
SO PhERER e SiiEss nanas
U. 5. DEPARTMENT OF ENERGY

O e SO0
UT-BATTELLE

Thermal Analysis

* Simultaneous Thermal Analysis
* Small specimens up to 1500 °C
* Dual Push-Rod Dilatometer
* Upto 1600°C
* Concurrent Thermal Analysis
* Large specimens up to 1700 °C
» High Temperature DSC
= Upto1650°C
* Vertical Dilatometer
« Up to 2400 °C
* ULVAC ZEM-2 for High Temperature
Seebeck Coefficient and Electrical Resistivity
Measurements
« -80°C to 1000°C

Oak RIDGE NATIONAL LABORATORY
U. 5. DEPARTMENT OF ENERGY

Diffraction User Center Has X-Ray,
Synchrotron, and Neutron Capability

Several laboratory systems up to 18KV with
furnaces, atmosphere control, position-
sensitive detectors

NSLS at Brookhaven National
Laboratory, beamline X-14A,
with furnace, atmosphere control

Beamline HB-2 at the High Flux Isotope
Reactor at ORNL, with furnace and
Atmosphere control

OAk RinGE NATIONAL LABORATORY
U. S. DEpARTMENT 0F ENERGY

B i, i R
UT-BATTELLE

X-ray Stress Mapping of Cast Engine
Blocks Demonstrates Mapping

+ Two engine blocks in as-cast
condition Plots of surface stresses for the as-cast
[ and heat treated engine block were
penerated The applied color scheme
| was equally scaled for visnal
comparison of the different heat

+ Three blocks were heat treated:
230, 248 and 270°C for 4 hours

Material Properties < et
+ Die cast SAE 383.0 (UNS e i [r—
A03830) alloy aluminum o
*  Young’s Modulus = 70 GPa The main
+ Poisson's Ratio = 0.33 hearing
i saddle o c
TEC Mapping was the )

+ 33 locations in bearing saddle [EI=E | g—
* Hoop and radial stresses e P » / \
measured for stress p
1 5 mapping. "
™ -
@
Oak RinGe NATIONAL LABORATORY /\C\“‘
U. §. DEPARTMENT OF ENERGY UT-BATTELLE



The HTML:

Contributing to the
solution of the Nation’s
materials problems

www.html.ornl.gov
laracurzioe@ornl.gov

Oak RIDGE NATIONAL LABORATORY
U. 8. DEPARTMENT OF ENERGY UT-BATTELLE
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INNOVATIVE SEALS FOR SOLID OXIDE
FUEL CELLS (SOFC):VISCO-ELASTIC SEALS

Raj N. Singh

Department of Chemical and Materials Engineering
University of Cincinnati, Cincinnati
OH 45221-0012

Supported by DOE-SECA Program (Drs. Mani Mannvanan and Travis
Shultz, Project Managers) and University of Cincinnati

SECA Workshop, San Antonio, August 7-9, 2007
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PROGRAM OBJECTIVES AND
ACCOMPLISHMENTS

® Phase-I
4+ Select self-healing glasses for functionality as seals for SOFCs
4+ Demonstrate functionality of the self-healing seals by leak tests
4 Measure stability of the self-healing glass in SOFC environments
+ Develop approaches to toughening sel{-healing glasses as seals for SOFs
4+ Survey commercial glasses suitable for making seals for SOFCs

® Accomplishments
+ Developed glasses displaying self-healing ability

4+ Demonstrated ability of self-healing glasses in sealing components through
leak tests over a range of temperatures between 25-800°C

+ Achieved 300 thermal cycles between 25-800°C without leak of seals and
accumulated 3000 hours of hermetic seal performance at 800°C

4+ These results provide great promise towards meeting SECA goals of seals
for SOFC.

@ @

PROGRAM OBJECTIVES AND
ACCOMPLISHMENTS

® Phase-11
4+ Develop self healing sealing glasses and demonstrate long-term stability
4 Demonstrate toughening of glasses by fiber/filler reinforcement
4 Demonstrate seal durability of self-healing and reinforced-glasses
4 Demonstrate and transition sealing technology to SECA team

® Accomplishments
4+ Determined stability of the sealing glasses and glasses with fillers

4 Demonstrated ability of reinforced self-healing glasses in sealing
components through leak tests at temperatures between 25-800°C

4+ Achieved =1500 hours of hermetic seal performance

4+ Measured DC electrical resistance/resistivity of sealing glass over 25-
800°C

4 These results provide great promise towards meeting SECA goals of seals
for SOFC.

l(‘-[‘ Raj Singis 2007 -l(a_:

POSSIBLE APPROACHES TO SEALS FOR SOFC

® Rigid Seals

4+ Glass-Metal, Ceramic Polymer-Ceramic/Metal, Brazes: require stable
glasses, brazes, preceramic polymers

+ Low leak rates but susceptible to failures due to stresses
+ Feedback to materials and seal concept modifications to reduce stress
buildup and avoid failure
® Compliant Seals
+ Bellows, Viscous Glass, Wet-Seals (MCFC): require flexible seal designs,

stable glasses with appropriate viscosity over a range of temperature, wet-
sealing materials and their containment

+ Moderate leak rate, some concepts may require pressure
® Our Approaches for Seals
+ Seclf-Healing Glass Seals 1 7
+ Reinforced-Glass Scals
+ Layered Composite Seals

@ .

INTRODUCTION

® Requirements of Seals for SOFC
+ Electrochemical-insulating to avoid shorting

4+ Lowest possible thermomechanical stresses upon processing, during
heatup. cooldown, and in steady state/transient operations

+ Long life (40.000h) under electrochemical and oxidizing/reducing
environments at high temperatures ~600-850°C

+ Low cost

® Type of Seals
4 Ceramic-Ceramic (Electrolyte-Ceramic Insulator)
+ Ceramic-Metal
4+ Metal-Metal
4 Rigid and/or Compliant
4 Chemical/Mechanical/Liquid

17 e e 17

DEMONSTRATION OF SELF-HEALING ABILITY
AND SEAL DURABILITY BETWEEN 25-800°C IN
DUAL ATMOSPHERE

Pressure inside the seal: 740 Torr. Atmospheric pressure 760 Torr.
—_ Cyele 8271
a o Cycle 8270
e e T e i Cycle #265
T
S h——d—k i ki Cycle#260
=4
g = E S
2
£ it P —— 7Y )
o
i Cycle 4240
Cycle 8237
Boge 25
o B P 100 120 10

= a0
Time (Minutes)

® Self-healing in 271 cycle of leak in 270 cycle/2900 h

@ @

SEALS FOR PLANAR SOFC

[ Metal Interconnect
Metal-Metal Seal —*
Metal Frame
Electrolyte J- Ceramic Spacer
Ceramic-Metal Seal
: / : Metal Interconnect
I-“- [ | Metal Endplate

||

Fuel Air Air Fuel

® Metal-Ceramic and Metal-Metal Seals Must Work at 650-850°C in Corrosive
Environments of Fuel and Air

@ @

A SELF-HEALING SEALING CONCEPT
FOR SOFC

® Rationale: A glassof a Propriatc characteristics can self-heal the cracks created
upon thermal cycling and/or stresses created during SOFC operation. In addition,
thermomechnical incompatibilities between ceramic and metallic materials
requiring seals/joining can be alleviated using a self-healing glass seal.

