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Diagram Relating 3 Interconnect Failure Mechanisms

 Three Mechanisms: Scale Thickening, Spallation, Evaporation

— Relate Mass Change to an Estimated ASR: Mass Changes in the Pink Region
have Excessive ASR due to Thick Chromia Scale

— Use Fracture Mechanics to Get G, for No Debonding at this Limit: Compare this
Value to G, Measured by Fracture Testing

— For no Debonding, Difference Between Est. Parabolic Growth Curve and
Measured Curve (Yellow Region) Quantifies Amount of Scale Evaporation

10.0 ‘ ‘ ‘

90 [ | =—AL4B3- 1|~ R
6ol | R SRR B SR
7.0 1 R ] B Deviation from Parabolic

Growth due to Evaporation
and/or Spallation

o
o

Estimated Parabolic
Growth Curve

o
o
.

>
o

w
o
L

Mass Change / Area (mglcmz)

;}l/:swuouuw) ySV pajewnsy

o =~ DN
o o o

/1 Est. ASR =50
Yo w0 wr v\‘\w\ — mohm cm?
0 200 40 600 800 000 1200 1400 1600 1800
E |
G. Needed for No xpostre es)

Spallation to this Cycles to Failure from
Limit = xx J/m? Excessive Resistance




PROGRAM FOCUS
TASK I: Mechanism-Based Evaluation Procedures
(Chromia-Forming Alloys)

 Growth Rates of Chromia Scales on Cr and Ferritic
Alloys

« Adhesion of Chromia Scales
« Oxide Evaporation
« Complex Atmosphere Testing

Note: An important theme which cuts across Tasks | and Il
IS the establishment of accelerated testing protocols.



PROGRAM FOCUS;
TASK II: FUNDAMENTAL ASPECTS OF
THERMOMECHANICAL BEHAVIOR
« XRD Stress Measurements (Chromia Films)
* Indentation Testing of Interface Adhesion
* Indentation Test Fracture Mechanics Analysis

Debonding Oxide
Scale

Indenter

Plastic Zone
R— )

a = Contact Radius : o g
R = Debond Radlus AccV Spot Magn  Det -WD |—|l

200KV 40 30x SE 15.1 E-brite 900C364hrArH2H2

Compressive
Stress

Substrate

Note: An important theme which cuts across Tasks |
and Il is the establishment of accelerated testing
protocols.



PROGRAM FOCUS
TASK lll: Alternative Material Choices

This Task involves theoretical analysis of possible
alternative metallic interconnect schemes including:

Ni and dispersion-strengthened Ni

Low CTE Alloys Based on Fe-Ni (Invar)

Coatings to Suppress Evaporation

Incorporation of High Conductivity Paths (e.g. AQ)

The most promising systems are being evaluated
experimentally with regard to durability and oxide
conductivity



Alloy Compositions

Alloy Fe Cr C Mn Si Ni Mo Ti Al Zr P S |LatCe
Crofer bal. | 22.0 | 0.005 [ 0.50 0.08 0.016 | 0.002 | 0.06 La
E-brite bal. | 26.0 | 0.001 [ 0.01 [ 0.025 1.0 0.020 | 0.020 | --
26Cr Ferritic | bal. | 26.0 ~10 | ~1.0 1.0
ALAS53 bal. | 22.0 | 0.030 [ 030 | 0300 [ -- 0.02 | 0.60 -1 0.020 | 0.030 | 0.10
ZM@G232 bal. | 22.0 | 0.020 | 0.50 | 0.400 | 0.26 021 | 022 0.04 La

Exposure Conditions
T =700°C, 800°C, 900°C

One-Hour Cycles

Atmospheres
Dry Air (SCG)

Air + 0.1 atm H,O

Ar/H,/H,0 (SAG)

(Pos = 10720 atm at 700°C and 107 atm at 900°C)




Previous Results

Oxidation in wet air produced the most severe
degradation at 900°C (accelerated chromia growth on
Crofer and AL453 and increased spallation from 26 Cr
Ferritic).

ASR correlated with oxide thickness.

Thin specimens deform under oxidation-induced
stresses.

