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v Glass-sealant for SOFC/SOEC technology: state of the art
(SOFC: Solid Oxide Fuel Cell / SOEC: Solid Oxide Electrolysis Cell)

v’ Self-healing: background — definition
v" Non-autonomous & autonomous self-healing concepts

v Applications: self-healing in glassy sealant

v" Non-autonomous self-healing processing in viscous seal

v" Autonomous self-healing concept for rigid seal

v" Conclusions



Fuel Cell
Type

Polymer
Electrolyte
Membrane

(PEM)*

Alkaline
(AFC)

Phosphoric
Acid
(PAFC)

Molten
Carbonate
(MCFC)

Solid
Oxide
(SOFC)

Common
Electrolyte

Perfivoro sulfonsc
acid

Aqueous solution
of potassium
hydroxide soaked
in & matrix

Phosphoric acid
soaked in a matrix

Solution of
lithium, sodium,
and/or potassium
carbonates,
soaked in 3 matrix

Yttria stabilized
2irconia

ol Colls (DMFC) ar

operating ot 60-90

Operating

Temperature

50-100°C
122-212°F
typically 80°C

90-100*C
194-212°F

150-200*C
302-392°F

600-700*C
M2-1292*F

700-1000°C
1202-1832°F

€

3 Sulnse

at of PEM typically use

Typical Stack
Size

1%W-100 kW

10-100 kW

400 kW
100 kW modulg

300 kW-3 MW|
300 kW
module

1 kW-2 MW

Comparison of fuel cell technologies

Efficiency Applications Advantages Chalienges

60%
transportation
35%
stationary

40%

endd |

small portab

e DOwer ap

Backup power
Portable power
Distributed
generation
Transportation
Specialty
vehicles

Mditary
Space

Distributed
generation

Electric utility
Distributed
generation

Awxihary power
Electric utility
Distributed

generation

Solid electrolyte
reduces COrrosion

& clectrolyte
managemeant problems

* Low temperature
* Quick start-up

size range of

Cathode reaction
faster in alkaling
electrolyte, leads to
high performarce
Low cost components

Higher temperature
enables CHP
Increased tolerance to
fuel Impurities

High efficiency

Fuel flexibisity

Can use a variety of
catalysts

Suitabie for CHP

High efficiency

Fuel flexibdity

Can use a variety of
cotalysts

Solid electrolyte
Suitable for CHP &
CHHP

Hybrid/GT cycle

Expensive catalysts
Sensitive to fuel
impurities

Low temperature
waste heat

Sensitive to CO, in
fuel and air
Electrolyte
management

Pt catalyst

Long start up time
Low current and
power

High temperature
corrosion and
breakdown of cedl
components

Long start up time
Low power density

High temperature
corrosion and
breakdown of cell
components

High temperature
operation requires
long start up time
and limits

about 3 subwatt 10 250 W a
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UCCS::: Comparison of fuel cell technologies
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Fuel Cell Common Operating Typical Stack < 3 . Z
Type Temperature
* Backup power :
* Portable power Sokd electroiyte * Expensive catalysts
- 60% reduces Corrosion
50-100°C - « Distributed + Sensitive to fuel
Electrolyte RNtiPRERIEIES . transportation & olectrolyte
122-212°F 1kW-100 kW generation impurities
Membrane G typically 80°C 35% o Transportation management problemns - Lo Aeaaratoe
(PEM)* ypicaty stationary * Low temperature iz
« Specialty waste heat
* Quick start-up
vehicles
Aqueous solution AR Sacn * Sensitive to CO, in
PAUFUET I of potassium 90-100°C 10-100 kW 60% o Mditary ;:m 2y a!k.lahne fuel and air
INZIM tycroxide sosked  194-212°F 2 . Space M;'g’g,'e' PAEI0  Eectrolyte
in & matrix o Ui edt tom oS management
: * Higher temperature * Ptcatalyst
Pho;g:::’onc Phosphoric acid 150-200*C mi?yo KW jule 40% + Distributed enables CHP * Long start up time
(PAFC) soaked in a matrix 302-392°F generation » Increased toleranceto  + Low current and
fuel impurities power
Solution of + High efficiency FSRUBE P ese
300 kW-3 MW corrosion and
Molten lithium, sodium, - « Electric utility » Fuel flexibisity
600-700*C 300 kW : breakdown of cell
(ETLELRIEN and/or potassium 5 45-50% * Distributed » Can uyse a variety of
M2-1292*F module components
(I S I carbonates, generation catalysts + Long start up time
soaked in 3 matrix = Suitabie for CHP oW power density
* High efficiency * High temperature
* Fuel flexibdity corrosion and
Solid ¢ Auxibhary power  * Can use a vaniety of breakdown of cell
Oxicia Yttria stabilized 700-1000°C 1 KW-2 MW 60% * Electric utility cotalysts components
(SOFC) zirconia 1202-1832°F » Distributed * Solid electrolyte + High tempertature
generation * Suitable for CHP & operation requires
CHHP long start up time
* Hybeid/GT cycle and limits