® Advantages: Materials with dramatically different expansions can potentially be
used for seals because this approach can alleviate/minimize thermomechanical
stresses and chemical reactions. The leaks developed upon SOFC operation and
thermal cycling can be repaired in situ by the self-healing concept.

@® Challenges: Develop appropriate glasses which satisfy thermomechanical and
thermochemical compatibilities, remain stable for long-time, and maintain self-
healing capability.

® Approach: Thermophysical and thermochemical property measurements and
optimization,self-healing ability, and leak testing to demonstrate self-healing seals.

@ @



OBJECTIVES

@

® Demonstrate Stability of the Self-Healing Glasses under
SOFC Environment

® Fabricate Glasses with Fillers and Fibers and
Demonstrate Stability and Sealing Behaviors

® Describe Performance of Reinforced Glass Seals and

ctrical Properties of Glasses

Raj Singh

2007
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A SEAL PERFORMANCE TEST SYSTEM

[

()

R o o *Furnace
Data
YSZ‘\ Low Acquisition
o Pressure
- e \
Crofere__ |
| — @’j
304
F -
stainless High
steel Pressure

L= o [=) o

(=]

e Continuous monitoring of leak test conditions

Raj Singh-2007
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STABILITY OF THE GLASS TO 800°C IN AIR
In Situ X-Ray Diffraction at NETL (Dr. C. Johnson)

HT x-ray data NETL-RSG2-comparisicn

—a00C
——400C2

500C

500 G2

—800C
—8600 G2

A ot o

—700C

Intensity

From ZrO,
substrate

20 30 40
20(Degroc)

50 60

70

@ Stability against crystallization between 25-800°C -
Raj Singh-2007
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STABILITY OF THE GLASS+5%YSZ AT 800°C
IN HUMID FUEL ENVIRONMENT

Intensity (a.u.)

1/

Glass + YSZ mixture annealed at 800°C in humid H,

1000 + ysz
+

200 i +

+ + + +
800
700 1500 hours
- L | Moo
500 N 1000 hours
400 L_.._ it
300 500 hours
200 - A Acamt

As sintered
100
10 20 30 40 50 &0 70 80 0

2 Theta

® Stability against cry

P

stallization to 1500 hours

1/
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EXPERIMENTAL

® Materials

+ Electrolyte Y SZ (Tape Casting and Sintering)

+ Metal (Crofer22 APU)
+ Scalant-Silicate Glass

+ Self-healing Behavior in situ

+ Testing at RT and High Temperatures
+ Lffect of Pressure Drop Across The Seal

® Fabricate Seals Displaying Self-Healing Behavior

® Durability of the Self-Healing Glass and Performance of Seals

+ Effect of Thermal Cycling Between 25-800°C
+ Effect of Test Atmosphere Typical of SOFC
+ Lffect of Time at 800°C on Seal Durability

()

Raj Singh-2007
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STABILITY OF THE GLASS IN MOIST FUEL

ENVIRONMENT AT 800°C

1.50E03
Waeight loss of Glass sample in (Argon + 4% H, + 6% H,0) gas mixture at
1.48E03 800°C
é 1.46E03
S
£
1.44E03
g
@
E 1.42E-03
E
5
; 1.40E03
1.38E403
o 100 200 300 400 500 600 700 800 900 1000
Time (Hours)

@ Calculated insignificant weight loss of 0.53% in 40,000 hours

[
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PERFORMANCE OF THE GLASS COMPOSITE

SEAL AT 800°C

Seal-of Crofer-Gi

s made
& Aftor annealing 100 hours at

 ftor annealing 2000 hours at 800G

with-aluminafibers
= After annealing 50 hours at 00C - After annoaling 75 hours at 800C

so0c
at 300G

« Aftor snoaling 1500 hours at 800G - Aftor annoaling 1750 hours at 800G

Pressure (Torm)

()

100 200 300
Time (Minutes)

® Hermetic seal performance after 1750 hours
Raj Singh-2007

00 500 600
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STABILITY OF THE GLASS+5%YSZ AT 800°C

IN HUMID FUEL ENVIRONMENT

Glass and (Glass + YSZ)

14

Expansion (ppm)

Glas as sintered

Tass + Y52 as sintered

i
= T Glass + V52 a8 annealed atB00°C for 1500
o \ " hours

A

L

Glass+ YSZ as annealed at 800°C for 1000
hours

H

&

asy aso 50 6m 750 B30 850 1050 50

Temperature (°C)

® Stable expansion behavior for 1500 hours
Raj Singh-2007
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DC RESISTANCE MEASUREMENTS OF GLASS
BETWEEN 25-800°C

R vs Time plot of Glass ot Room Temperature MR vs Time plotof Glass & A T =80 C
wEw wEer  L0EN 12
—m Ao otap 11 —rm
e P Ly .
e mEn —— 10
W Tz g
o Exienlsesabince s s o 14 CHEME 2
o l g _
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H h ] P
i ' 2 5 mew -
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= 20E
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- @ High DC Resistance to 800°C -
l@' Raj Singh-2007 l(i'

Reslatance ()

SUMMARY

@ A self-healing sealing concept is further developed for SOFC
to satisfy significant thermochemical and thermomechanical
incompatibilities among materials requiring hermetic seals.

® Stability of the self-healing and reinforced glasses were
measured by x-situ experiments at 800°C for times >1500
hours and demonstrated stability.

@ Performance of the self-healing seals with fibers for ~1750
hours was demonstrated via leak tests as a function of
temperature.

@ Long term stability and leak test results demonstrated
promise of the self-healing seals for potential applications in
SOFC.