Sigma phase formed in 26 Cr Ferritic at 700°C.



Focus of Presentation

* Purity in Ferritic Alloys
» Chromia Volatilization Problem



Effects of Alloy Purity

Oxidation, ASR, and Metallurgical Stability
are all influenced by minor impurities.



Mass Change / Area (mg/cm 2)

Simulated Anode Gas (Ar-4%H,, H,0)

Exposures — 700°C

Time vs. Mass Change / Area for Crofer, 26Cr Ferritic, and AL453 (700°C, Ar/H,/H,0)
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Simulated Anode Gas (Ar-4%H,, H,0)
Exposures — 700°C

S epar e i R Gl | Internal ALO,
; Internal ALO;*% Si rich oxide “—— Sigma Phase
Crofer 26Cr Ferritic
2000 cycles 2000 cycles
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- \

Internal Al,O,

AL453
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Sigma Phase in 26Cr Ferritic at 700°C

Current experiments show o in 26Cr Ferritic after 300 h, none in E-BRITE

Sigma Phase
(35.9% Cr, 57.7% Fe,
4.8% Mo, 1.6% Si1)

Dry Air
2000 cycles

o Sigma Phase
(34.3% Cr, 61.1% Fe,
3.3% Mo, 1.3% S1)

Wet Air

1017 cycles

.

Sigma Phase
(33.0% Cr, 62.5% Fe,

SAG 3.3% Mo, 1.2% Si)
2000 cycles _
Wet Air
1017 cycles SRl e
Sigma Phase



Wet Air (0.1 atm H,0) Exposures — 800°C
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Wet Air (0.1 atm H,0) Exposures — 800°C
(JS-3, old Crofer, new Crofer)

OX1de layer rich
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Solutions to the Evaporation Problem

* Overgrowth of Low-Volatility Oxide
» Use of Coatings
* Development of Cr-free Interconnects.



Oxide Electrical Properties

Oxide
Sio,
AlL,O,
Cr,0,
NiO
CoO
Tio,

p (ohm cm) in air

7 X 106 (600°C)
5 X 108 (700°C)
1 X 102 (800°C)
5 (900°C)
1 (950°C)
3 X 102 (1000°C)

* Note: prio, =5 X 101 ohm cm at p,, = 1016 atm



Chromia Evaporation

Crzos (S)+ %Oz (9)= 2CI’O3 (9)
pCrO3 = KEaCErZO3 pCZ)2
MnO(s) +Cr,0,(s) = MnCr,O,(s)
AG/[ ok ®—89KJ /mole

Crofer

Chromia —4 ~11
_ =4x10""atm
Saturation  @cro, =1 Pero,

MnQO Saturation
~13
8, o, =610~ Pero, =3X107"atm

LaCrO; (Activity data from Hilpert et al)

_10- =1x10""“*atm
MnCr, O, 8cro, =107 Pero,



mechanical Engineering
Carnegie Mellon

Partial pressures of CrO; in Equilibrium with

Cr,0;, MnO-saturated MnCr,0,, and LaCrO;,

Pressure of CrO,

=—&—1log p(Cr) log p(Mn)(A) =—s&=log p(La) —@=Ilog p(Mn)(B)

\ms\
MnCr,O, \

o »® &
|

1
—

LaCrO3

log pCrIO3 (atm)

-18 I I I I I I

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
1/T*10° (K™
Note: similar reductions would be achieved in the pressure
of CrO,(OH),

i

University of Pittsburgh



weight change/area (g!cmz)

Oxide Evaporation from Ni-Cr Alloys

900°C TGA WET TESTS

0.0014

+ IN 738-wet
00012 H ° Ni30Cr wet new tga

4 MNi30Cr wet new-2
00010 H ° Ni30Cr0.1Ce wet new tga.
0.0008
0.0006
0.0004

100

time (hr)



Continuous TiO,
Overgrowth

IN 738 at 900°C in wet air (0.1 atm) isothermal-168 hr



Vapor Pressures — 1100 K

Metal | py, Po-M/MO OXide — Poyige
(atm) | (atm) (atm)
Cr |7X10" 1X10%7 | CrO,-4X 10"
Fe [1X102| 9X10% |FeO - 1X 1076
Ni [2X108| 4X10 |NiO - 1X 1079
Cu |6X100 4X 107 CuO - 5 X103
Ti |[1X10%| 4X103  |TiO,- 1X10%

Collaborative work with Allegheny Ludlum is directed at producing the

“TiO, Effect” in a ferritic alloy.




