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Study of Corrosion Characteristics of Nitrided Ni-free SUS445 Stainless
Steel as Bipolar Plate in PEFC

YuYang*'. Neil lhsan *'. B{ZH K7, @l Eigg*?. 85 F—""° #E ="'
Yang Yu*', Thsan Neil **, Sayoko Shironita *', Kunio Nakatsuyama * 2, Kenichi Souma *'**, Minoru Umeda
TRERTREAE XERIEMAN WEMRHISEFTR
Department of Materials Science and Technology, Graduate School of Engineering, Nagaoka University of Technology
*2irRiRILEAALIE
Nakatsuyama Heat Treatment Co., Ltd.
CHEMERY T L
Hitachi Industrial Equipment Systems Co., Ltd.

* 1

W EAR S TR EFEMA SR /S L — % & LTIk o Ni 7)) — SUS445 A 7 » L ASOii &tk 210 3¢ 2%
7oIT, BEZEBLHN A W CTERFMA T CRMICBLM AT 572, 22T Ar FHK T TR L7249~ 7 v %
WM & Lze BAALFMRE) L KB A~ 4 7 afifiid, V=7 AL —=7H Ly 2 b= (LSV) @llEL X
FEHT (XRD) 12 & o TEFfili L7zo F72. RMNZBT 2MLFAHE & BAALFHERZROBEEZ, Theh s/ o —UE
FEOUEMGATEE (GDS) & L —H —EARBARMEE (LSM) THOAT L7z, #ikk e LT, EFRBLIIN £ R L,
POREAZEFEIME T T 5 & W) HIAE S 7z, — 75, Ar FPAAUF TEMLEL L 72 SUS445-Ar T &M L 72
I, IRHOH Y IVEIOR, > 7-RELFHRIC L2 L EZ N5,

Abstract: In recent years, as an alternative material, stainless steels used for bipolar plate of polymer electrolyte
fuel cell (PEFC) are required to have high corrosion resistance and low cost. In this study, an improved corrosion
resistance of Ni—free SUS445 stainless steel by nitriding heat treatment has been reported, the SUS445-N stainless
steel. The SUS445-Ar stainless steel heat treated under argon atmosphere was for a comparison. The corrosion
behavior of the SUS445-N and SUS445-Ar stainless steels was investigated by electrochemical measurement in a
05 mol dm™ H,SO, solution. In addition, the X-ray diffraction (XRD), laser scanning microscopy (LSM) and glow
discharge optical emission spectroscopy (GDS) measurements were performed to study the structure, surface
morphology and surface component of the heat-treated stainless steels, respectively. The results show that the
structure and surface component of the stainless steels heat-treated under different atmospheres have an influence to
their corrosion resistance.

Key Words: Stainless steel, Corrosion behavior, Nitriding heat treatment, Bipolar plate, Polymer Electrolyte Fuel
Cell (PEFC)
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Fig. 1 Polarization curves of SUS445, SUS445-Ar, SUS445-
N, and SUS316 stainless steels in Ar-saturated 0.5 mol

dm 2 H,S0, electrolyte at room temperature.
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Fig. 2 XRD patterns of SUS445, SUS445-Ar and SUS445-N
stainless steels.
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Fig.3 LSM images of SUS445, SUS445-Ar and SUS445-
N stainless steels before and after polarization curve
measurements; SUS445 stainless steel (A) before (B)
after; SUS445-Ar stainless steel (C) before (D) after;
SUS445-N stainless steel (E) before (F) after.
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Fig.4 GDS depth profiles of SUS445, SUS445-Ar and
SUS445-N stainless steels.

4. F&o

SUS445 A 7 » L A S Oiiif N3 % FIH L 0 528
ERARD72DIT, BAESMLIRIE %2 FVC Ni 7 1) —SUS445
N, & Ar SRR P CRMBMLB 2175720 22Ty &
ToOH Y 7 VORERE), KMIZBT LG, ERE 1L
SRR & AT L 7ze EEBULBLL 72 SUSA45-N H > 7 v
12 0.5mol dm™? H,SO, /K ¥ 1Z SUS445 O AL F#F &
Ar BULEL L 72 SUS445-Ar £ Y i &tz R4, F 72,
XRD & GDS O#EHR I Y, REIIBWTERL S F 72131t
FHRUED BT 5 2 ehbir oz

e

AWFIECR O — L. BRERFEMN - 1 /) R—a v &
#o [SIP (MmE A4/ R—a VA Tar 5 2) / #
FREEHERERAN ] (FHEAN 1 NEDO) 12X - THEE
N7z DTHbH, BIREAICHECEHH L LFES,

