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Effect of manganese addition on resistance to pitting corrosion of duplex stainless steel
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ABSTRACT Duplex stainless steel (DSS) has been applied to marine industries, chemical plants, and nuclear facilities because of
its high mechanical strength, good weldability, good resistance to pitting corrosion in various aggressive environments, and relatively
low cost than similar-performance materials. However, with the decline of iron and steel industries, the competition among stainless
steel products is becoming fierce. To reduce the costs of stainless steel, enterprises have attempted to replace high-priced alloy ele-
ments with low-priced alloy elements. Thus, the project of substituting manganese for nickel has attracted considerable attention. In
this study, effect of manganese addition in the range of 0. 93% —1. 26% on the resistance to pitting corrosion of duplex stainless steel in
chloride medium was investigated. Chemical corrosion and potentiodynamic anodic polarization tests were conducted to assess the resist-
ance to pitting corrosion. Categories and number of inclusions were analyzed using inclusion automatic analysis technology. Changes of
inclusions before or after chemical and electrochemical corrosion were observed using in situ observation, scanning electron microscope
and energy dispersive spectrometer analysis. Inductively coupled plasma test was conducted to analyze compositions of corrosion prod-
ucts. The results indicate that different inclusions have different effects on pitting corrosion. Types of (Mn, Si) oxides and complex in-
clusions of (Mn, Si, and Cr) oxysulfides are dissolved, which accelerates the corrosion process. However, the types of ( Cr, Mn, and
Al) oxides are stable in similar environment. The addition of manganese leads to the deterioration of the resistance of dplex stainless
steel to pitting corrosion because manganese accelerates the formation of (Mn, Si) oxides that act as initial locations of pitting corrosion

in chlorine ion corrosion environment. Dissolved inclusions help to expose fresh matrix to etchant solution, accelerating the corrosion of
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the matrix. Thus, the corrosion of the duplex stainless steel matrix is more serious than that of the inclusions.

KEY WORDS duplex stainless steel; pitting corrosion; inclusion;
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Fig.1 Schematic diagram of experimental equipment
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Fig.2 Effect of manganese addition on the corrosion rate
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Fig.3 Backscattered electron images of inclusions in experimental alloys before and after chemical corrosion: (a) (Mn, Si) oxides; (b) (Cr, Mn,

Al) oxides; (c¢) (Mn, Si, Cr) oxysulfides
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Fig.4 Effect of manganese addition on the inclusions; (a) number; (b) size
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Fig.6 Effect of manganese addition on the mass loss of inclusions
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Fig.7 Schematic diagram of the pitting corrosion mechanism; (a) initial; (b) corrosion process of inclusion; (c) etch off; (d) extension of pitting

corrosion

XA 5l 57 3 51 A 0. 58 0. 48 0. 44 F110.34 V.
PRI, M B S BN 5 A9 (%) s P R A, 1T et ot
PEAETE G R R M M DR | 5 A UL S Te Ze P ab A S &
AL R R A R SR T B O
XTIES RE S A TSR, e IS 85 4 2 1T 1 < 2
7 B FE B AR S RN S BT . 32 BT ORUR
ANFH R AGHLA L, PIAH S i B AT o 22 K
AR 22 b TR ik AU L S — T
X e = BRI 1) 5 R T 2% e B, AN (] S 7R 1) e A
W6 SRR AN AN 9 BT, 2 Ak At
J& , #E (Mn | Si) A9 B UK ) a5 i 1 7
(Cr Mn Al) ALY A B 2B TE . X BEHH (Mn
Si) AP AT R 2 AR T BB T T A5 | i 0 o okt
HITE .