Various Thicknesses of LaCrO, Based Coatings
2hrs Ar-H, 800°C




Indentation of Exposed Chromite-Coated Specimens
« La,gSr,,CrO; on E-BRITE (PNNL) and LaCrO, on SS 446 (Drexel/NETL)
Exposed in Dry Air, 100 Hrs, 900

« Debonding More Extensive for La, ;Sr, ,CrO, and Now Occurs for LaCrO,

« Chromia Scale has Formed Under Both Coatings, Debonding at
Chromia/Metal Interface
» Coatings Seem to Reduce Scale Growth Rate But Increase Debonding;
T  haRE e

As Processed:

Exposed 100hr 900°C:



Behavior of nickel in a fuel cell
environment?

Nickel interconnect

Fuel gas /

NN
Ni1O
Oxidant gas D

Compliant Seal

Ambient gas

*N10 will form on cathode side, not anode side



Comparison of Ni with Chromia
forming alloys

NiO evaporation is « Contamination from
extremely low CrO, evaporation has
NiO fast produced deleterious
U grows 1aster effects

Conductivity - The conductivity of
dominated by defects Cr,O, does not have a

N tivity i strong dependence on
Conductivity is Po, po,

dependent



Improving the properties of nickel in
a fuel cell environment

* Reduce growth rate

— Coating with reactive element, e.g. Sr, Ce, La
(NiO g.b.s)

— Alloying, e.g. Cu (lattice transport by Ni
vacancies)

Increase conductivity

— Doping the scale, e.g. Cu (increase h* conc.)
High Conductivity via

— Ni mesh/silver system

— Silver studs



TGA 800°C

TGA 800°C dry air

« Nickel 900°C
= sr-doped Ni 800°C
Ni-5w t%Cu

mg/cm?

0 50 100 150 200 250

hours



Dual Atmosphere Apparatus

Mica

| Ar-4%H2+steam




Results-E-Brite-Dry Air
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Results-E-Brite Dual Atmosphere
Apparatus- Air side

I[ron oxide nodules 7um

AccV SpotMagn Det WD EBExp H—— 10pum

: L : -
cc.¥ Spot Magn Det WD Exp : 100kv 3.0 3200x SE 1001 E-brite dual atm ar h2 side
SE 10.2 i

Chromia- 1.5um



Dual Atmosphere Experimental Apparatus

N1 tubes

\ N

Dry air

SAG

;

Quartz tube



600 hours 800°C

Ar-10%H,0-4%H,/Air

Air/Air



400 Hours 800°C

Ar-4%H,/Air

Air/Air



600 Hours 800°C

\

Ar-10%H,0-4%H,/Air

Ar-4%H,

P



Oxygen and Hydrogen
Concentration Profiles

.

1t

Hydrogen




Future Work

 Ferritic Alloys (collaboration with A-L)
Prepare high-purity alloys
Achieve evaporation suppression with Ti.

« Coatings to Suppress Evaporation
Crack Sealing

Al from vapor phase
Al from liquid phase

Al,O, and La,O, from liquid precursors (Prof. C. Levi —
uésh)

Cyclic Thermal Exposures
* Optimizing Ni Interconnects
Doping
Alloying
Use of Ag Conduction Paths



Compositions of Sigma Phase and Ferrite
in Affected Zone

Exposure Composition of Sigma Phase Composition of Ferrite in Affected Zone
Atmosphere|Time (hrs)|| wt% Fe | wt%Cr | wt% Mo | wt%Si || wt% Fe | wt% Cr | wt% Mo | wt% Si
Dry Air 1019 59.94 35.06 4.00 1.00 74.69 23.41 1.08 0.83
Dry Air 2000 57.71 35.87 4.82 1.61 70.59 26.05 1.95 1.42
Wet Air 1017 61.15 34.25 3.34 1.27 76.07 21.99 0.98 0.97
SAG 1023 60.43 34.79 3.83 0.96 74.54 23.35 1.24 0.88
SAG 2000 62.51 32.97 3.32 1.21 76.25 21.85 0.96 0.94

