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Abstract
SS441 is one of the metallic interconnects for solid oxide fuel cells (SOFC), and the operation temperature
is at about 800°C. The one of current research objective is lowering the operation temperature of SOFC for better
long-term stability of metallic interconnects and power production ration. In this study, the heat treatment of
SS441 were applied at 500°C, 600°C, 700°C and 800°C from 10 minutes. After that, the surface morphology and
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scale of the SS441 examined by SEM/EDS and the surface crystalline structure characterized with XRD. Also, the
electrochemical impedance spectroscopy (EIS) applied on the heat-treated specimens for the electrochemical
corrosion study. Apparently, Mn element diffused from substrate into the surface oxide scale at 700°C and 800°C.
The compositions of surface oxide scale at 700°C are Cr,0Os and a few amount of Mn element. But at 800 °C, which
is Mn-Cr chemical bond. In order to demonstrate the diffusion of Mn element, the heat treatment of SS441 were
applied at 700°C from 10min and 1 hour, separately. After surface oxide scales analysed with XPS, Mn 2Ps/; both
peaks are at 640.9 eV. The main cause of Mn-Cr bonding is depending on heat-temperature. As the results of EIS
fitting for equivalent circuit, the thickness of surface oxide scale is enhanced with temperature increasing.
Meanwhile, the second oxide layer of Mn-Cr bonding is Mn-rich composition with lowering R2 resistance value.
The resistances of different oxide layers would be future stainless steels pre-oxidation process.

Keywords: SS441, SOFC, High Temperature Corrosion, Oxidation, EIS.
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Tablel Chemical composition of SS441 stainless steel.
Cr Fe Mn Si Al Ti Ni
SS441 18 Bal. 0.35 <0.34 <0.05 0.22 0.3 0.5
Unit: wt.%
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The surface morphology of different temperatures treatment for SS441.

600°C-10min

g
#

8009C-10min

i

i
|
|

a

4 %8
| Fe. Cr, O, Nb rich :

1

. 1

3 1 &

SH N
»



PrEhTA2 HF=+—6F=HI5% 28~36 H 2017 4 9 A

*2 ETREERIOGEEIREL SS441 FRHITTEIMEER -
Table2 The EDS analysis results of high-temperature oxide-scale of the SS441 surface.

Atomic% 500C-10 min 600C-10 min 700C-10 min 800C-10 min
Fe 63.99 63.69 62.85 69.10
Cr 16.01 15.92 14.70 17.41
Nb 0.39 0.27 0.23 0.39
Mn - - 0.04 0.45
0O 5.71 6.34 7.70 11.46

500°C-10min 600°C-10min

700°C-10min

800°C-10min

2 SS441 BpmHEER mEIHI S LR USRI AL -
Figure 2 The cross-sectional morphology of after temperature treatment of SS441.

#=3 SAftEEE -
Table 3 The thickness of oxide scales.

Oxide Thickness nm error
500C-10 min 23.86 2.18
600C-10 min 36.65 4.80
700C-10 min 42.58 6.10
800C-10 min 45.47 8.90

500C-10min 600C-10min

700C-10min 800C-10min

3 AEDRER IR an R ST e R SR RS -
Figure 3 The roughness of heat-treatment specimens with LSCM.
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Figure 4 The gracing incident angle XRD analysis
of specimens.