@

Raj Singh-2007
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DC RESISTIVITY OF GLASS BETWEEN
25-800°C

In p{Q2-cm)

[

Resistivity vs Temperature plot of Glass

Temperature (°C)

800 700 600 500 400 300 200 100 0
30
25
20 /
15
g

10

5

0

0.8 13 1.8 23 28 3.3
10%T(K™)

@ High DC Resistivity to 800°C

Raj Singh-2007 IQ['

PROGRAM OBJECTIVES-Phase II

[

4+ Develop additional sealing glasses and demonstrate long-term

stability
+ Demonstrate toughening of glasses by fiber reinforcement

4 Demonstrate seal durability of self-healing and reinforced-
glasses in SOFC tests

4+ Demonstrate and transition sealing technology to SECA team

Raj Singh-2007 l@
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Glass Composite Seals for Solid
Oxide Fuel Cells

Ronald Loehman and Erica Corral

Sandia National Laboratories
Albuguerque, NM USA

SECA Annual Review, San Antonio, Texas August 7-9, 2007

This material is basad upon work supported by Contract DE-AC4-94 AL 85000 from the Department
\ of Energy National Nuclear Sacurity Administration, and NETL and SECA under Award Number
GE250, A Manivannan, manager

Summary and Conclusions

+ Glass composites are a versatile technique for
sealing SOFCs

+ The method has been demonstrated for a range of glass
and filler compositions

+ Glass and filler compositions can be optimized
independently

+ QOur borate and borosilicate sealing glasses exhibit long-
term stability at 750°C

+ They make strong, leak tight seals to ferritic stainless
steel alloys and other SOFC materials

Sandia Mational Labs - Advanced Materials Laboratory

The SECA goal of 40,000 hr stack lifetimes places
extreme demands on SOFC materials

SOFC seals are subject to severe materials constraints

Function. Property

HT stability decomposition, vaporization
chemically stable interfacial reactions

mechanically stable adhesion at temperature

insensitive to thermal cycling thermal shock resistance
stress tolerant accommodates CTE mismatch
no gas leaks hermeticity

Sandia Mational Labs - Advanced Materials Laboratory

We have evaluated a variety of glass and filler
compositions for SOFC seals

Glass family: Mg-Ca-Ba-La-Al-Si-B-O

Glass Properties: T, from 510 to 735°C

CTEs from 7 to 11.5x 10 %/°C

7 from 45 to 600 MPass

Additives: YSZ, AlLO,, Ni, Cr, Ag

Sandia Mational Labs - Advanced Materials Laboratory
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Outline

+ Introduction to composite seals

* Measurement and control of seal properties
» Glass composite viscosity and flow
= Seal material stability
+ Seal strengths

= Conclusions

Sandia Mational Labs - Advanced Materials Laboratory

Composite seals are attractive because chemical and
mechanical properties can be optimized
independently

Initial pellet
shape

Glass 14A - YSZ powder mixtures
heated on Ebrite stainless stesl
for 10 min at 850°C Percentages
indicate the volume of YSZ
powder in composite

The Concept
« A deformable seal based on glass flow above its T_J
« Wetting and reaction controlled by glass chemistry
« Control viscosity and CTE with powder additive
« Slight flow to relieve stress, heal cracks
« Composite is rigid enocugh to remain in joint
Sandia National Labs - Advanced Materials Laboratory

We have sealed different SOFC materials with our glass
composites

Anodel/Glass-Agld10 ss

410/Glass-Ag/410 ss

Sandia Mational Labs - Advanced Materials Laboratory
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We measure and optimize properties of glass-powder
composites using a high-temperature furnace with in situ video
capabilities

Fumace chamber

Temperature to 1750°C in air

+ Non-contact, optical
measurements

» CTE measurement

« Contact angle measurement

* Viscosity determination

* Loaded sintering

» Thermogravimetric analysis

* Ouidation studies

Sandia Mational Labs - Advanced Materials Laboratory

Glass wetting and spreading behavior can be
controlled by addition of filler powder

Wetting and spreading data are needed to design sealing cycle
180

T T T T

160 4

&___,_,-___.___&_ Fillers increase
i viscosity and

1204 apparent contact
g . angles.
B w4
E L Transition to non-

148 + Bvol% 2102
14a + 10vol% Zro2|
|—— 142 + 20vol% 2102

spreading behavior
at higher powder

volume fractions

50 700 150 800 850 800
Temparsiure ('C)
Sandia Mational Labs - Advanced Materials Laboratory

Addition of ZrO, powder systematically increases
composite viscosity

Such data allow rational design of composite seal compositions
1n

. =—Pure glazs 14a
1004 % — 142 + 0% voi'% ZrO2
2 . — 14a + 10 voi% Zr02
& — 140 + 20 voi%% Zr02
W w N Tda + 30 volte Zr02
g p ——— 142 +40 voi% 2102
n=|1+ 5 - R
¢/ £
1-| */ . g
/ ¢mm ; - b = =i 4
& = 1/particle size,
olo,, = particle 0
packing density e tm e em @0 70 T 120
Temperature ("C)

Sandia Mational Labs - Advanced Materials Laboratory

Long-term and functional tests show seal stability

» Glass and composite stability and reactivity
vaporization with time at temperature
crystallization
reaction at joined interfaces

= Seal strengths
at room temperature after thermal cycling
at 750°C

Sandia Mational Labs - Advanced Materials Laboratory
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Strain rate measurements give uniaxial viscosity,
which is necessary for SOFC design and modeling

Fz_. applied force

X

1]
N

1
n=viscosity h, height |

o=stress
A=area

S
la

-
E=strain rate é? Ag s Py
Assumptions: At ha
1) MNewtonian flow i -
2) Constant shear rate Eutrah rabe hei height
throughout specimen geintime  h;=oringinal height

Sandia Mational Labs - Advanced Materials Laboratory

Temperature variation of glass viscosities show
expected dependence on T,

2

T,=595'C

Viscosity (MPa 5}
-

-

T,=576C 1 _seqc

B0 100 !:'l: 740 TED
Tamparature {"C)

Sandia Mational Labs - Advanced Materials Laboratory

Addition of Ag powder also systematically
increases composite viscosity

T T T T

124 ——Glass 39

—— 39 +5volh Ag
— 30+ 10 vol% Ag
39 4 20 vol% A

Viscosity (MPa 5)

640 50 L] 00 T30

Temperature (C}

Sandia Mational Labs - Advanced Materials Laboratory

XPS depth profiles show near surface

compositions unchanged after 2000 hr at 750°C

Glass14a after 2000hr

anneal

Glass14a, as-cast

Heated In air at 750°C

300x700 pm area analyzed



XPS sputter depth profiles show borate glass
compositional stability at temperature

o E-‘alass 1 _4a heftg_d ff.:_r 2000 hr at 750°C in air

o X0 - L] an wm 2 1en B0
Sandia National Labs - Advanced Mateitsts BwBd¥atory

Extrapolated weight losses show stability of
composite sealants after 40,000 hr operation

Percent weight loss [%]

Sandia Mational Labs - Advanced Materials Laboratory

Sealing glasses show low weight loss after heating in
simulated steam

In WET H, at 750'C

01 4

0084 [—Taapes

o[\a{ i 12 et

pord  [——t7 s

o084 [t 17 mett

005 {

004 4

oo 4 =
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0

] 5 00 150 20 20 30 30 400 450 500

time (hr)