SOFCs are made up of very thin layer of ceramics.

Ceramics used in SOFCs do not become electrically and ionically active until they reach 500-1000°C and the high

temperature enables them to oxidize nearly any fuel.

Solid electrolyte is made from a ceramic material called Yttria-Stabilized Zirconia (YSZ).
Best suited for large applications although research continues to develop lower temperature SOFCs for use in vehicles.
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UCCS

SOFC/SOEC design

Cathode interconnection

Air
electrode
(cathode)

Air flow Fuel electrode (anode)

Tubular Siemens-Westinghouse Planar Global Metal supported thin film
Ceres Power

—

HT-SOFC Advantages sealing durability IT-SOFC
1000°C 550°C




UCC SOEC vs SOFC difference

Solid Oxide Fuel Cell (SOFC)

Solid Oxide Electrolysis Cell (SOEC)
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Oxygen Electrode

Oxygen Electrode

%0,+2e > 0%

Cathode reaction:

H,O0 +2e — H, + 0%
H,+ 0> 5> H,0+2¢

Cathode reaction:
Anode reaction:

Anode reaction: 0> %0,+2e




Air electrode
Electrolyte
Hydrogen electrode
Glass seal
Interconnect

Stack =

Fuel cell design by Jiillich (Germany)

Metal Interconnect

Metal-Metal Seal —

Metal Frame
[ Ceramic Spacer
Electrolyte / o

Ceramic-Metal Seal
E |:’ Metal Interconnect

I l- l Metal Endplate

Fuel Air Air Fuel




UCCS:: Requirements of a SOFC/SOEC seal

Properties

Thermal properties

Chemical properties

Mechanical properties

Electrical properties

Sealing ability

Fabrication flexibility

Requirements

- Thermal expansion coefficient at 9.5 - 12.0 x 106 °C-1
- Thermally stable ~ 5,000h for mobile applications and for ~ 50,000h for stationary
applications at 650-900°C cell operating temperatures

- Resistant to vaporization and compositional change in stringent oxidizing and wet
reducing atmospheres at 650-900°C
- Limited or no reaction with other cell components

- Withstand external static and dynamic forces during transportation and operation
- Resistant to thermal cycling failure during start-up and shut-down of cell stacks

- Electrical resistivity 2 10* Q).cm at operating temperature
- Electrical resistivity greater than 500 Q2.cm between cells and stacks at nominal stack
operating condition (0.7 V at 500-700 mA/cm?)

- Sealing load < 35 kPa
- Withstand differential pressure up to 14-35 kPa across a cell or stack
- Total fuel leakage < 1% for the duration of the cell life

- Flexible design, low processing cost, and high reliability



Seal type

Compressive seal

Viscous seal

Rigid seal

Advantages & disadvantages of different types

of seals

Advantages

Easy replacement of seals in a manufacturing
cell stack
Resistance to thermal cycling

Low thermal cycle

Hermetic sealing

Tailoring performance by composition design
High electrical resistivity

Suitable for stationary and mobile applications
Flexible in design and fabrication

Disadvantages

Application of external load
Complex design and high cost
High gas leakage rate

Unsuitable for mobile applications
Poor stability

Electrically conductive

Non-wetting with other SOFC/SOEC components
Poor oxidation resistance

Hydrogen embrittlement

Electrically conductive

Brittle at low temperatures — poor resistance to
thermal cycling
Chemical reaction with other cell components