F4 JEREDEGER TSR

Table 4 The XRD results for all treatment specimens.
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HETREERIE - 2EF UGS mRE LS
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a2z C-H 5 C-C §#45 » AR Ry A] R Rys R R IR B
HERG T 2T 4 - 700°C Kz 800°C B FHElFH 17h
5b FIi& Cr2p;nEB576.6 eV K Cr2p12BE586.3
eV 73 Bl ER AR » L e (ke =y Cr' 2 $4ERE
HAARY ATEE £y Cro0s B MnCr,04 5 800°C ZAFEHE A
HHAEl 5S¢ Fi&E Mn 2ps» EB640.9 eV K Mn 2pip
BE652.3 eV 73 Il tEERIGE - JHh Wi H #Esm s Mn®*
Z $REERE > HEHIETTRE f MnCr04 2 415K > 700°C
B s s 2 B AHAR(E So) NI EA
&GS R ATEREA 700°C LAFITEA Cr05 By 700°C
FZA Ry Cro05 B F > &5 77 Mn JTERIEHE Cra0;
R Mn-Cr §i#4 > 800°C 2% Mn JTERIEHE R
[EJZEL Fe(Mn, Cr);04 © 555 1 5858 Mn JTEHIHE
BT Ry B T 700°C Fm 1 /NFF 2 &R - H XPS
IIATEEELE Mn 2 SRESSRE([E Sc)EE 700°C £
10 5358 2 l(FFEE - 3R Mn B Cr Z §#45DICR
F& Ry T 22EREN /7 JRE R B BMEHL-RIFR - BT
Al{H Mn B Cr J#&H{EABHE - bl $5 58 REL
EDS g & -

Entry Peak position (2q) FWHM Fe(Cr, Mn);0;4 Size (nm)
SS441 44.65° 0.332° -
500°C-10 min 44.61° 0.360° 31.80
600°C-10 min 44.65° 0.295° 39.84
700°C-10 min 44.65° 0.283° 41.71
800°C-10 min 44.64° 0.244° 47.79

*Scherrer equation: t= kl/FWHMcos(0)
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Table 5 Crystalline Composition from SS441 Surface with Semi-Quantitative Method by Bruker EVA software.
R PR /45 S 45 Fe Fe-Cr Fe;oMn
500°C-10 min 48.4% 39.0% 12.5%
600°C-10 min 9.2% 69.3% 21.5%
700°C-10 min 15.8% 62.9% 21.3%
800°C-10 min 16.6% 60.1% 23.3%
XPS survery
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o |
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3 2000 | 25T b 3 2s00 [ XPSWn 25 c
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§ 2000 } 600C@ 10mins i 2000 600C@10mins
g —;gggg:gmms 8 w— 7O0CE 10mins
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Figure 5

By R L AL LA T4HAR - (T A RVREEE e

Binding Energy (eV)

B (b3t 2p B TRHARY

The XPS analysis of the oxide scales of heat-treatment SS441 specimens (a) the full-range spectrum of

all samples (b) Cr 2p spectrum (¢) Mn 2p spectrum.
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Figure 6 The EIS analysis (a) Nyquist plot (b) Bold plot (c) simulation equivalent-circuit.
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Table 6 The simulation parameters for EIS analysis results.

Rsx10? R;x103 C R,x103 CPE, R3x106 CPE»
500°C-10 min 0.17 4.58 0.79 2.96 2.25 - -
600°C-10 min 0.37 9.18 1.01 4.56 3.83 - -
700°C-10 min 1.39 1.02 2.23 2.36 21.90 0.73 14.80
800°C-10 min 1.46 2.51 4.45 2.05 76.60 1.10 11.30

Rs, Ri, Rz, Rs Eq%fﬂﬁ’] Q-cm?; C E@%TXZ% mkF, CPE,, CPE; E’J%ﬁlf—{} Sngil -ecm 2 o

2EXR

[1] “Life Cycle Assessment of Fuel Cell-based
APUs”, F. Baratto and U.M. Diwekar, J. Power
Sources, 139 (2005) pp.188-196.

[2] “Solid Oxide Fuel Cell Technology Features and

Applications”, N. Minh, Solid State Ionics, 174

(2004) pp.271-277.

[3] “Energy and Carbon Payback Times for Solid

Oxide Fuel Cell Based Domestic CHP”, I

Staffell, A. Ingram, and K. Kendall, S Int. J.

Hydrogen Energy, 37 (2012) pp.2509-2523.

[4] T.D.Hall, H. McCrabb, J. Wu, H. Zhang, X. Liu,

and J. Taylor, “Electrodeposition of CoMn onto

Stainless Steels Interconnects for Increased

Lifetimes in SOFCs”, Solid Oxide Fuel Cells 12

(SOFC XII), Ed. by S. C. Singhal and K. Eguchi,

2011, Vol. 1, pp.2489-2502.