Sandia Mational Labs - Advanced Materials Laboratory

XRD shows formation of Ba,Ca(BsOg), phase in
2000 hr samples

However, DTA experiments suggest crystallization occurs during the
brief 900°C seal cycle and not subsequently at 750°C

Glass 14a + Ag
sealed at 800°C and
| - heated at 750°C for
2000 hr

Glass 14a + Ag
heated to 750°C for

-
20 min and cooled to
RT
L AT A Crystallization accounted
for by adjusting amount
Sandia Mational Labs - Advanced Materials Laboratory of added filler

Low weight losses show sealing glasses are stable
in long-term heating in air at 750°C

In AIR at 750°C

Sandia Mational Labs - Advanced Materials Laboratory

We are conducting long-term tests of composite seal
material stability in a simulated steam atmosphere

-ww&mmmwnuunmmmw

Sandia Mational Labs - Advanced Materials Laboratory

Microprobe scans show glass compositional stability
after 500 hr at 750°C

Sandia Mational Labs - Advanced Materials Laboratory

After 2000 hrs at 750°C, glass 14a contains the
same Ca-Ba borate phase as when initially sealed

li Ca-Ba borate phase
|

14a+Ag (4-Tum) \\ - Residual glass
after 2000hr in air at 750°C - N

Sandia Mational Labs - Advanced Materials Laboratory



Gas pressure test is used to detect leaks and
measure seal strengths

—From;
-
supply
+Room temperature test
assumes that flaws at
operating temperature will
likely persist at RT.
Mastor -
=2l To test for leaks as well as
Frieg strength.
Pressure Ca +Test to failure (i.e. air bubble
"\;‘;‘: leakage), up to 4 atm (60psi)

i «Determine stress per unit

bond (sealed) area at failure,

Glass composite seals are inherently self healing

Glass-Ag composite seals are strong after repeated
thermal cycles

410/Glass-Agi410 ss 410/Glass-Agi410 55

Reheated o
sealing tempenture
—

850°C for 10 min,

Essential requirement is a continuous glass network with a T, ~ 100 to
200 “C below the desired sealing temperature

Sandia Mational Labs - Advanced Materials Laboratory

Summary and Conclusions

+ Glass composites are a versatile technique for
sealing SOFCs

+ The method has been demonstrated for a range of glass
and filler compositions

+ Glass and filler compositions can be optimized
independently

+ QOur borate and borosilicate sealing glasses exhibit long-
term stability at 750°C

+ They make strong, leak tight seals to ferritic stainless
steel alloys

Sandia Mational Labs - Advanced Materials Laboratory

SS410 - SS410 seals taken to 750°C and tested at room temperature

No. of Bond Avg Pressure | No. heat | Avg Strength®
samples | thickness | kPa (psi) cycles ea. | Nfmm? (psi)
2 |022mm >413.7 (60) 10 |0084(122)
5 |022 1 >a13780) | 9 |0126(18.3)
5 b 022 >413.7 (60) 2 0.129(18.8)
1% 053 =413.7 (60) 3 0.126 (18.8)
1 [1.02 >413.7 (60) 2 0.124 (18.0)
2 045 38.3(5.7) 1 0.010 (1.5)
2 022 34.9(5.1) 1 0.0088 (1.3)
* Metal etched before sealing # failure siressibond area

Sandia Mational Labs - Advanced Materials Laboratory

Pressure tests at 750°C show strength of
composite seals

Test surface after

Fumace lowers over test rig
1 | % at-temperature
debond
Mo, of Avg failure HAvg failure
samples pressure strength™ 750°C
2 52.4£2.9 kPa, 012 Nimm?
7.8+ .85 psi 18psi
3 97.2£10.6 kPa 020 Nimm?
14,141 5 psi 28psi
3 Held 3 psi for 30
min at 750°C |
* Etched 410ss @ stress/bond area

Sandia Mational Labs - Advanced Materials Laboratory

Future Work

« make seals to 441 alloy

continue evaluating long-term stability

« obtain more strength data, particularly at
temperature

« evaluate seals using PNNL test bed

Sandia Mational Labs - Advanced Materials Laboratory



Thermochemically stable sealing
__glasses for solid oxide fuel cells

Richard Brow, Signo T. Reis and Teng Zhang

Materials Science & Engineering Department -
The Graduate Center for Materials Research
University of Missouri-Rolla
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U.S. Department of Energy's National Energy Technology
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‘Bulk’ glasses lose weight in wet,
reducing conditions

o L | In general, weight loss
o - - L| rates increase with:
S e T + Greater
= é T ——m | temperatures
2 Y7 ———__ T | Greater p(H,0)
@ =2y L |+ Greater B,O,
o i contents in residual
;.En —0— (27, 3% wet forming gas B J‘_ glassy phase
@ m— G27, 30% wet forming gas
2 0 G57, 3% wet forming gas G27: 2m% B.O,
—e— G57, 30% wet forming gas GS57: 30m*% B,0,
—3.0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8
days at 800°C
-E‘i:'.‘:f:’]-‘f}_'f{ 3 [—— Universify of Missourl-Rolla

Oxide volatilization was studied by
thermochemical analyses

B-O Vapor pressure diagram At 800°C in dry air,
PO BO, (g) has the
£ highest equilibrium
@ 5 vapor pressure for
8 B,0,(1) por b
- any common glass
€ 10| Blen) constituent
a 0,(g) B,O
o 27z 0:(0) BO,(g) | Vapor log P,
c; 15 Species | atm.
8 i BO, -98
2Bfg) a.lrl ZnO -10.5
.50 40 .30 .20 <10 0 SiO, -18.1
Log PO.(log atm -
g 2(log ) Sro -19.4
':!EL:;.::{’].‘S‘,_‘T.' v pa— Univarsity of Missourl.Rolla

Summary

» Borate species are most volatile at 800°C in dry oxidizing

and wet reducing environments.
« Silica-rich surfaces form, >50 nm

« Chromate formation at 800°C in air appears to be reduced
by the presence of ZnO in the sealing glass.
+ ZnCr,0, formation may compete with the chromate

reaction

+ Glass crystallization rates increase with decreased particle

sizes

+ Competition with viscous sintering to create dense seals
« Seals made with thermo-mechanically stable glass-ceramics
survive thermal cycles between 800°C and room

temperature

* Ceramic (YSZ or Ni-YSZ) fails after 30-60 cycles.

TECR Troge Mo P
S Artor, TE BNOGT 2] .