Glass constituent

Network former

Network modifier

Intermediate

Additive

Functions of different oxide in a seal glass

Oxide

Si0,, B,O,

Li,O, Na,0, K,0
BaO, SrO, CaO, MgO

Al,0,, Ga,0,

La,03, Nd,03, Y,03

Zno, PbO

NiO, CuO, CoO, MnO
Cr,05, V,0x

Ti0,, Zr0,, P,Ox

Function

Form glass network

Determine T, and T,

Determine thermal expansion coefficient
Determine adhesion/wetting with other SOFC/SOEC
components

Maintain charge neutrality

Create non-bridging oxygen species

Modify glass properties such as T,, T, and thermal expansion
coefficient

Hinder devitrification
Modify glass viscosity

Modify glass viscosity

Increase thermal expansion coefficient

Improve glass flowability

Improve seal glass adhesion to other cell components

Induce devitrification
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UCCS

Glass sealants for SOFC/SOEC

Two important criteria for selection of a suitable glass sealant :

—> glass transition temperature, T, (because of the glass must flow sufficiently to provide an
adequate seal, while maintaining sufficient rigidity for mechanical integrity)

= coefficient of thermal expansion, CTE (must match other cell components electrolyte and
the interconnect material, to minimize thermal stresses)

From J. W. Fergus,
J. Power Source, 2005

CTE (10°°C™)

suggested by Geasee
etal., 2001

15
4 Ba boroaluminosilicates * Sr boroaluminosilicates
= Ca boroaluminosilicates e Mg boroaluminosilicates
14 4 o BaCa borosilcates o BaMg borosilcates
4 Ba aluminosilicates + BaCa silicates
x BaMg silicates x BaZn silicates
13 4 - Mica-glass ceramics
A
12 4 X
A ° °
11 - ° an 4
° A X = Ll
- X - 5
- -+ X
10 A X X X
A X X
. .
9 - ° .
X X
X L
8 e b
% A ox ®
X L} ° X
7L X
6 T T T
550 600 650 700 750
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UCCS:: Application: self-healing in glassy sealant

Degradation of components Design/System specific degradation
» Degradation of single cell » Formation of hot-spots
» Degradation of sealing » Inhomogeneous fuel gas distribution /
» Oxidation of interconnects utilization
» Degradation of contact resistances » Soot formation
» Interaction between »Degradation due to unfavorable stack
- Glass / interconnect integration into system
- Interconnect / cell »Degradation due to unfavorable stack-
- Contact layer / interconnect preload (especially for IC-cassettes from
- Contact layer / cell pressed ferritic steel)
Key points: - long term chemical stability

- stability against crystallization, control of phase formation
- mechanical stability (prevent crack formation)

12



UCCS:: Application: self-healing in glassy sealant

Degradation of components Design/System specific degradation
» Degradation of single cell » Formation of hot-spots
» Degradation of sealing » Inhomogeneous fuel gas distribution /
» Oxidation of interconnects utilization
» Degradation of contact resistances » Soot formation
» Interaction between »Degradation due to unfavorable stack
- Glass / interconnect integration into system
- Interconnect / cell »Degradation due to unfavorable stack-
- Contact layer / interconnect preload (especially for IC-cassettes from
- Contact layer / cell pressed ferritic steel)
Key points: - long term chemical stability

- stability against crystallization, control of phase formation
- mechanical stability (prevent crack formation)

Self-healing is proposed as a solution to decrease gas leaks due to cracks

12



UCCS?

Self-healing: background

(a) Schematic of an intermediate stage of biological wound healing in skin
(b) Demonstration of bio-inspired damage-triggered release of a microencapsulated
healing agent in a polymer

From J.P. Youngblood, MRS Bull. 2008




UCCS?

From J.P. Youngblood, MRS Bull. 2008

Self-healing: background

(i) Cracks form in the matrix
wherever damage occurs.

(i) The crack ruptures the
microcapsules, releasing the healing
agent into the crack plane through
capillary action.

(iii) The healing agent contacts the
catalyst, triggering polymerization
that bonds the crack faces closed.

(a) Schematic of an intermediate stage of biological wound healing in skin
(b) Demonstration of bio-inspired damage-triggered release of a microencapsulated
healing agent in a polymer

i) ./catalyst . ° L

© mncrocapsule °

craCko ° o

® healing agent

-'-6—60

® polymenzed
healing.agent e

From S.R. White et al., Nature 2001
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Self-healing material: material able to heal (repair) automatically and
autonomously damages occurring during processing.