[5] “Coated Stainless Steel 441 as Interconnect

Material for Solid Oxide Fuel Cells: Oxidation

Performance and Chromium Evaporation”, J.G.

Grolig, J. Froitzheim, and J.-E. Svensson, J.

Power Sources, 248 (2014) pp.1007-1013.

of

“Characterization Iron-based

[6] Alloy
Interconnects for Reduced Temperature Solid
Oxide Fuel Cells”, K. Huang, Solid State Ionics,

129 (2000) pp.237-250.

-35-

[7] “Life Prediction of Coated and Uncoated
Metallic Interconnect for Solid Oxide Fuel Cell
Applications”, W.N. Liu, X. Sun, E. Stephens,
and M.A. Khaleel, J. Power Sources, 189 (2009)
pp-1044-1050.

[8] P. Kofstad, in: High Temperature Corrosion

(Elsevier Applied Science, New York, USA,

1988) pp.354.

[9] “Chromium Deposition and Poisoning of

Cathodes of Solid Oxide Fuel Cells, a Review”,

S.P. Jiang and X. Chen, Int. J. Hydrogen Energy,

39 (2014) pp.505-531.

[10] “Methods to Quantify Reactive Chromium
Vaporization from Solid Oxide Fuel Cell
Interconnects”, C. Key, J. Eziashi, J. Froitzheim,
R. Amendola, R. Smith, and P. Gannon, J.
Electrochem. Soc, 161 (2014) pp.C373-C38]1.

[11] “The Influence of Cr Evaporation on Long Term
Cr Depletion Rates in Ferritic Stainless Steels”,
R. Sachitanand, J.-E. Svensson, and J.
Froitzheim, Oxid. Met., 84, (2015) pp.241-257.

[12] “Influence of Water Vapor and Flow Rate on the
High-temperature Oxidation of 304L; Effect of
Chromium Oxide Hydroxide Evaporation”, H.

Asteman, J.-E. Svensson, M. Norell, and L.-G.
Johansson, Oxid. Met., 54 (2000) pp.11-26.



SS441 EpfigEdE

[13] “Oxidation Behavior of Ferritic Stainless Steels
under SOFC Interconnect Exposure Conditions”,
Z.Yang, M.S. Walker, P. Singh, J.W. Stevenson,
and T. Norby, J. Electrochem. Soc., 151 (2004)
B669.

[14] “Effects of Water Vapor on Oxidation Behavior
of Ferritic Stainless Steels under Solid Oxide
Fuel Cell Interconnect Exposure Conditions”, Z.
Yang, G. Xia, P. Singh, and J.W. Stevenson,
Solid State Ionics, 176 (2005) pp.1495-1503.

[15] “Oxidation Behavior of Stainless Steel 430 and
441 at 800°C in Single (Air/Air) and Dual
Atmosphere (Air/Hydrogen) Exposures”, J.
Rufner, Int. J. Hydrogen Energy, 33 (2008)
pp-1392-1398.

[16] “Characteristic of (Lag.sSro2)09sMnO; Coating

Crofer22APU  Used Metallic

on as

-36-

JEERELAATT Rt oE

Interconnects for Solid Oxide Fuel Cell”, S. S.
Pyo, S. B. Lee, T. H. Lim, R. H Song, D. R. Shin,
S. H. Hyun, and Y. S. Yoo, Int. J. Hydrogen
Energ., 36 (2011) pp.1868-1881.

[17] “Concerning the Conversion of the Constant
Phase Element Parameter Y, into a
Capacitance”, C. H. Hsu and F. Mansfeld,
Corrosion, 57 (2001) pp.747-748.

[18] “Comparison of the Semiconductive Properties
of Sputter-deposited Iron Oxides with the
Passive Film on Iron”, T. Buchler, P. Schmuki
and H. Bohni, J. Electrochem. Soc., 145 (1998)
pp.378-385.

[19] Anil V. Virkar and Diane M. England, “Solid
Oxide Fuel Cell Interconnector,” US Patent

US6054231A, 2000.


https://patents.google.com/?inventor=Anil+V.+Virkar
https://patents.google.com/?inventor=Diane+M.+England