2.0

—— Al
L5t

{37 /(V vs SCE)

L I I I I |
-9 -8 -7 -6 -5 4 -3 ) 1 0
IR lg [i/(A » em™)]

B8 AIA] Mn & i SUHAN G A1 3l i ik 1l il 22
Fig.8 Effect of manganese addition on the potentiodynamic polariza-

tion behavior of duplex stainless steel



- 252 -

TR 5 41 5,55 2 1)

(a) (b)
PNt
P i \
5 pm 5 pum
—— —
(oA 0 Mn Si Al Mg Cr Ca S

1 50.47 3091 7.69 2.31 147 3.72 1.45 1.99

2 27.95 24.92 — 2.38 — 44.76 — —
B9 AFEZEADRIY R B . (a) (Mn Si)EMLY; (b) (Cr.Mn Al &AW

Fig.9 Effect of inclusions on pitting corrosion: (a) (Mn, Si) oxides; (b) (Cr, Mn and Al) oxides

&t

(1) BEE Mn &5, 2205 SURAS 85 40 1Y
J PR T S A R R S oM RE R AL

(2) FEALZEIE P B rp | O[] S 2 P ok g ok %
MISZMAAN TR (Mn . Si) A 25 5 0 ik i s e,
IR R AT, i — 2D A A AR A B el 17T ( Cr,
Mn A1) S8 A0 ANl TR o, X5 BURE AN 85 4K B i
SR PERE R AN, A, AR A i G AN
TS A R B KR 4, e i i ol o5 B3/

(3) TEHLALZ= ) phrb, (Mn | Si) ALY B9 FE7E
25 BACL R 0 B Dh AR AR 2 S BT A TR B, AT
SUAHANE S PR it ot e 1 .
S

=

% X W

[1] Garfias-Mesias L F, Sykes J] M, Tuck C D S. The effect of phase
compositions on the pitting corrosion of 25 Cr duplex stainless steel
in chloride solutions. Corros Sci, 1996, 38(8): 1319
[2] Momeni A, Kazemi S, Bahrani A. Hot deformation behavior of
microstructural constituents in a duplex stainless steel during high-
temperature straining. Int J Miner Metall Mater, 2013, 20(10) .
953
[3] Cheng X Q, LiCT, Dong C F, et al. Constituent phases of the
passive film formed on 2205 stainless steel by dynamic electro-
chemical impedance spectroscopy. Int J Miner Metall Mater,
2011, 18(1): 42
[4] Deng B, Jiang Y M, Xu J L, et al. Application of the modified
electrochemical potentiodynamic reactivation method to detect sus-
ceptibility to intergranular corrosion of a newly developed lean du-
plex stainless steel LDX2101. Corros Sct, 2010, 52(3) : 969
[5] Olsson J, Snis M. Duplex-A new generation of stainless steels for
desalination plants. Desalination, 2007, 205(1-3) : 104

[6] WuJ. Duplex Stainless Steel. Beijing: Metallurgy Industry Press,

(7]

(9]

[10]

[11]

[12]

[13]

[14]

2000
(R SAHAEE. ot ha Tl R, 2000)
Yang S M, Chen Y C, Chen C H, et al. Microstructural charac-
terization of 8/v/0/¥2/x phases in silver-doped 2205 duplex
stainless steel under 800 °C aging. J Alloys Compd, 2015, 633
48
Pohl M, Storz O, Glogowski T. Effect of intermetallic precipitati-
ons on the properties of duplex stainless steel. Mater Charact,
2007, 58(1): 65.
Merello R, Botana F J, Botalla J, et al. Influence of chemical
composition on the pitting corrosion resistance of non-standard low-
Ni high-Mn-N duplex stainless steels. Corros Sci, 2003, 45(5):
909
Westin E M, Olsson C O A, Hertzman S.
on lean duplex stainless steel. Corros Sci, 2008, 50(9) : 2620
SuY S, Yang Y H, Cao J C, et al. Research on hot working be-

Weld oxide formation

havior of low-nickel duplex stainless steel 2101. Acta Metall Sin,
2018, 54(4) . 485

(fadr, Wi, Wt 45 715 Ni B 2101 RUHA SR
FRBINTAT RIS, SJR%HR, 2018, 54(4) : 485)

Fang Y L, Liu Z Y, Zhang W N, et al. Microstructure evolution
of lean duplex stainless steel 2101 during hot deformation. Acta
Metall Sin, 2010, 46(6) : 641