Thus, self-healing can be of the following two types :

— autonomous: without any intervention
— non-autonomous: needs human intervention / external triggering

Numerous field of applications:

o polymers

composites materials for aerospace applications
microelectronic packaging

medical uses

@)
@)
@)
o concrete or cementitious structures

14



UCGCS:

Non-autonomous self-healing: glassy seal

Increasing temperature in air

> 20+
Fresh Crack Stage 1 Stage 2
&y Steain point
N 14 Transition point (7,) Annealing
. 13r Annealing point
w
n_g Dilatometric softening peint
= 10}
Stage 3 Complete healing - -
)
3 3 Littleton softening point Blowing
Casting
Sk Flow point Moulding
4 Working point Drawing
2r T, Meiting Melting and
9l point fining
Fig.4. Self-healing behavior of glass B indicating several stages of self-healing of cracks introduced by the microindentation technique ) s L i
(% 400) magnificarion. 0 50 1000 1500

Temperature, 7(°C)

From R.N. Singh, Appl. Ceram. Techno. 2007
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:::  Non-autonomous self-healing: glassy seal

Increasing temperature in air

> 20+
Fresh Crack Stage 1 Stage 2
o Strain point
2 14 Transition point (7,) Annealing
. 13r Annealing point
w
n_g Dilatometric softening peint
= 10F
Stage 3 Complete healing -
)
3 3 Littleton softening point Blowing
Casting
Sk Flow point Moulding
4 Working point Drawing
2r 7, Melting Melting and
l pomt fining
. Self-healing behavior of glass B indicating several stages of self-healing of cracks introduced by the microindentation technique f s L i
400) magnificarion. 0 500 1000 1500

Temperature, 7(°C)

From R.N. Singh, Appl. Ceram. Techno. 2007

disappearance of damage due to the flow of the glass phase after heating
at high operating temperature

15



Oxidizing
Glassy oxide layer caused by ) atmosphere
oxidation of the surface particles ®
2
=
\—\ -~ N - Glass flowed
e : )
Particle during O AQ into the crack
- N[
oxidation 2 R s
| | Silhg O O
Inert active particle - |
enclosed in the ceramic C O Ceramic matrix
matrix _ . -
' 7 = g;lé -
A B C
Ceramic Ceramic  Ceramic
operation during healed
break

From S.K. Ghosh, Self Healing Materials: Fundamentals, Design Strategies and Applications, Willey-VCH 2009
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VISCOUS SEAL

NON-AUTONOMOUS

Critical
temperature

Operating
temperature
SOEC/SOFC

~

L

Room
temperature




Requirements

— Tlittleton (N = 1076 Poise) = 800°C 12 -
— Low viscosity at 900°C 0
— No crystallization at 800°C ) |
— Limited interactions with other components é 84 _ T, (logn =7.6)
of electrochemical systems =~ ] |
3 7 I
Selection criteria (Sciglass software) . :
— T, >600°C |
—5 750°C < Tyijeren < 900°C 27 |
— TEC>5X%10°K? 0 | | |
— Limited amount of P,Ox 600 800 1000 1200

Temperature/°C

19



UCCS?

Viscous seal for SOEC

Requirements
— Tlittleton (N = 1076 Poise) = 800°C 12 -
— Low viscosity at 900°C 0
— No crystallization at 800°C ) |
— Limited interactions with other components 5 84 _ T, (logn =7.6)
of electrochemical systems =~ ] |
3 7 I
Selection criteria (Sciglass software) . :
— T, >600°C |
—5 750°C < Tyijeren < 900°C 27 |
— TEC>5X%10°K? 0 | | |
— Limited amount of P,Ox 600 800 1000 1200

Temperature/°C

Molar % SiO, zrO, B,0, AlO, Ga,0, La,0, Y,0, Na,0 K,O

Vscl 70.24 - 192 5.26 - - - 3.60 1.19 0.60 3.32 9.05 4.82 - Yes 650
Vsc2 63.30 - = . - . 499 20.72 6.81 4.45 o - e - Yes 566
Vsc3 67.46 13.34 - - - 1.03 - 13.67 4.50 - = z = < No 765
Vsc4 61.39 - 6.14 - 1434 - - 13.67 4.46 - - - = - No 580

Vsc5 66.01 3.43 5.57 4.21 - - E 216 0.71, 12.21 = : g 5.70 Yes 686

= =1 ¢ 7 =
\ /
N P 4
N
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UCCS?

