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Effect of Mo Addition on the Characteristics of Passive Film of
Fe-Cr Martensitic Stainless Steel

Yu-Taek Jeon and Yong-Soo Park
Department of Metallurgical Engineering, Yonsei University,
134 Shinchon-dong, Seodaemun-ku, Seoul, 120-749, Korea

The passive behaviors of Mo free and Mo-bearing martensitic stainless steels in
neutral 3.5wt% NaCl solution have been studied with a variable angle X-ray pho-
toelectron spectroscopy(XPS). Potentiodynamic measurements show that Mo
addition increases both the pitting potential and the corrosion potential. Passive
film formed on the surface of Mo-bearing stainless steel is mainly composed of
mixed Fe-Cr-Mo oxide. But the Ni content in the oxide is very low and Cl ion is
not detected in the passive film. Furthermore, there was much bound water at the
outer passive layer and a decrease in the film thickness was observed. It is also
found that the addition of molybdenum results in Cr enrichment and Fe depletion
in the passive film. In the case of Mo-containing alloy, the majority species of Fe
2p spectra were found to exist as Fe’' ion and the intensity of Fe3" ion has a
tendency to decrease about 15% in comparison with that of the Mo free alloy. On
the other hand, Cr oxide(Cr,O; and CrOj;) increases about 12% in the passive
layer. In this study, the explanation of Cr enrichment in the passive film and im-
provement of corrosion resistance with Mo additions was attempted by a vacancy
mechanism and the formation of a stable mixed oxide.

Keywords : passive film, Mo, mixed oxide, Cr,0,, selective dissolution, XPS, martensite,
Mo0 7, vacancy.
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Table 1. Chemical composition of the experimen-
tal alloys

Chemical Composition
C C Mo NI V S Mn S P N
No.10.27 13.25 0.01 2.2 0.20 0.52 0.54 0.003 0.0005 0.01
No. 2 0.27 12.11 1.95 2.4 0.21 0.47 0.52 0.002 0.0004 0.02
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Table 2. The Binding energy of the chemical spe-
cies

Binding Index

Chemical Species Energy(eV) No.

Fe 706.8 1
Fe 2P Fet? 709.2 2
Fet*? 710.8 3
Cr 574.1 1
Cry0, 576.3 2
Cr 2P Cr(OH); 577.0 3
CrO, 578.1 4
Cr02~ 579.3 5
o 530.2 1
0 1s OH~ 531.4 2
H,0 532.9 3
Mo 5/2d 227.7 1
Mo 3/2d 230.9 2
MoO(OH), 5/2d 230.2 5
MoO(CH), 3/2d 233.4 6
Mo 3d  MoO2 5/2d 231.9 3
MoO 2~ 3/2d 235.1 4
Mo0, 5/2d 229.1 7
MoO, 3/2d 232.3 8
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Fig. 1. Anodic polarization curves of No. 1 and No. 2
alloy in 3.5wt% NaCl solution(pH 7) at 28°C.
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Fig. 2. Anodic polarization curves of pure Fe, Cr,
Ni and Mo slements in 3.5wt% NaCl solution{pH
7) at 28°C.
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Fig. 3. Variable angle XPS spectra obtained from the passive film formed on the No. 1 alloy at -100mV

(SCE) in 3.5wt% NaCl solution(pH 7) for 1 hour.
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Fig. 4. Variable angle XPS spectra obtained from the passive film formed on the No. 2 alloy at -100mV
(SCE) in 3.5wt% NaCl solution(pH 7) for 1 hour.
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Fig. 11. Variation of the 0?~/OH™ ratio with take
off angle in the passive fims in 3.5wt% NaCl solu-
tion at -100mV (SCE).
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Fig. 12. Area fraction of metallic Mo and oxidized
Molybdenum species with take off angle.
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films.
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s g FHAM & dFAEY o Hu
Ho skth. Mool #H7i=ElW £5d sy Cr
A3gol H&EHAY HY ofg 1Al Mo, N
Crgo] H&Eds Add mal o8 ol&F0l
A A sl gtk Mo 7tel o FFe e
Zd Cr A3E9 %% & Claytonely Lu Sl
oja) o} F4 = (bipolar mode)2 Al ¢ A
Newmanoju} YangT& EH Mool FFHoju
Mo 4tztge] A of& WaAdol Frtdvn
sl o Olefjord & &% Mosl &5 AH
o] Mod| th3 XPS E#xA3 Mo7} Crsd 4
324 L Holil intermetallic compound 3
Aol 2% Rzpesl 2377 s dHEE
ThI72045) gy Z2® AT7EHLS Mo HUld
wg Cr} Mog 43t o disjAug 2@
sggom 3o FE 942 Fed tisixe A
o FHE ZA FAUh