(8T, XPRT, oR4ER, 4. AR AEEM 2101 &
IRASTE SR P RO S Ak, G Im A, 2010, 46(6) : 641)
Ueji R, Tsuchida N, Terada D, et al. Tensile properties and
twinning behavior of high manganese austenitic steel with fine-
grained structure. Scripta Mater, 2008, 59(9) ; 963
Calcagnotto M, Ponge D, Raabe D. On the effect of manganese
on grain size stability and hardenability in ultrafine-grained fer-
rite/ martensite dual-phase steels. Metall Mater Trans A, 2012,
43(1) . 37

Tsukatani I, Hashimoto S, Inoue T. Effects of silicon and manga-
nese addition on mechanical properties of high-strength hot-rolled
sheet steel containing retained austenite. ISIJ Int, 1991, 31(9) .
992



FREEABEE . Mn XF 2205 BURIAS 6589 it o5 fdu 14 BE 16 52 1

- 253 -

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

An L C, CaoJ, Wu L C, et al. Effects of Mo and Mn on pitting
behavior of duplex stainless steel. J Iron Steel Res Int, 2016, 23
(12) . 1333

Toor I, Hyun P J, Kwon H S. Development of high Mn-N duplex
stainless steel for automobile structural components. Corros Sct,
2008, 50(2) : 404

LiJ, Xu Y L, Xiao X S, et al. A new resource-saving, high
manganese and nitrogen super duplex stainless steel 25Cr—2Ni—
3Mo-xMn~-N. Mater Sci Eng A, 2009, 527(1-2) . 245
Diederichs R, Bleck W. Modelling of manganese sulphide forma-
tion during solidification, part I: description of MnS formation
parameters. Steel Res Int, 2006, 77(3) . 202

Oikawa K, Ishida K, Nishizawa T. Effect of titanium addition on
the formation and distribution of MnS inclusions in steel during
solidification. ISIJ Int, 1997, 37(4) . 332

Shao X J, Wang X H, Wang W J, et al. In-situ observation of
manganese sulfide inclusions in YFA5MnV steel. J Univ Sci Tech-
nol Beijing, 2010, 32(5): 570

(HEW &, EHE, EE, % SIS TE YFASMnV
BTN LS. JERURHE R 2 224R, 2010, 32(5)
570)

Webb E G, Suter T, Alkire R C. Microelectrochemical measure-
ments of the dissolution of single MnS inclusions, and the predic-
tion of the critical conditions for pit initiation on stainless steel. J
Electrochem Soc, 2001, 148(5) : B186

Lillard R S, Kashfipour M A, Niu W. Pit propagation at the

boundary between manganese sulfide inclusions and austenitic

[24]

[25]

[26]

[27]

[28]

[29]

[30]

stainless steel 303 and the role of copper. J Electrochem Soc,
2016, 163(8) : C440

Ha HY, Park C J, Kwon H S. Effects of misch metal on the for-
mation of non-metallic inclusions and the associated resistance to
pitting corrosion in 25% Cr duplex stainless steels. Scripta Ma-
ter, 2006, 55(11): 991

Williams D E, Zhu Y Y. Explanation for initiation of pitting cor-
rosion of stainless steels at sulfide inclusions. J Electrochem Soc,
2000, 147(5): 1763

Williams D E, Mohiuddin T F', Zhu Y Y. Elucidation of a trigger
mechanism for pitting corrosion of stainless steels using submicron
resolution scanning electrochemical and photoelectrochemical mi-
croscopy. J Electrochem Soc, 1998, 145(8) : 2664

Ohta H, Suito H. Activities in CaO-Si0,-Al, O5 slags and deox-
idation equilibria of Si and Al. Metall Mater Trans B, 1996, 27
(6):943

Zheng J C, Hu X J, Pan C, et al. Effects of inclusions on the re-
sistance to pitting corrosion of S32205 duplex stainless steel. Ma-
ter Corros, 2018, 69(5) : 572

Amadou T, Sidhom H, Braham C. Double loop electrochemical
potentiokinetic reactivation test optimization in checking of duplex
stainless steel intergranular corrosion susceptibility. Metall Mater
Trans A, 2004, 35(11) : 3499

Deng B, Jiang Y M, Xu J L, et al. Application of the modified
electrochemical potentiodynamic reactivation method to detect
susceptibility to intergranular corrosion of a newly developed lean

duplex stainless steel LDX2101. Corros Sct, 2010, 52(3) : 969