Viscous seal for SOEC

Requirements
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UCCS?

Viscous seal for SOEC

Requirements

— Tiitteton (N = 107 Poise) = 800°C 12
— Low viscosity at 900°C o
— No crystallization at 800°C
— Limited interactions with other components % s4 T (logn=7.6)
of electrochemical systems :Co . |
o |
Selection criteria (Sciglass software) B . :
— T, >600°C |
—5 750°C < Tyiteron < 900°C 27 |
— TEC>5X10° K 0 | | |
— Limited amount of P,Oc 600 800 1000 1200

Temperature/°C

Molar % SiO, zrO, B,0, AlO, Ga,0, La,0, Y,0, Na,0 K,O

Vscl 70.24 - 192 5.26 - - - 3.60 1.19 0.60 3.32 9.05 4.82 - Yes 650
Vsc2 63.30 - = . - . 499 20.72 6.81 4.45 o - e - Yes 566
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\ /
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UCCS?

Viscous seal for SOEC

Requirements

— Tlittieton (N = 107 Poise) = 800°C
— Low viscosity at 900°C
—> No crystallization at 800°C

Objective =--mmp decrease of thermal characteristics
— ZrO, substituted by SiO, and/or B,0,

Molar %  SiO; ZrO; B,0s La,0; Na;0 K20 Crystallisation T;/°C T./°C

Vsc3 67.46 13.34 - 1.03 13.67 4.50 No 765 854
Vsc31 64.52 7.09 10.03 0.99 13.07 4.30 No 616 675
Vsc32 69.78 7.03 4.98 0.98 12.97 4.27 No 630 692
Vsc33 74.95 6:97 - D97 12.87 4.23 No 610 675
Vsc34 65.96 10.14 543 1.01 13.36 4.40 No 668 750



Support sample
/ thermocouple

Camera

Characterization of sample
evolution:

— area (S/S,)
— shape factor
Furnace — wettability

Light
source




UCCS

Hot-stage microscopy curves

1.0

T T T } B I ' ! ' !
1004 ~ o
Area /% First shrinkage

# Start of sintering

80 deformation temperature : first temperature at which the shape factor has
changed by 1.5% with respect to the first image and the tracked corner angle has

increased by 10%.

sphere temperature : first temperature at which the upper corners of the test

piece are completely round and the test piece’s height equals its width.

J hemisphere temperature : first temperature at which the shape factor of the test

piece is greater than or equal to 0.98, and the test piece’s height is less than or
equal to half the length of the base line. g
flow temperature : first temperature at which the test piece is melted to either a /
third of its original height or a third of its height at hemisphere temperature.

60

Shape factor : measuring for the difference between the test piece’s shadow image and a o
semicircle. In order to determine the shape factor, the circumference of a perfect semicircle
| with the same area as the test piece’s shadow is calculated. This ideal circumference is then 5
put in relation to the actual measured circumference of the test piece. This relation gives the

shape factor.

40 -
Shape Factor

Maximum shrinkage

- 0.8

| |
0 200 400 600 800 1000




Viscosity points

Scholze '/

Pascual et al '/

This work

lognto(P) lognto (P) lognto (P)
First shrinkage 10:0£0-3 8:9%()-25 9-1+0-1
Maximum shrinkage  8:2+0-5 7:9%(0-2 7-8%0-1
Deformation 6:1%£0-2 66201 6:34+0-1
Sphere - - 54101
Half ball 4-6%0-1 4-5£0-1 4-1£0-1
Flow 4:-1+0-1 3-1£0-15 3-4+0-1

qualitative guantitative

From Pascual et al., Phys. Chem. Glasses 2005
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log n / Poise

L HSM measurements: viscosity
— Applying the method to Vsc glasses

— Least-square refinement by Vogel-Fulcher-Tammann equation: logn=A + ————
13 4 ' l ' l N T-— TO
12 4
11 -

Vsc31
Vsc32
Vsc33
Vsc34

T T T T T T T T T T ' 1 v
600 700 800 900 1000 1100 1200 1300
Temperature / °C
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log n / Poise

UCCS?

