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TwoTwo--Probe Resistance MeasurementProbe Resistance Measurement

Resistance measurements:
Temperatures: 200 to 800 °C
Atmospheres: Air and Hydrogen, Dry and Wet

Two Coating ApproachesTwo Coating Approaches

Protective CoatingProtective Coating
Desired oxide coating deposited directly on interconnectDesired oxide coating deposited directly on interconnect
Decrease oxidation rate Decrease oxidation rate 
Increase electronic conductivityIncrease electronic conductivity
Suppress chromium evaporationSuppress chromium evaporation

Consumptive CoatingConsumptive Coating
Coating reacts with naturally occurring oxide (CrCoating reacts with naturally occurring oxide (Cr22OO33))
Resulting phase exhibits better electronic conductivityResulting phase exhibits better electronic conductivity
Resulting phase suppresses oxidation kineticsResulting phase suppresses oxidation kinetics
Resulting phase suppresses volatilization of chromiumResulting phase suppresses volatilization of chromium
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Sputtered LSM coating on Haynes 230Sputtered LSM coating on Haynes 230
Oxidized for 14 days at 800 Oxidized for 14 days at 800 °°C in airC in air

Oxide formation

Primarily Cr2O3

and (Mn,Cr)3O4
spinel

Epoxy Mount

LSM coating

Haynes 230

Secondary Electron Image

Oxide formation

Primarily Cr2O3

and (Mn, Cr)3O4
spinel

LSM coating

Backscatter Electron Image

Epoxy Mount

Haynes 230

Deposition of oxide coatings by sputteringDeposition of oxide coatings by sputtering

Substrate is 5 mil Haynes 230Substrate is 5 mil Haynes 230
Ni, Cr Ni, Cr superalloysuperalloy
56% Ni, 26% Cr, 0.75% 56% Ni, 26% Cr, 0.75% MnMn, 5.3% Co, 4.8% W, Fe, Mo, , 5.3% Co, 4.8% W, Fe, Mo, 
Oxide Layer Formation: CrOxide Layer Formation: Cr22OO33, (, (MnMn, Cr), Cr)33OO44 spinelspinel

Oxide layers deposited by sputteringOxide layers deposited by sputtering
RF, 200 W, ArgonRF, 200 W, Argon
LaLa0.850.85SrSr0.150.15MnOMnO33--δδ Perovskite PhasePerovskite Phase
MnMn22CrOCrO44 SpinelSpinel PhasePhase
Thickness of 1.3 Thickness of 1.3 µµmm

Sputtered LSM coating on Haynes 230Sputtered LSM coating on Haynes 230
Oxidized for 14 days at 800 Oxidized for 14 days at 800 °°C in airC in air

Elemental Analysis with Energy Dispersive Spectroscopy (EDS)Elemental Analysis with Energy Dispersive Spectroscopy (EDS)

LSM on H230 14 days in air @ 800C
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Schematic Showing Oxide Formation on Coated Schematic Showing Oxide Formation on Coated 
and Uncoated Crand Uncoated Cr--based Alloysbased Alloys

Oxidation Model Oxidation Model 

tp
RT

G
a

N

CDV
X

CD

XCD
X o

O

o
o
Cr

A

CrCrC
d

OO

cCrCr
d 








−∆−=+

2

ln
3

2
ln

3

4

4

~
3

~
2

~
92

interface atmosphere-coat ing at  the O of pressure Part ial 

2

3
2 ofenergy  free Standard 

interface chromite-alloy at  theCr  ofActivity  

number sAdvogadro'

OCr layer, oxide formed  theof meMolar volu

)O(Cr formed oxide in theCr  ofion Concentrat

 )O(Cr formed oxide in theCr  of coefficentdiffusion  Chemical
~

coat ing LSM deposited in the O ofion Concentrat 

coat ing deposited in the O oft  coefficiendiffusion  Chemical 
~

coat ing deposited of T hickness 

t '' at  t ime formed )O(Crlayer  oxide of T hickness

2

322

32

32

32

32

2
=

→+=∆

=

=
=
=
=

=
=

=
=

o
O

o

o
Cr

A

d

Cr

Cr

O

O

C

d

p

OCrOCrG

a

N

V

C

D

C

D

X

X

Air

XdXc

Haynes
230

Coating Cr2O3

pO2
o aCr

o

Cr3+
O2-

e-e-

Limiting Case (I):Limiting Case (I):
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Oxidation kinetics are linear, similar to interface-controlled
Oxidation rate determined by oxide ion diffusivity in coating

Limiting Case (II):Limiting Case (II):
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Oxidation kinetics are parabolic, similar to diffusion-controlled
Oxidation rate dictated by Cr diffusivity in formed oxide layer

Consumptive CoatingConsumptive Coating

Schematic of Oxidation Progression on LaSchematic of Oxidation Progression on La22OO33 Coated AlloyCoated Alloy

La2O3

Alloy Alloy

LaCrO3

Alloy

LaCrO3 Cr2O3

Alloy

Cr2O3                   

Uncoated alloyInitial Later After all La2O3 has
been consumed

Assumption: Oxygen transports through La2O3 and LaCrO3. 