2 d7ZA3 Mool Hr=EE o 48 ®
8 g Hojye AA=E AR F Crd ¥
%3 Fed] n2& & # Uth €4 I F
Fe**ol u]ste] Fe’ o] 22| %ol ZF73lYrh
ARz A F Cr 438 Yol Frlslde
o, dAde 234 fA%e FA7 ZisAh
waty Mo rlel 93 Wadel Fvte FEH
ey g ol2ig #H3lol tidle Aol =Hoje}
g Zlolt}

Wz REg gt F Feo] Meld g3 9
¢ 243 Cr 5% 842 £ A3E(mixed
oxide)e] Aexd gajo 2 ZHeoz HAdTh
Fig. 594 Fig. 7¢} ZAald ol take off
angled] W& °|2FE9 W7 F ¥F EF
vt watE AT Fel* ol 2uto] Mool #H
7tdoaEm ¢ 15~20% AE ZiaHE AL
Bath £3% Fig. 89 mWEW Cry0,9 %ol <
10%°14 Z7lete AF¢ Rk maid Fe?
o] 2& Cr¥* oj-&o] dAiste Aoz A #
k. Spinel dejeo] 38 ABO,& A0S B0,
9 Y A3lBEMA o8 Avte] oL Fo A

Table 3. lons commonly participating in the spinel
lattice®

Valence Ion
1 Li
2 Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd
3 Al, Cr, Mn, Fe
4 Ti, Mn

Table 4. lonic Radii( A )%

fon Valance Radius
Fe +2 0.77
+3 0.65
Cr +3 0.64
+6 0.45
Mo +4 0.68
+6 0.62
Ni +2 0.72
OH™ -1 1.33
ClI™ -1 1.81
0 -2 1.39

¢ B2 dAg 4 Atk Table 37 Table 4&
olgl g spinel TR Fo 7tFd ol 2EFH A9
FAE9 ol A& dJeldth o F Fe'te}
Cr¥te ol WtAo] ol § fAEo spinel T%
dA Cr**7} Fe*& diAE = ULe& & -
slch No. 1 §3¢ A% Aol ZAdA BE
o] %o Fe0,8 FeO7F &3ttt ol
FeOt E-pHE A 23 & A3tz 44
& 7tEsty] Wi FFH sigdiel FeOvt
ZA387] AMAME Cr,0,99 EFAEZAH
FeCr,0, Bel2 E&Asoqt 39 Mo7t #AE
= FeMoO, ¥ehxE &3 71538tk Sellers
NiCr,Fe, 0,8 2& EF A& LA
52 ATATE olnf Crol ol ZF71g)
wet A H 4B SH&=r AsEe B
3l Feol Nie] M gfd & d&sl
et EF Fe0, AstE 29 44 &34
o Fe**7l &5 4% BRI AFe0,
9} & spinel 23 &2 AE Co, Fe, Mn, Niz2
A sl 271 Gol 29 FEgd dis AFIHA
=8 Fe>Mn>Co>Nig]l ¢og wgAde] 4
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ol29 8554 Egrin AT matM
ol5ig FAEL nel¥ W odEH 22 &3
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E-pHEE 2HEE F4 £q94 53
Z7]d Fe Fe**g gsidla A9 F71gd
wet Fes0, AtstEo] ¥4=m Cr} Moz H,0
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do Ao A FAHEGI? ojnf gsfE Felt
ol EFE muy Fe¥* ol2& 93 43
Hrgo o8 Felt ez &3l 471 Cr,0;9
Mo0,% & AsEE FAHE&AAA AR 413
Eol7l W&o £ oz FBeH zuhy
AF3H4 "o oy 7] £8l= kink 93
oAl A Fe'* o]2EF9 S3& A4AY & dov
o] #A <o) A= kink7} ¥A= o Kink
siteo] ¥R Crit Mo At3lEo] A1 Y&
o = ledge sited]] A" Fe3t o] &9 &3] 7} o] F9
29, AEFA F Mol kink siter} grES AT
Hzadeog EWA Cr #§Fol ZF7gd o
ledge sitesl 2] g8i7t TosA. 1am o
2]l & ledge sitex= HU}l B AdHYAEEL 71H
37 9lo] kink site®t} &3 7 oI HA Hw HA
49 g SEE Crtsol F7h3el wteh Zast
A foh #egd Cr 4389 F&2ILL 7
F(vacancy mechanism)# &3 A5 & 9]
Z29d 4 gt o] AwE F AohPI wA
guke E3F o] E9] o|%o] shottky defectol
7118 FF(vacancy)olFol o3 dojdnn
7135 ¥ Fig. 149 o] &£437 sgAH, g

P

b

2 °l'J o
ol

oX
o,

3 AANFEAD Aolol A ol st e ofF w
$5¢ nAE 4 Aok ow ¥Eu Wee A
718 FAEE FAs o} 7] W) Fol & F
Bol A Sole FFo A FAlol 4
Aok k.

m+VeE > My+V,+ze (1-1)