University of Missourl-Rolla

Oxide volatilization was studied by

thermochemical analyses

Thermochemical equilibrium models of oxide phase diagrams

«Consider transition free energies

+JANAF data sets for all oxide glass constituents

Varied p(O,) or p(H,O)

*Model SOFC operational conditions

«Construct volatility diagram under SOFC operational

conditions

L AL [rre—

University of Missouri-Rolla

Oxide volatilization was studied by

thermochemical analyses

P(0O,) fixed at 10" atm (forming gas)

5 B-H-O Vapor pressure diagram
E B,H,O,
w™ 04
o
ie]
—_— L]
2 5
P EHO,
W
<
o
o 101
3 30% H.O
15
-1

o 8 6 -4 -2 0 2
Log P(H,O) (log atm)

800°C, wet reducing
environments,
B;H;0; (g) has the
greatest equilibrium
vapor pressure

Mote: B-, Zn-, Sr- and Ba-species vapor pressures
are 10°-10" times greater under these conditions

Vapor log P,
Species | atm.
B.H.O, 25
Zn () -2.8
Ba(OH), | 59
Sr(OH) 5.0
Si0o -17.6
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Constituents volatilized from glass
surfaces have been identified

cooooeoco | ‘'offgas’ collected
9ON,/10H,  ————— in water trap
S = | ) >
1. Water analyzed
bubbl::d through ccococooco | by ICP-OEM
70°C water
Samples held at 2. Sample surface

800°C for several days examined by XPS

Samples include:
* ‘bulk’ glasses (ICP tests)- G57
+ glass-coated YSZ (XPS)- G57

ST Tram e
Sa Ankorso, TX SNGET (7]

rowune adu University of Missouri-Rolla

XPS confirms that boron volatilizes
from the glass surface

Glass 57-coated YSZ
70 AS-SEALED ‘As-sealed' in air at 850°C

B85

1] e —— e gy

\ Al

5] Ca
T c 1

100 200 300 400

ETCH TIME (SECONDS) Note: Sr analyses not included
Ar-ion etch rate ~1 A/sec

NORMALIZED CONCENTRATICN

ST Tram e
S Ankor, T SNGET
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Is boron volatilization a
problem?

+ Exposed surface area in seals is small
* Crystallized glasses volatilize more slowly

+ Glasses with lower borate-concentrations volatilize more
slowly

0.07 1] &

Forming gas, 3%H.0
B800°C, two weeks
Nominal composition: 2 10 a0 30 40
205r0-20Ba0-xB,0,-(60-x)5i0,

mole% B‘O‘

ST Tram e
Sa Ankor, T SNGGT

rowune adu University of Missouri-Rolla
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ICP identifies boron as a
significantly volatilized constituent

0.14
» Glass 57

0.12 + Forming gas with

0.1 [l Baseline H  30% H,0
0.08 M Heat-treated = 800°C for two days

. * lon concentrations
0.06 (ppm) in water trap
0.04} by ICP-OES
0.02

0 e
B Ca Sr Zn
(ppm) (ppm) (ppm) (ppm)
':!EL;;._?:::-;_&:-:I- g [—— Universify of Missourl-Rolla

XPS confirms that boron volatilizes
from the glass surface

Glass 57-coated YSZ after
Heat-Treated two days at 800°C in wet
0 forming gas
As- Heat-
sealed | treated

B [0.15 |0.03
Si |0.05 |0.17

/J—r———’—i" Ca [0.06 [0.05
§ Ca
\dBC Atom fraction- 300 s sputtering

The B-depletion layer
extends beyond ~60 nm (the
limit of this experiment)

-
o

@
w

NORMALIZED CONCENTRATION
&
j l

)

o T - - - o
] 100 200 300 400 S0 GO0 YOO

ETCH TIME (SECONDS)
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Cr,0; can react with sealing glasses

e

GH7(13Z00) GH#S0(4Zn0)

o

e RO

(Sr/Ba)CrO, forms at the glass/steel interface in oxidizing- Eondiﬁons-
800°Chtwo weeks in air on 430SS; 200 um thick glass coatings

S trowgur sk University of Missour-Rolla




EDS maps show Cr-enriched surfaces

Glass50/430S8S, 800°C for 2

months in air

=

i T Sp——

University of Missourl-Rolla

"Cré* concentrations in solution are
determined by UV/VIS spectrometry

41 K,CrO, dissolved in DI water

[}

Absorbance {cm’ )

o =

200 250 300 350 400 450
Wavelength {(nm)

Absarbance (cm™)
5 &

o
o

Cr concentration measured 0.0

by ICP-OEM.

0 5 10 15 20 25 30 35 40

Cr”' concentration (ppm)

University of Missouri-Rolla

Reaction free energies provide

useful information

Reaction 1: RO + Cr,0; - RCr,0,
Reaction 2: RO + 1/2Cr,04 + 3/20, — RCrO,
Free energies per mole reactant at 800°C

Reaction 1 Reaction 2
MgO | -27.2 kd/mole . 30.5 kd/mole
Sro nfa | -156.0 kd/mole
BaO n/a -218.2 kd/mole
ZnQ | -58.2 kJ/mole | 109.3 kd/mole

triwiuse achi

University of Missourl-Rolla

We contmue to evaluate new sealing

compositions

What effect does Mn2* have on glass properties? (Similar ion
properties to Zn?*, possibly beneficial interfacial reactions.)

0.08

Temperature ( °C )

{ 870
] ; ;
I 004 a5 Removing TiO,
[ and adding MnO
ooz 670 and B,O, to G50
a2 936 reduces T,.
8
= 0.00
g G50
8 730
=z

-002 T T T

400 600 800 1000

-

Trisgraem Rieview
T BN

et acky

University of Missouri-Rolla
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Cr,0;-glass reaction kinetics are
under investigation

* Cr,O; (10 wt%)-glass (90 wt%) powders

were mixed, thenr

eacted in air for various

times and temperatures
* Reacted samples dissolved in DI water

» Cr-concentrations in solution determined
by ICP-OEM, Cré* determined by optical

spectrometry

'?- i i

University of Missouri-Rolla

‘The chromate reaction rate appears to
depend on glass composition

I S-S

200 250 300 350 400 450
Wavelength (nm)
Increasing the ZnO-content

appears to reduce the
chromate formation rate.