Sk
1) X.Z. Yuan, H. Wang, J. Zhang, D.P. Wilkinson :

/0 BEEH Vol16 No3 2017



3)

4)

6)

7)

8)

9)

10)

Bipolar plates for PEM fuel cells-from materials
to processing, J. New Mater. Electrochem. Syst., 8,
257267 (2005)

S. Karimi, N. Fraser, B. Roberts, F.R. Foulkes :
A review of metallic bipolar plates for proton ex-
change membrane fuel cells : materials and fabri-
cation methods, Adv. Mater. Sci. Eng., 2012, 122
(2012)

J. Lv, T. Liang, W. Guo : Effect of strain on corro-
sion resistance of 316L stainless steel as bipolar
plates in PEMFC environment, Int. /. Hydrogen
Energy, 40, 10382 — 10389 (2015)

R.A. Antunes, M.C.L. Oliveira, G. Ett, V. Ett : Cor-
rosion of metal bipolar plates for PEM fuel cells :
a review, Int. J. Hydrogen Energy, 35, 3632 — 3647
(2010)

K.H. Lee, SH. Lee, JH. Kim, Y.Y. Lee, Y.H. Kim,
M.C. Kim, D.M. Wee : Effects of thermal oxi-ni-
tridation on the corrosion resistance and electrical
conductivity of 446 M stainless steel for PEMFC
bipolar plates, Int. /. Hydrogen Energy, 34, 1515 —
1521 (2009)

Y.S. Jeong, Y.T. Jeon, H.G. Seong, S.G. Lim : Elec-
trochemical characteristics of 316L stainless steel
processed with a thermally treated Ni- and Cr-
rich surface coating, Met. Mater. Int., 15, 37 —42
(2009)

A.S. Woodman, E.B. Anderson, K.D. Jayne, M.C.
Kimble : Development of corrosion-resistant coat-
ings for fuel cell bipolar plates, in : AESF SUR/
FIN’ 99 Proceedings, 717 — 725 (1999)

S. Sato, Y. Arai, N. Yamashita, A. Kojyo, K. Ko-
dama, N. Ohtsu, Y. Okamoto, K. Wagatsuma :
Surface-nitriding treatment of steels using micro-
wave-induced nitrogen plasma at atmospheric
pressure, Appl Surf Sci., 258, 7574 — 7580 (2012)
D.Q. Peng, T.H. Kim, J.H. Chung, J.K. Park : De-
velopment of nitride-layer of AISI 304 austenitic
stainless steel during high-temperature ammonia
gas—nitriding, Appl. Surf. Sci., 256, 7522 — 7529
(2010)

Y.J. Ren, J. Chen, C.L. Zeng : Corrosion protection
of type 304 stainless steel bipolar plates of proton-
exchange membrane fuel cells by doped polyani-
line coating, J. Power Sources, 195, 1914 —1919

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)
21)

22)

(2010)

R. Tian, J. Sun : Corrosion resistance and interfa-
cial contact resistance of TiN coated 316L bipolar
plates for proton exchange membrane fuel cell,
Int. J. Hydrogen Energy, 36, 6788 —6794 (2011)
Y.H. Yun : Deposition of gold-titanium and gold-
nickel coatings on electropolished 316L stainless
steel bipolar plates for proton exchange mem-
brane fuel cells, Int. J. Hydrogen Energy, 35, 1713
-1718 (2010)

K. Lin, X. Li, Y. Sun, X. Luo, H. Dong : Active
screen plasma nitriding of 316 stainless steel for
the application of bipolar plates in proton ex-
change membrane fuel cells, Int. J. Hydrogen En-
ergy, 39, 21470 - 21479 (2014)

R. Tian, J. Sun, J. Wang : Study on behavior of
plasma nitrided 316L in PEMFC working condi-
tions, Int. J. Hydrogen Energy, 33, 7507 — 7512
(2008)

L. Wang, S. Ji, J. Sun : Effect of nitriding time on
the nitrided layer of AISI 304 austenitic stainless
steel, Surf. Coat. Technol., 200, 5067 —5070 (2006)
JH. Sung, J.H. Kong, DK. Yoo, HY. On, D.J. Lee,
H.W. Lee : Phase changes of the AISI 430 ferritic
stainless steels after high-temperature gas nitrid-
ing and tempering heat treatment, Mater. Sci.
Eng., A 489, 38 —43 (2008)

