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Project Description and Objectives

» Understand crystallization behavior of the barium alumino-
silicate glass ceramic as a function of temperature and time.

» Implement accelerated life testing and characterize long-term
failure mechanisms

» Correlate accelerated life testing to testing in working systems
at Praxair facilities.
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Porous support Active layers

Background — OTM Technology
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Ceramic Membrane Function
Utilize ceramic tubes to separate oxygen from air to upgrade

methane to more valuable chemical products such as syngas
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Technology integrates air separation and reforming of methane
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Background — OTM Design

OTM Tube

Ceramic-Ceramic Seal

Ceramic-Metal Seal
Assemblies contain ceramic-ceramic seals and ceramic-metal

seals
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Background — barium alumino-silicate seals

= Glass ceramic seal
—> melt then crystallize
Typically stronger than glass

Stable
Composition dictates phases
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Background — Thermal cycling (accelerated aging)

e i : Thermal cycling of glass-ceramic
Initial “setting” of glass-ceramic .
g g “Accelerated Condition”

Forming/melting Temperature near
/ crystallization but

/ below melting

/

crystallization

Temperature (C)
Temperature (C)

Time (hrs) Time (hrs)
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Background - accelerated test development (XRD)
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Background - accelerated test development (SEM)

100TC — 850°C
R SR

.

SEM with EDS used to identify phases formed in glass ceramic
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Background - electron backscattered diffraction (EBSD)

EBSD Principles of Operation
= Accelerated e diffracted by atomic
. layers in crystalline materials.

» Diffracted e- are detected when they

impinged on a phosphor screen and
o generate “Kikuchi bands”.
< ) = Patterns are projections of the lattice
‘ planes in the crystal and can give
- structural information about phase of
interest

EBSD phase map

Sanbornite |
Hashemite

Soluticns ‘ —
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Experimental Procedure

1. Analyze seals tested at various times at Praxair
facilities using EBSD

2. Develop a thermal cycle matrix “accelerated
condition” for the two barium alumino-silicate glasses

3. Analyze resultant microstructures using EBSD

4. Correlate accelerated life testing to testing in working
systems at Praxair facilities.

5. Understand crystallization behavior of glass ceramic
seals as a function of Temp and time.
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Experimental Procedure

Thermal cycle Matrix

Conditions
Seal Type [Unaged| 900°C [ 950°C | 1000°C [ 1050°C [ 1100°C [ 1150°C |
Glass 1 (ceramic-ceramic seal) v S0TC | S0TC | S0TC | S0TC | S0TC | S0TC
100TC | 100TC [ 100TC | 100TC | 100 TC | 100 TC
Glass 2 (ceramic - ceramic seal) v S0TC | S0TC | S0TC | S0TC | S0TC | S0TC
100TC | 100TC [100TC |100TC |[100TC | 100TC
Glass 2 (ceramic - metal seal) v S0TC | S0TC | S0TC | S0TC | 50 TC
100TC | 100TC [ 100TC |100TC | 100TC
Ceramic - ceramic seal Ceramic - metal seal

OTM tube OTMtube — .

Ceramic
adapter

Ceramic
adapter

—
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Results and Discussion — Glass 1 (C-C seal)

Glass 1

o Barium alumino-silicate glass ceramic seal
e Ceramic- ceramic seal

 Thermal cycled f(T, TC)

 Praxair samples (4200 hr and 27,000 hr)
 Crystallization behavior
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Results and Discussion — Glass 1 (C-C seal)

Hexacelsian BaAlLSi,Og
Monocelsian BaAl,Si,Og

BaCrO4

Zero solutions
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Results and Discussion — Glass 1 (C-C seal)

Tested at Praxair
4200 hrs

Hexacelsian BaAl,Si,Og
Monocelsian BaAlLSi,Og

BaCrO4

Zero solutions
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Results and Discussion — Glass 1 (C-C seal)

Tested at Praxair
27000 h

Hexacelsian BaAl,Si,Og
Monocelsian BaAlLSi,Og

BaCrO4

Zero solutions
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Tested at Praxair
27000 hrs

Accelerated
100 TC - 1150°C
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Results and Discussion — Glass 1 (C-C seal)

Crystallization behavior as a function of temperature and time

Initial Ba;SizO,, and Some hexacelsian Predominant monocelsian
hexacelsian BaAl,Si,Oq4 BaAl,Si,Og transforming BaAl,Si,O4 and Ba;Sig0,,
formation into monocelsian
BaAl,Si,O, \7/
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Results and Discussion — Glass 1 (C-C seal)

Thermal Expansion Coefficients of Important Phases
Thermal Expansion

Phase Crystal Structure
(ppm/* C)
. YSZ cubic 105-11
tetragonal 105-11
- BaAl,Si,Oq4 hexagonal 8.2
S monoclinic
- BaSi,0O5 orthorhombic 15
BasSig0,; orthorhombic 13.7
. BaCrO, orthorhombic 23.5
Predominant monocelsian as the crystalline phase could be \;7/
detrimental to the glass/ceramic seal. Pacific Northwest
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Results and Discussion — Glass 2 (C-C, C-M seal)

Glass 2

Barium alumino-silicate glass ceramic seal
o Ceramic - ceramic, and ceramic - metal seal
Thermal cycled f(T, TC)

Praxair samples (2000 and 12,500 hr)
Crystallization behavior
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Results and Discussion — Glass 2 (C-C seal)

100 TC —1050°C 100 TC - 1100C

Color
| [BasSk0y |

BaCrO4

Zero solutions

~7
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Results and Discussion — Glass 2 (C-C seal)

100 TC —1050°C 100 TC - 1100C

Tested at Praxair
2000 hrs
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Results and Discussion — Glass 2 (C-C seal)

100 TC —1050°C 100 TC —1100°C

Tested at Praxair PR i }g.,u:; =
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Results and Discussion — Glass 2 (C-M seal)

100 TC —1000°C 100 TC - 1050°C

Eskolaite Cr,O5
Ferchromide (FeCr)
Hashemite BaCrO,

Zero Solution _—
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Results and Discussion — Glass 2 (C-M seal)

100 TC —1000°C 100 TC - 1050°C

Tested at Praxair
2000 hrs

Zero Solution _—
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Results and Discussion — Glass 2 (C-M seal)

100 TC —1000°C 100 TC - 1050°C

Tested at Praxair
12,500 hrs

Eskolaite Cr,O5
Ferchromide (FeCr)

Hashemite BaCrO,

Zero Solution _—
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Results and Discussion — Glass 2 (C-M seal)

Crystallization behavior as a function of temperature and time

Initial BasSig0,; phase Hexacelsian BaAl,Si,0g

;4:‘\- T 0 T -.3'4!

e

Near full crystallization
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Next Steps and Concluding Remarks

Next Steps

» Complete accelerated testing to real working system for Glass 2
» Analyze additional long term tested samples at Praxair.

Concluding Remarks

» Accelerated life testing enables the prediction of the crystallization behavior at

long times in real test atmospheres
o Glass 1 will likely form predominately monocelsian at long times which will

induce stress in the seal potentially leading to failure
o Glass 2 has preferred crystallization behavior and is predicted to be stable over

long times
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