« Glass/Cr,O, reaction couples
+ 820°C/24 hours in air
+ 10 mg sample dissolved
in 100 mi DI water

|GH#78 (25.5% Sr0)
®GH#36 (26.5% SrQ)

T

=l

20 u GH#S0 (25.5% S5r0)

i ®GH27(18.5% Sr0)
Q03 = GHT4 (32% Sr0)
‘th -
O o1 GHT7(25% SrO)

0 5 10 15 20 25
ZnO-content (mole%)

Eriune sy University of Missouri-Rolla

Cr/Mn-rich phases form
at glass/metal interfaces

28% Cr, 1% Mn, 5% Zn

G27/43088S at 800°C for 2 months in air

Eriune sy University of Missouri-Rolla

New sealing compositions are thermally stable
134
3 12+
S
S 44! f 11 5
w o
- 10 s G#50 (900°C, 1h)
.2 —m— G#81 (850°C, 1h)
0 10 20 30 40 50 60

time (days) i

Electrical properties are

n air at 800°C

presently being evaluated

SECA P Riveeee
Sars Arkor, T SN (20

oo ach) University of Missourl-Rolla



Seals are initially hermetic after
multiple thermal cycles

. Sealing materials Test conditions | Notes
I 43055/G81/Ni-YSZ wet forming gas | Hermetic after four cycles
(glass tape)

43038/GB1/YSZ air
| (glass tape)

Hermetic after four cycles

(24 hour holds at 800°C, then cool to room temperature at 2°C/min
for helium leak test)

MnQO-medified glass: glass
sealed at 850°C/1 hour NiYSZ
43055

-E”;.-‘,'.‘Jf.']fm-.- in e —— University of Missouri-Rolla

The glass particle size affects the
sealmg condltlons

“' Glass#50-common lot }
. Sintered monoliths
Powder size 2. 3um h’;{

Powder size 10um ‘ \ ','(-"
Lo B

Powder size 45um

Sealing Profile: in argon
850°C, 2h { Heating: 5°C/min)

Sealing Profile: in argon
900°C, 2h ( Heating: 5°C/min)

-E“Z?Jf.f'] AT 20 pea——— Univarsity of Missourl.Rolla

Summary

« Borate species are most volatile at 800°C in dry oxidizing
and wet reducing environments.
+ Silica-rich surfaces form, >50 nm
+ Chromate formation at 800°C in air appears to be reduced
by the presence of ZnO in the sealing glass.
+ ZnCr,0, formation may compete with the chromate
reaction
» Glass crystallization rates increase with decreased particle
sizes
+ Competition with viscous sintering to create dense seals
« Seals made with thermo-mechanically stable glass-ceramics
survive thermal cycles between 800°C and room
temperature
+ Ceramic (YSZ or Ni-YSZ) fails after 30-60 cycles.

TECK Trogem R

o Arforis, T BN (24 e ot University of Missouri-Rolla
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We continue to evaluate manufacturing
conditions

Glass #50
23um DTA indicates a
) T 862 T,:923 dependence of
| particle size on
2] oy £ crystallization
w Tg897 AT, 840 behavior
Ty 10pum ~
ug D ra ~f v
- T - »
< [ -
45 53pm o
500 600 700 800 900 1000
Temperature ( °C)
e —— University of Missour-Rolla

‘slntenng Kinetics’ studied by a hot-stage
microscopic technique

G#27, 10pm , 5°C/m

T=2%C TFS=723°C \TMS=

BT

fast den5|f|cat|on
L L ]

TD= 847°C THB=1171°C TF= 1187°C

TFS: first shrinkage Temperature from HSM;

THS: maximum shrinkage temperature from HSM;
TD: softening Temperature from HSM;

THE: Half ball Temperature from HSM;

TF: flow Temperature from HSM

When combined with DTA,
these experiments provide
valuable seal processing
information.

-E“Z?Jf.ﬂ YT e —— Univarsity of Missouri-Rolia

Future Work- December 2007

+ Boron-loss kinetics are being evaluated
* Time-temperature-pO,-p(H,0O) effects on weight loss and
surface chemistry
+ Crystallized phases versus residual glass
+ Chromate reaction chemistry will be defined
» Time-temperature effects on Cr8* formation
* Does ZnO (or MnO) impede chromate formation? How?
» Crystallization and densification rates: optimizing processing
conditions
« Seal performance- materials evaluation in test stacks (w/
Harlan Anderson)
+ Are there other compositional modifications that should
be evaluated?

Sha A T N 8 e sk University of Missourl-Rolla



High Temperature Glass Seal

Y-S Chou, J.W. Stevenson, X. LI, G. Yang, and P. Singh
K2-44, Materials Division
Pacific Northwest National Laboratory

Funded under the SECA Core Technology Program
through US Department of Energy’'s
National Energy Technelegy Labeoratory

August 7-8, 2007, San Antonlo, Texas

Pacific Northwest National Laboratory

Banelie U.S. Department of Energy

High-temperature sealing glass

1. Increase contact bonding strength
2. Increase thermal stability
3. decrease interfacial reactions

T‘\Ea'.
1000°C
950°C
AT
Ap"
850°C ’,ﬁ'\
800°C e Touuls'uun
time
Batelie e e ettt ey

ect of pre-oxidation on tensile strength

crofer/fSOTS, psticrofer, 12 512" at RT

9

i <0.5 pm
=7 =
=
g i
4
Es
s, ~1-2pm  ~6-10 ym
E =
s 3 N
2 I
52
H

1

[ — |

none L= 1000 Cizh 1200Cizh
pre-exidatien condidens

Pacific Northwest National Laboratory
LS. Department of Energy

Banelie

Effect of aging and environment

Air: 850°C/500h
Wet and reducing: 30%H,0, 7T0%(2.7H,/Ar) 850°C/250h

ffact of aging on strength, ¢refer/YSOT Slerofer, 172"x 12"

8
. B
g,
= 6
g
i
]
E 4 ——
H
s -
22 -
1 -
] -
e aging 850C/500h alr aged  850C/250N red.aged

Pacific Northwest National Laboratory
U5, Department of Energy
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FY07 Accomplishment

ompleted seal strength evaluation of high-temperature glass.
Evaluated pre-oxidation, aging, coating, and environmental effects
on strength.

Without coating, strength would degrade if a thick Cr,O; oxide
layer present or aged in air. No strength reduction if aged in
reducing gas. Cause for strength degradation was SrCrQ,
formation.

» Alumina coating is effective in blocking Cr; however, the
deposition process needs to be optimized to minimize overdose.

B Spinel coating showed best results with minimum strength
reduction even aging in air.

> Tested conventional and high-temperature sealing glasses in
SOFC environment and 0.7 V DC loading. Conventional glass
showed severe Fe diffusion and rapid increase in conductivity
(830°C/~80hr), while high-temperature glass showed excellent
electrical stability over ~1200hr at 850°C.