Viscous seal for SOEC

L HSM measurements: viscosity
— Applying the method to Vsc glasses

— Least-square refinement by Vogel-Fulcher-Tammann equation: logn =A +

13_- T T T T T T T T T T T T T T _— TO
12 -
11: n m
10- a =219 -1.00 224  -358
94 T, lo =7.6) =800°C
- Littleton (10810 N ) b 4917.52 405335 5863.19 6809.79
8
. _'< ¥ 293.96 341.80 22428 262.17
6 T, /°C 796 813 820 871
54 Vsc31 Log n at 900°C/ Poise 5.9 6.3 6.4 73
4 T Va2 7 T
3] Vsc33
Vsc34
2

T T T T T T T T T ! I '
600 700 800 900 1000 1100 1200 1300
Temperature / °C

25



log n / Poise

L HSM measurements: viscosity
— Applying the method to Vsc glasses

— Least-square refinement by Vogel-Fulcher-Tammann equation: logn =A +

13_- T T T T T T T T T T T T T T —_ TO
12 -
11: n m
10- a =219 -1.00 224 | -358
94 T, lo =7.6) =800°C
- Littleton (10810 N ) b 4917.52 405335 5863.19| 6809.79
8
. _'< ¥ 293.96 341.80 224.28 | 262.17
6 T, /°C 796 813 820 871
54 Vsc31 Log n at 900°C/ Poise 5.9 6.3 6.4 73
3. Vsc33 |
Vsc34
2 4

! | T T T T T T T T T
600 700 300 900 1000 1100 1200 1300
~ Temperature /°C

) Only Vsc31, Vsc32 and Vsc33 appear suitable
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UCCS?

Viscous seal for SOEC

L HSM measurements: wettability

—> Is the viscosity low enough to allow the seal forming at 900°C ?
— Heat treatment: 10h at 900°C

T T T T T T T T Glass name Initial Pellet Pellet
10049y oo Temperature / °C - 1400 and pellet before the after the
] Vsc3l Vsc32 I/ viscosity at plateau at plateau
901 Vsc33 Vsc34 - 1200 il i
80 4 /L1000 Vsc3l
I [ / I Py 10> Poise
X 704 |/ 800 5
~ o (_E
n° 1 i o Vsc32
~ ; c 6.2 pai
A 60 ; & -600 S 102 Poise
,» s
50 4 3 4 - 400 Vsc33
1 i 1054 Poise
40 4 - 200
0 10000 20000 30000 40000
Time /s



UCCS?

Viscous seal for SOEC

L HSM measurements: wettability

—> Is the viscosity low enough to allow the seal forming at 900°C ?
— Heat treatment: 10h at 900°C

' ' ' ' ' ' ' ' Glass name Initial Pellet Pellet
100,y e Temperature / °C - 1400 and pellet before the after the
Vsc31 Vsc32 ,"/ - viscosity at plateau at plateau
20 Vsc33 Vsc34 /1200 900°C 900°C
80 - /| 1000 Vsc31
1 ol o 1059 Poise . .
X (3D A
T 70- - 800 ©
o 3
& | I o Vsc32
/ | [ 6.3 5
“ 60~ 600 5 1063 Poise . . .
1/ - S~
504, La00 ©
} - Vsc33
1 i 1064 Poise L L
40 L 200 *
| : - Vsc34
30 A ! T T T T T 0 7.1 Pi
0 7 10000 20000 30000 40000 107! Poise —_._ _. .

Time /s

ek —> Seal elaboration: easy at lower viscosity
_ p — Good wettability for Vsc31 and Vsc32 (6 < 90°)

— - -
\ /

/
7 4
/



CROFER®22APU
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L Castaing microprobe observations

\VUYE¥M — chromium oxide formation at the interface (1.4 um)

CROFER®22APU

\VYee P — chromium oxide formation at the interface (1.8 um)
20 pm B T R o

P A |

CROFER®22APU
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L In situ observations by HT-ESEM

Start of healing End of healing

Vsc32 / Air

Temperature / °C 670 755
Viscosity / Poise 11.05 8.91




Temperature / °C

Viscosity / Poise 11.38 9.27




From Meéar et al., Taylor & Francis 2011
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= mathematical model for the description of the kinetics of each stage of the self-healing process. This model
allows predicting the time necessary for crack healing, for a given glass composition and operating temperature,
using a time coefficient t. defined as:

t. =Kmn

= where 1 is the glass viscosity at the healing temperature and K a constant that depends on glass composition, t.
is related to the softening point (T,)