Awerage - Dry Air| 58.83 35.46 4.41 1.31 72.64 24.73 1.51 1.12
Awerage - Wet Air| 61.15 34.25 3.34 1.27 76.07 21.99 0.98 0.97
Awerage - SAG|| 61.47 33.88 3.57 1.08 75.39 22.60 1.10 0.91
Total Average| 60.35 34.59 3.86 1.21 74.43 23.33 1.24 1.01




Mass Change / Area (mglcmz)

Simulated Anode Gas (Ar-4%H,, H,0)
Exposures — 900°C

Time vs. Mass Change / Area for Crofer, 26Cr Ferritic, and AL453 Samples (900°C, Ar/H2/H0)
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Simulated Anode Gas (Ar-4%H,, H,0)
Exposures — 900°C

.

\ .

' Inféma1'1§1;03 e Si rich 9{(ide

» - . 3

PRl 0, > = “,...—' ¥ s 2 P R
2 f W e Sy g At S e
A7 o = i ¥ S : & :
sCrolol ol =
/ . i
__' i

‘ - 26Cr Fémitic. e
12000 cycles

éOO_OZC}?cles e B

/

4 i ] -
I i = A -
e e i e
" o -
F ST e " - -
< LT Y ., 3 3 »
\ | il 3.

AL453 Internal ALO,
2000 cycles | —



Mass Change / Area (mg/cm?)
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Comparison of Crofer at Different
Temperatures and Atmospheres

Time vs. Mass Change / Area for Crofer at Different Temperatures and Atmospheres

—e—900C, SAG
—=—900C, dry air
900C, wet air
—x—T700C, SAG
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Electrical Conduction of NiO

* Eq=4.2ev, extrinsic behavior
* Ni, O ,Ni**— Ni3* to preserve charge
neutrality

« Ni3* provide electron holes, the
dominant electrical carrier

* The greater the non-stoichiometry, the
greater the conductivity.



Results- Crofer Dry Air Sample

Chromia Layer 1um thick

i iccv  SpotMagn  Det WD 100pm o AccY SpotMagn Det WD Ex
Ei50kv 40 200x  BSE 10.1 CROFERDRYAIR100HRS i 10.0kV 3.0 6400x BSE 10.0 1




Results-Crofer Dual
Atmosphere Apparatus- Air side

Spinel Structure- Chromia Layer Mn
(Cr, Mn); O,

AccY  Spot Magn  Det WD Exp I'—| b um
10.0kV 3.0 6400x  BSE 100 1 CROFER 800c DUAL 100hrs

Total oxide thickness was
2um.



Growth of NiO

Under strong oxidizing environments NiO
exists as a metal deficient oxide

Ni vacancies are the dominate defect

The growth of NiO is dominated by the
outward transport of Ni through the oxide

scale.

The greater the non-stoichiometry, the
faster the growth



Reduction of Growth Rate

Grain boundary diffusion plays an increasingly
important role in oxide growth as the
temperature decrease

Inhibit grain boundary diffusion by the addition of
a reactive element

The growth of NiO has been reduced by an
order of magnitude by the coating pre-exposed
Ni with Ca, Sr, or other RE

Pulsed Laser Deposition CeO,, SrO



Improved Conductivity

 [holes] is fixed by the oxygen partial
pressure for pure NiO

* Doping
— M3* will increase [V, ], decrease[holes]
— M™* ions will reduced [V,,], increase [holes]

* Ni-dwt%Cu alloy



High Conductivity Via

A

INEE

W.A Meulenberg , et al Journal of Materials Science 36 (2001) 3189-3195

2




Nickel Mesh

*Fill pores with silver



Pulsed Laser Deposition

5 minute deposition time
10Hz

~10 millijoule

Total pressure 1.6x10torr



SrO Coated Ni
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