Pacific Northwest National Laboratory

Banelie LS. Department of Energy

Mechanical strength evaluation

Effect of pre-oxidation: Cr,O; layer thickness

Effect of different protective coating: Al,O,,
(Mn,Co),0,

Effect of environment: oxidizing, reducing
Accelerated condition:

850°C/500h in air

8500C/250h in 30%H,0, 70%(2.7%H,/Ar)

L K bl

Pacific Northwest National Laboratory

Banelie U.S. Department of Energy

racture initiated mostly from edge flaws

onal Laboratory

Pacific Northwest N,
Us. trment of Energy

Banelie

Fracture surface of aged sample

850°C/250h reducing gas

850°C/500h air
3 i

Presence of substantial amount of SrCrO,

Pacific Northwest National Laboratory
us. tment of Energy

Banelie




Aluminized crofer showed no
chromate formation

Plain crefer

Aluminized crofer
: 2T P ;

Pacific Northwest National Laboratory

Banelie LS. Department of Energy o

ling with aluminized crofer from vapor
phase deposition

Vapor phase deposition followed by heat-treatment at 1000°C/2h air
As-sealed coupons all fractured through glass.
Glass bonded well to aluminized crofer coupons,

Pacific Northwest National Labaralory
Batlelie U.5. Departiment of Energy 1

racture surface of aluminized crofer
aged in air 850°C/500h

More effective blocking Cr: No yellowish SrCrO,

Pacific Northwest National Laboratory

Banelie LS. Department of Energy |
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sile strength of aluminized crofer
from pack cementation

Pack cementation, followed by heat-treatment in air

R i age shiengflL W9
u
; f
T
£ B
- |
H 1
iy g
B
B2
2
'
A :
1000 2
ailatian condtion
Pacific Northwest National Laboratory
Banelie LS. Department of Energy 10

ppreciable amount of Al diffusion

CTE increased from 12.5 to ~15.8 ppm/=C

¥ 200pm ' Electron image 1
Pacific Northwest National Laboratory

Banelie LS. Department of Energy |

RT seal strength of spinel-coated
crofer/YSO75 glass

RT average telbe srength is pinel coating!

average strength, MPa
o - M WwE B ® u e D

plainas-sealed  coatedas-  coated alr aged coared red aged
sealed

Pacific Northwest National Laboratory

Banelie LS. Department of Energy 11



Setup for resistivity measurement

compressive loading Power supply
resistor 2]
z > '\+} 1
séie
Inconel pressing =iasis
fixture L )
S
..@ out
. e =
) hybrid L ]
“3" crofer izt
® glass PR
roter_| ().
1 . seTise
air side
+————alumina support—s
pipe : '
Banelie - e it o Every

ood electrical stability for HT glass on
(Mn,Co),0,-coated crofer22APU

YSOTS spinel costed 0TV (30%WHR0, T0% (2.7 %H2 1N}
1.00E%05
100E+04 {_
1.00E+03
E
£
% om0z
100E+01
100E+00 T 1
o 100 200 300 a00 500 00
hrs @ 850C
Pacific Northwest National Laboratory
Banelie U5, Deguartment of Energy 17

Materials set validation with single cell (2"x2") stack
testing and standardize the design:

Sealing glass: high-temperature, self-healing and
composite.

2. Metallic interconnect: S5441 (standard or low Si),
crofer22APU

3. Protective coating: (Mn,Co),0,, alumina

»  Short-term (200-500h) performance test at 800-850°C

» Short-term thermal cycling test (800°C/24h, cool to
RT)x10

» Collaboration with modeling work

» Strengthening of candidate high-temperature glass with
reinforcement

Pacific Northwest National Laboratory

Banelie LS. Deguartment of Energy 15
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ood electrical stability for HT glass on
plain crofer22APU

Crofer{as-received)/glassicrofer(as-received) @ 0.7V

YSOTS @07V & 20°%H20, 2.7 WH2 i (red32hns), 80°H2 (1=43201s)
e omlage @ 700

—— YSO075 @ 850°C

L] gy e

1LE Lo

1E3
1 Ew2 830°C

e LY Fe diffusion into glassy phase

el

1E400
o 200 0 &0 800 1000 1200
Tas it elevated fompesat o
Pacific Northwest National Laboratory
Banelie U5, Degartiment of Energy 15

aterials set evaluation in 2”x2” singel
cell test @ 800°C

INDEC cell, S5441, spinel coating, LSM contact paste, aluminizing

SEHLYSOTTA, apinel, LSML B el 074 H2 450 seamaly 900 seam

Pacific Northwest National Laboratory

Banelie U5, Degartiment of Energy 15



| INDUSTRY INPUT |

Seal Requiremenis for a solid oxide fuel cell (SOFC) sack.

Sealability
Cnssette-to-casselte
Cell-to-Frame

Must seal hermetically from Hy leakage and air leakage
throughout the lifetime of the SOFC stack (400000 hours,
=250 eveles)

S0-cell stack leak rates nod o exoced [00scem at TEPa at
e lemperature and at operating temp fmas 850°C)

Processing conditions.

Seal must be processed of lemperstune < 1000YC

Conzct paste binder burnowt needs air 1l &00°C

Vacuum or reducing environment not preferred

Application of coatings on the alloy 15 allowable (low cost),

All processes need 1o be compatible with low cost
production methods

Seal must accomimadare ;L"x'q:r'l||'||}' trdefance ml]l,lirl:munl.\,'
of stack — up to -+~ 100um

Electrical Conductivity

Senls need to be insulating {Resistivity =500 Ohm.cm?2 o
higher ar 850°C ) for cassene-to-casselle joint

Cell-to-frame need not be insulating

Darability {targets |

Secals need Ii:-li':',, s stabi !iL:-' at QY for w.fﬂm |1|1ur:1

Seals must withstund 20 minuwtes heat up from ambient 1o
BHIC,

Seals must be stable for =250 thesmal eycles from ambient
o BSOFC,

Chernical Compatibiliy

The seal must be stable in air ai 850,

The seal must be stable in reformue  (CH4 = 10-35%,
Hydrogen 18- 100%, CO 12-50%, C0; 0-50%. H,O vapor
LA conditions at B50°C

Seals must be stable in dual stmosphere conditions
Muest not contain Ma, K

Mechanical

Seal should require minimal load (less than 35 KPa) o
|r|u.i|:|1u.in HE&II

Bonded joint is preferred
Plasticity is destruble 10 meel thermal evele requirements

31




— / Vorsa Power Versa Power Systems
\_/ Systems —

Seal Development and Sealing Priorities
at VPS

SECA Seal Meeting
August 2007

A, Woed, C. Brown, E. Tang and P. Huang (FCE)

\ \/’ Vérsa Power - Versa Power Syslems
Sealing Requirements in SOFC

Development of a high
temperature seal
requires integrated
solutions to these
requirements

— \/’ Vérsa Power . Versa Power Syslems
"= Sealing Interfaces

Interconnect | Seal | Cell bonds after single-cell
tests

7 Versa Power Syslems

Wersa Power
Systoms

Materials Development Achievements

— Ceramic Compression Seals
New stack assembly methods have been developed to
effectively utilise these seals.

Standard seal used in all pilot production stacks since
2002 (Global Thermoelectric)

26,000hr stack repeat unit test used this materials
system

Demonstrated 100 thermal cycles in kW class stack.

Demonstrated Uf =85% in kW class stack.