Alloy

La coated Haynes 230La coated Haynes 230
Deposited by EDeposited by E--beambeam

44--Cell Planar SOFC StackCell Planar SOFC Stack
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Alloy

Cr2O3

Alloy

Cr2O3

Oxygen
Permeable
Coating

3232 OCrOCr tASR ρ=

Required properties of the coating: (1) Should not readily transport oxygen. 
(2) Should be a good electronic conductor. 

Possible coatings: (1) Perovskites (ABO3). (2) Spinels (AB2O4).

(a) (b)

If Cr transport is faster, Cr2O3 layer can
form over, instead of under, the 
protective coating

Cr transport through the coating
is slower than O transport.

Alloy

Cr2O3

Chromium
Permeable
Coating

(c)

No coating

The coating should be such that ASR(coating) < ASR(Cr2O3)

coatingcoatingOCrOCr ttASR ρρ +=
3232
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ObjectivesObjectives

Develop coatings for metallic interconnectsDevelop coatings for metallic interconnects
Outline a methodology for selecting interconnect materialsOutline a methodology for selecting interconnect materials

Alloys and coatingsAlloys and coatings
Develop oxidation kinetics models for coatingsDevelop oxidation kinetics models for coatings
Deposit coatings on metallic interconnectsDeposit coatings on metallic interconnects

Electron beam vaporizationElectron beam vaporization
SputteringSputtering
Solution techniques Solution techniques 

Evaluate CoatingsEvaluate Coatings
Phase assemblagePhase assemblage
Electrical conductivity Electrical conductivity 
Oxidation kineticsOxidation kinetics

Test Interconnects in Planar SOFC stacksTest Interconnects in Planar SOFC stacks
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Deposition of CoatingsDeposition of Coatings

Protective CoatingsProtective Coatings
Directly deposit desired coatingDirectly deposit desired coating
Perovskites: Perovskites: SrSr doped LaMnOdoped LaMnO33, , SrSr doped LaCoOdoped LaCoO33, , SrSr doped LaCrOdoped LaCrO33
Spinels: MnSpinels: Mn22--xxCrCr1+x1+xOO44 (0 (0 ≤≤ x x ≤≤ 1)1)

Consumptive CoatingsConsumptive Coatings
Metals depositedMetals deposited

MnMn, Co, Cr, In, Fe, Zn, Co, Cr, In, Fe, Zn SpinelSpinel FormersFormers AA22BOBO44
LaLa Perovskite FormerPerovskite Former ABOABO33

CoCo--depositiondeposition
MnMn and Coand Co ((MnMn, Co), Co)33OO44
La, La, SrSr, , MnMn LSM PerovskiteLSM Perovskite

Deposition techniquesDeposition techniques
Electron Beam Vapor DepositionElectron Beam Vapor Deposition
Spray coatingSpray coating
Dip coatingDip coating
Spin coatingSpin coating
ElectroplatingElectroplating

SummarySummary
Developed oxidation models for both protective and consumptive cDeveloped oxidation models for both protective and consumptive coatingsoatings
Two limiting cases of oxidation: Two limiting cases of oxidation: 

1) linear (coating limited) 1) linear (coating limited) 
2) parabolic (diffusion limited by oxide formation on alloy)2) parabolic (diffusion limited by oxide formation on alloy)

Deposited protective coatings on metallic interconnectsDeposited protective coatings on metallic interconnects
Perovskites and Perovskites and MnMn--based Spinelsbased Spinels

Oxidation kinetics exhibits linear behavior and is dictated by oOxidation kinetics exhibits linear behavior and is dictated by oxide ion xide ion 
diffusivity in the protective coatingdiffusivity in the protective coating

Consumptive coatings produced by depositing metals including Consumptive coatings produced by depositing metals including MnMn, Co, and La, Co, and La
Consumptive coatings promote the formation of Consumptive coatings promote the formation of SpinelSpinel and Perovskite phases and Perovskite phases 

that exhibit higher electronic conductivity than the native oxidthat exhibit higher electronic conductivity than the native oxidee
The area specific resistance of oxidized NiThe area specific resistance of oxidized Ni--Cr alloys was reduced by over an Cr alloys was reduced by over an 

order of magnitude with coatingsorder of magnitude with coatings
The reduced ASR of the interconnects resulted in a doubling of tThe reduced ASR of the interconnects resulted in a doubling of the power he power 

density of the planar SOFC stacks density of the planar SOFC stacks 