C.V. Franco, F.G. Mittelstadt, J.L.R. Muzart, A.R.
Souza, L.P. Cardoso : Plasma surface treatment of
AISI 4140 steel for improved corrosion resistance,
J. Mater. Sci,, 31, 431 - 435 (1995)

Y. Li, Z. Wang, L. Wang : Surface properties of ni-
trided layer on AISI 316L austenitic stainless steel
produced by high temperature plasma nitriding in
short time, Mater. Lett., 128, 231 —234 (2014)

K. Miura, K. Nakatsuyama, M. Umeda, Develop-
ment of fuel cell separators using nitrogen con-
taining stainless steel, Electrochemistry, 80, 1012 —
1016 (2012)

JIS (Japanese Industrial Standards), G0579 (2007)
K. Feng, Y. Shen, D. Liu, PK. Chu, X. Cai : Ni-Cr
Co-implanted 316L stainless steel as bipolar plate
in polymer electrolyte membrane fuel cells, Int. J.
Hydrogen Energy, 35, 690 —700 (2010)

R.R. Moreira, T.F. Soares, J. Ribeiro : Electrochem-

BEIEH Vol.16 No.3 2017 11



JRREmL__ Paper

24)

25)

27)

28)

72

ical investigation of corrosion on AISI 316 stainless
steel and AISI 1010 carbon steel : study of the be-
havior of imidazole and benzimidazole as corrosion
inhibitors, Adv. Chem. Eng. Sci., 4, 503 —514 (2014)
C. Blawert, H. Kalvelage, B.L. Mordike, G.A. Col-
lins, K.T. Short, Y. Jiraskova, O. Schneeweiss : Ni-
trogen and carbon expanded austenite produced
by P13, Surf. Coat. Technol., 136, 181 —187 (2001)
J.C. Lippold, D.J. Kotecki : Welding Metallurgy of
Stainless Steel, Wiley-Intercience, New Jersey,
(2005)

E. Cano, L. Martinez, J. Simancas, F.J. Perez-Tru-
jillo, C. Gomez, J.M. Bastidas : Influence of N, Ar
and Si ion implantation on the passive layer and
corrosion behaviour of AISI 304 and 430 stainless
steels, Surf. Coat. Technol., 200, 51235131 (2006)
V. Ashworth, D. Baxter, W.A. Grant, R.P.M. Proct-
er : The effect of ion implantation on the corrosion
behaviour of pure iron— II. Chromium ion implan-
tation, Corros. Sci., 16, 775-785 (1976)

B. Predel : Cr-N (Chromium-Nitrogen), Landolt-
Bornstein-Group IV Physical Chemistry, Springer
Berlin Heidelberg, 5d, 1-3 (1994)

Y. Yu, S. Shironita, K. Nakatsuyama, K. Souma, M.

Umeda : Influence of nitriding surface treatment

29)

30)

31)

32)

33)

on corrosion characteristics of Ni-free SUS445
stainless steel, Electrochemistry, 84(9), 709—713
(2016)

A. Ruden, E. Restrepo-Parra, A.U. Paladines, F.
Sequeda : Corrosion resistance of CrN thin films
produced by dc magnetron sputtering, Appl Surf.
Sci., 270, 150 — 156 (2013)

P. Vissutipitukul, T. Aizawa : Wear of plasma-
nitrided aluminum alloys, Wear, 259, 482 — 489
(2005)

F. Haftlang, A. Habibolahzadeh, M. Heydarzadeh
Sohi : Comparative tribological studies of duplex
surface treated AISI 1045 steels fabricated by
combinations of plasma nitriding and aluminizing,
Mater. Des., 60, 580 —586 (2014)

F. Vacandio, Y. Massiani, P. Gravier, A. Garnier :
A study of the physical properties and electro-
chemical behavior of aluminum nitride films, Surf.
Coat. Technol., 92, 221229 (1997)

F. Haftlang, A. Habibolahzadeh, M. Heydarzadeh
Sohi : Improving electrochemical properties of
AISI 1045 steels by duplex surface treatment of
plasma nitriding and aluminizing, Appl Surf. Sci.,
329, 240 — 247 (2015)

MKEM Vol.16 No.3 2017