— /[ Versa Power Versa Power Systems
\/ Systems —

Outline
SOFC Seal Requirements

Seal Development at VPS
Achievements

Cell Tests (GC seals)
Summary

Acknowledgements

— /[ Versa Power Versa Power Systems
\/ Systems —

SOFC Seal Major Developments

1958 | 1999 2000 2001 | 2002 2003 | 2004

gl lc seal
|

| GENZ
Comprassion Seal
| Development
Compressible |

Ceramic Seal
Develapment

Mica Seal
Development

— /[ Versa Power Versa Power Systems
\/ Systems

éeai_[)evelopment

Compression | Compression

i |
s sea seal 1 seal 2

Glass seal

Leak rate
(mlfminfinch in 0.04 < 0.001

air @ Rt)

Compressive
load

Compressibility 36-42% 18-40% 18-40% | High

10" at RT
100 at

Medium ‘ Low

Resistivity i1 10“atRT 10“atRT
{ohm cm) 10HART | 400 a1 1000°C | 108 at 1000"c|

Chemical Goodinair, | Goodin air Good in air Goodin air
stability and fuel and fuel and fuel

Thermal cycle

Rty Good Good Good | Fair

Several suiltable sealing solutions are avallable.

7 Versa Power Syslems

Wersa Power
Systoms

Materials Development Achievements

— Glass-Ceramic Seals
New stack assembly methods have been developed to

overcome contact problems due to glass shrinkage.

250 thermal cycles demonstrated on stack repeat unit
with 85% Uf at 0.5A/cm?

11,000 hrs steady-state testing completed at 0.5A/cm?2
with degradation rate ~1%/1000hrs (11mV/1000hrs or
22mohm.cm?/1000hrs)

5-cell stack ran 12 thermal cycles with =1000hrs steady-
state operation




Versa Power Systems

Standard TSC-2 10x10cm production cells
Stainless steel test igs
Cross flow fuel (H,) and oxidar r} delivery
tion as used in VPS's

Versa Power Systems

C.ell voltage at constant conditions over 250 thermal
cycles

GLO 10T40E; Slandy Stats Col Vollage Degradation Over 250 Theimal Cycles

Lol Dimanaksnt 10 ¢t 106
E

Uf= 0%
Fual = Hydeogen | 3% Water

s mo me

VPS has seal material systemn
many thermal cycles and =10,0
testing

Difficulties arise with
and with materials p

New seal materials may require n sembly and stack
onditioning profiles, in turn affecting requirements of ot
components

Short stack testing is required to assess this criteria adequately

33

Versa Power Systems

GLOB 101405: Steady-State Cell Voltages at Various Fuel Utilisations Over 250
Thermal Cycles

—— e ——
Ut = % Ur= 7o Ur= 7% L= To ||r-rn-;._‘-_#u|_-r}1_""""‘
[CFETY U= 805 U= B0% U= 80% U= 80% Uf= Bi%
s B Utz (LETH Y Az % uls i (LETT S

TAller 171w+ 20m

Aflar 50 16 Arler 190 16w Miber 139 16 Afer 200 TG Wz TEw |
i opeiaion

Co# Dimensions 10 emx fcm =
Ta TS0°C

1= 0 Safem3

st
= a5 specied

1000 2000
Time {mins)

- Versa Power Systems
- Single Cell Longevity Testing of
Glass-Ceramic Seal - 750°C

Trend Data,Gicb 10920
(Gass Seal: 50% Fusl Wilization, 25% Air Wilization, 0.5 Alem2, 10x 10 call)
Oveni3, (October 2, 2002 - Jaruary 3, 2004)

B Degradation rate is approximately
1% per 1000 h (11 mV per 1000 h)

1200 200 3600 4800 6000 TR00 B400 SED0  10BOD 12000

Elapsed Tire, h

Advantage of Glass Seals =
Hermetic fuel cavity Limited Rights Data

Versa Power Systems
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MCFC

» DOE, EPRI, GRI Workshop, Boston, 1988
— Seal is a challenge
— Internal vs External Manifold?
— Pressurized Operation?

« 1995
— 2 MW Santa Clara Demo FCE (ERC)
— What can we learn from MCFC experience?
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Seal Concept

* Have gone through a variety of design
— Sliding Seal
— Compressive Seal
— Compliant Seal
— Rigid Seal
* Mainly depends on stack design
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Seal Material

* What not to use?

« What elements are incompatible with
electrodes?

« Do we need to avoid Si at any cost?

» Do we need to avoid Ag?
— Anecdotal or real problem?
— Perhaps proprietary??

» What sealing temperature range and what
atmosphere are acceptable?
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High Temperature Seal

+ Biggest challenge for planar SOFC

— Remains as a key component for the success of planar
SOFC for over 20 years
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Requirements For Seal

« Determine ‘allowable limits’ rather
than performance criteria

—How good does it have to be?
—How much leak can we tolerate?

—How much differential pressure does
it need to hold?

—What seal geometry?

Seal Workshop! August 2007 4
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Seal Material

» Depends on seal design and
‘allowable limits’
—Felt
—Mica
—Ceramic
—Cement
—Metal foil
—Glass

Seal Workshop! August 2007 [
San Antonio

ceramatec

Question

« Are we |ooking for a single material /
design for all SOFC designs and
applications?
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ceramatec ceramatec

Hot Test Rig (Zirconia on SS

older) Seal Test (Thermal Cycle)
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-
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Evacuated to -10" Hg | P | el L

Valve closed e I = = Y yeag
* Pressure decay test at pressure differential (~ 5 psi)
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Seal Workshop! August 2007 13 S Abtorio
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__ceramatec ___ceramatec
Sealing of Materials Combinations Need Consensus on Specification
. 85-85 * Materials Space
« Zicronia - SS + Seal Requirements & wiggle room
* Gallate - SS » Test Protocol
= Zirconia - :
— Hreahla Independent Evaluation
» Flat specimens when components have
matching CTE (SS-88 & Zirconia-Zirconia)
+ How to handle CTE mismatch? graded seal?
Seal Warkshop! August 2007 15 Seal Workshop! August 2007 16
San Antonio San Antonio
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SOFC Seals

Nguyen Minh

Observations/Results - General

IH

* No “universal” seals —Very much dependent
on cell/stack configuration

* “Short-term” stability

* Failures — very much cell/stack design
dependent and seal design dependent

» Stack failures — cell cracks due to leakages
developed during operation

* Post-test analysis (leakage location,
interactions/migration)
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Background/Experience on Seals for
SOFCs

* Materials

— Cements, glasses, glass ceramics, composites,
brazes

* Designs/methods

— Various method and designs ( gap filling,
clamping, gasket, etc.)

* Stack sizes
—1to 60 cell, 1"x1” to 14" diam.

Recommendations

* Minimize “foreign” materials/species in seals
* Develop designs for lower-temperature seals

* Develop methods of applications/procedures
with improved reproducibility/quality control
* Demonstrate long-term stability (+10K hrs)

* Improve materials/designs that allow/tolerate
changes and variations in stack component
dimensions.
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