= time t necessary for healing a crack of length L is expressed as:

InL=t_t

From Meéar et al., Taylor & Francis 2011
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UCCS:Z{E Self-healing theoretical mechanism

= mathematical model for the description of the kinetics of each stage of the self-healing process. This model

allows predicting the time necessary for crack healing, for a given glass composition and operating temperature,
using a time coefficient t. defined as:

=Km

= where 1 is the glass viscosity at the healing temperature and K a constant that depends on glass composition, t.
is related to the softening point (T,)

= time t necessary for healing a crack of length L is expressed as: 2
45
ln L — tc t 4 | —]
R~ T=500"C, 1,=350 hrs
’2\ 3.5 ! T y=0 0114x+3.9846
s R S
2 4 i —3
E L s 1
€ %5 N T=525°C. =135 hrs
» healing kinetics strongly depend on healing temperature 5 5y bk y=oosecaorer
» healing rate is very low when the operating temperature is S . AN
lower than the softening point S 15T=e0c = R &
- 1 _Jy=—3.1995x+3.9623 ¥
. T=550°C, t,=105 hrs
0.5 y=-0.0378x+4.,0227
0 : ‘ ‘
0 20 40 60 80 100 120

From Meéar et al., Taylor & Francis 2011

Time (hours)
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UCCS!:

Self-healing theoretical mechanism

1000

- O Glass (from Parihar 2006) /
@ Glass-Ceramic (from Parihar 2006) /

900 1

[] Glass (from Coillot 2010) /

/x—\ — @)
750 o —
/O //// ////
700 O — —=
/ED © A,/—O”/ T Glass-Ceramics
650 @,
600 /

550

L
b
i}

\

Softening Point ( %)

500

500 550 600 650 700 750 800 850 200 950 1000

Healing Temperature (°C)

relationship between softening temperature and healing temperatures

sets of data reported, concordant and yield to the conclusion that the healing temperature of glasses is
very close to the softening temperature

= self-healing can be obtained over a large range of temperatures, depending on glass composition

Ul

From Meéar et al., Taylor & Francis 2011



UCCS?

Leak test of Vsc32 glass

Schematic representation of
a SOEC stack. Insert is
highlighting interconnections
ceramic-ceramic and
ceramic-metal

Sealant

H,O0 H,/H,0
Requirements T = 800°C
/  Operating temperature : 800°C \ m
« Tax acceptable : ~ 900°C H,O Joint o
« Working pressure : 300 mbar — 3 bars H, ’ .
« Atmospheres : O, and H,/H,0 Ceramic |

« Materials : different thermal expansion coefficients
Metals : a,0.700 = 14.8 x 10 K* (Haynes)

Q0700 = 11.2 X 10°° K* (Crofer) The production of high quality hermetic

H . — -6 I¢- . .
Ceramics: Q700 = 10.8 x 10°° K* (YS2Z) seals is essential to the long-term
\ « Leak rate : 10° Pa.m?.s / performance and reliability of SOECs

From Coillot et al., Int. J. Hydrogen. Energy 2012
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NON-AUTONOMOUS NON-AUTONOMOUS AUTONOMOUS

Critical
temperature

Operating
temperature
SOEC/SOFC

a

l

~

Room
temperature
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Autonomous self-repairing processing in glassy materials ?




UCCS Autonomous self-healing glassy materials

Autonomous self-healing glass matrix upon
occurrence of cracks

— Crack formation into the composite during
operation

Contact of O, contained into atmosphere
with some active particles leading to their
oxidation

— Formation of fluid oxides capable to flow
into the crack and to fill it

/
| ]

From Coillot et al., Patent WO 2010/136721 A1 .~




How are selecting the healing particles ?

= R

e =

From Coillot et al., Patent WO 2010/136721 A1 .

35



80
exo
60
S
40 1
E
20 = . od t-
maxi oxidation |
P
start oxidation W- 0
0 -,
V”TM-—;'-/?,/I ¥ T ¥ 4 T Y
200 400 600 800 1000
Temperature /°C
e S

— stable at working temperature in the absence of air

— oxidize rapidly in the presence of air

— oxides must be fluid at the working temperature
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UCCS ;i Healing agent selectivity: VB

Differential thermal analysis J

T T
80
exo

60
o
= 404
£

20

start oxidation
0- ~

I L 1 L Ll
200 400 600

Temperature /°C

2VB + 40, - V,0; + B,0;3

- 80
— stable at working temperature in the absence of air
- 60
— oxidize rapidly in the presence of air
La0 &
;3' — oxides must be fluid at the working temperature
20 2
[ gm0 L Nuclear magnetic resonance
v8(')0 1000 9.4T1 18.8T
256.8MHz 256.8MHz
VB V,0
; [r 2.5mm L 58203 3.2mm
i“ y lJJ _U |, 30min,700°C __._M\AM/\_,_

15min, 700°C AN J \ A
i
i
: T°C=RT '
i i

5000 4000 3000 2000 1000 O  -1000 -2000 200 150 100 -150 -200
51V chemical shift (ppm) 11B chemlcal shlft (ppm)
- - =
N\ /

W 36



Am/m /%

Healing agent selectivity: VB

70

60—-
50-.
40-.
30 A
20 4

10 -

T ' T
400 600

Oxidation time /min
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Sealing glass composition: 28.6 BaO — 14.3 CaO - 9.5 Al,0;-47.6 SiO,

Tc -->
o
I
Tg=750°C
AT ) -0
Tc=1070°C

%
endo.

Al I ] 1 1 Al 1 1 1 1 1
600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200
Temperature (°C)



UCCS In situ observation of crack healing

Autonomous self-healing glass matrix upon 2D in situ observation by environmental
occurrence of cracks microscopy (at 700°C in air)
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UCCS3:  In situ observation of crack healing @%

L Environmental microscopy (HT-ESEM)

Conditions: 700°C, P, = 450Pa

Isothermal treatment at 700°C in air:
— oxidation of VB particles and formation of V,05 and B,0,
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Autonomous self-healing glass matrix upon
occurrence of cracks

2D in situ observation by environmental
microscopy (at 700°C in air)

3D observation by nano-
tomography (ID22, ESRF)




L X-ray nano-imaging (ID22NIl)

'009

Microscope —3m >
N ¢

ample—). T

(a)

Scintillator

X-ray nano-tomography image reconstitution

{D

of a crack throughout the material e ‘ ,"9

Active particle

Healed particle Initial crack
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L X-ray nano-imaging (ID22NIl)

Microscope —3» L& e

w

(@) (b)

S/

P

. . . i Scintillator
X-ray nano-tomography Image reconstitution - \

Sample =3 H

"

) .‘"Lj

i ) W |

of a crack throughout the material s )

X-ray fluorescence 2D mapping of calcium and
barium repartition in a crack area

Active particle

,_ Healed particle Initial crack
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Maxi weight
supported by the
oven : 50 kg

Maxi pressure :
340 mbars
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T (°C) and Pressure (mbars)
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T (°C) and Pressure (mbars)
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v Development of self-healing glassy material concept at macro-scale for
high temperature applications

v’ Synthesis and physico-chemical characterization of glassy matrix for fuel
cell

v’ Self-healing is an option to increase materials lifetime
— Application: glassy-ceramic sealing for SOEC / SOFC
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UCCS?

FRANCE

? * Les projets ciblés du PEPR-H2

Production d'hydrogene Stockage Conversion
C7y 1 de I'hydrogene de I'hydrogéne
CELCER-EHT : Cellules SOLHyd - Stockage solide de FLEXISOC: Flexibilite des cellules
Céramiques EHT durables, I'nydrogéne: nouvelles stratégies, SOC vis-a-vis du combustible
performantes et bas couts nouveaux mateériaux
PEMFC95: Développement

d’une cellule de PEMFC capable
de fonctionner durablement a
95°C

PROTEC . Développement de
cellules d'électrolyse a base de
céramiques a conduction
protonique

HYPERTSTOCK: Stockage hyperbare
de I'hydrogene: reférentiel et
meéthodologies matériaux

DURASYS-PAC: Durabilite et
Résilience des Systemes Piles a
Combustible

PROJ ET CELCER-EHT Cellules Céramiques EHT durables, performantes et bas cout
Coordonne par CEA-LITEN (Florence LEFEBVRE-JOUD) Durée 6 ans

Permanents : 38 chercheurs académiques et 20
ingénieurs-chercheurs CEA

13 doctorants et 18 postdoc

11 laboratoires académiques + CEA
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