Metal  Oxide(passive film) Electrolyte
W
v "
MN . O
Vit
Vor Voa{ H,0
(212)Ver ] g———0

Vor -

Fig. 14. Schmatic representation of physicochemi-
cal reactions that occur within a passive film.

m— My+(5)V - +ze (2)
My— M (a) +VE+(5—2)e (3-1)
V2-+H,0— Op+2H" (4)

MOz+ zH* —»M"++-25 H,0+(8—2)¢  (5)

(m;metal atom, Oq;Oxygen ion in anion site,
My Metal cation in cation site, V)i';cation va-

cancy, VP ;cation vacancy)

A-DAF (2)2Ae AAZL/HAR AW Apo)
A4 doirts EFE wgolT (3-1), (4), (5)
s ot/ g wow Yojute wgol
ot Fu/ge AWANE (3-1)4H o] BT
B o Axd 2AsE FE olLo] gas
ERo Pole TIL FAANT (DANANY
gole T 4a oo FHHT

g2

(5)4)
i suto] H* o] &3 wgste] gl wgol
SAlol Qoiyrh (5)4e 4@ AsEe] gt
s Cr gdel Z7H@) wet oA 35
AA/A % AR A E AN FELAAL 5
Jutg Fol o5 Tolet Folg FEH 2
Faul Fy usE oleoz wAm L
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#Het ofgf A FFol FAHL ojHF FF
717 W2 sl golrt A9y dA 2&
A& AWdA Ad=EE o2 A4E F o

3 F4 dAVE AdsE ARGz oy
22M Ada ol FFol A4HI HUE
ol &3t H08 wrgsted sl Fole AR
& HAFh Mos 4Asbzigrt 27 i 2
71l F5el He 9Fel kink} ledge siteol A
g8 Qa7 Sdlgdx AT mr} Fe
F2l Mo €27t A¥Pezx dA7Hd 4=
o] &€ Utk g Po] FHAA F=2
Feul dejroz Laldrin 713 &9 Fe, Cr,
Mo Fo dis) ot o] &3 wesg HZF
¢ F Atk

Slmim F\

Fopga+— Fe* (aq)+ VL (3-2)
FeFez+~—>Fe2+(aq)+V§’€ (3-3)
V%;‘%CT’_" CTFe+ Vc, (1-2)

Mokt +V ¥t (Mope * Vio)®”

+V e Mope - (V)2 (6)

Mo%t+V 35 (Mop - Vi)®*

+V i Mo, - (VFes+)2 (7)
Mo%t+3V #e — Mope - (V2+)s (8)

st gAY A Fe?* o2z Fe¥* o]g9 &
7t doluds +2719) +3719) FFo) AAH
o ez o)F & Mo'te (3-3)3 (6)
Ao olaf 270l FFH & olFH FzFAE
& &7 HEd Yol& FFY oFL oA
gy, £ 939 Moy +47ldlM +6712 F
7tz 4slEe AVld FARE A8 98
o (7yHelytt (8)Adl o HAAAM kinku

ledge sited] ZA) 8t Fe +271¢F +371¢] &8
g FIAIY FF BEE £o)3A T
2gn A BHE Ve T FENA/AG
AMoZ olFdm (1-2)2d olsf Cr¥" Abst
Zo] d4= gy Fe¥* o} 22 gizlstA €
ok UAe] XPS EMAAAA Mos 4T3
HHNA +67F ez A7 & ol %
Wgo) os HAHMA Feol £8& FIA7HY
Crel %8 FEANI= Aoz A48 +
t}. wetX Mow H#W Cr A3EE FFA7]
= J8E 3 Yol FFY o5 L JAEe
24 oty B go]2E ol & YA 3l
o BAg AA e Aoz A4w. £33 9
g B o]2Ee 01%01 Al go = <l 3
o EA7E BYh $Fe AE 5 5 Uk
Newman 59 ¢] 3% Mo¥ passive 77txnt}
active FZ oA 2 F 7 AW, activeT-7H9)
A Fert deyoz &isle < 88U kink
U step sited FF Pz sgnh? azy
Newman2 Mo9| A $ 8N d3t8 4
Bl 7} <t EA ¢yl W Eo metal 2 £
ol g38 JAMEYL YZaA? Yang
59 dF= Mo Hrtel o ¥4 A F
Tl H35H3 27 39 ¥A4® Moo, ﬂ—‘
d 9% Hez A9Ysty o AdEeo E-pH:
A @E& pHel YAz AFEE BT H
ATEE) o] E& Moo] #Wd F&IAY ¢AHE
A3 EE FAFoRM 74 AiAe] Fddy
T By gtk 328y &% Mo diadHed
gFdealA Age] WAHAE B EX43 F
M7l Reg Rop @A wogd A
B9 g4 Feo] e & £3fo 9% Cr U3
B9 FHo2 ¥ EU Hu B1ZE Re=zm
A, =8 dA Ari"He Cr o €&
FE Wil Frtsiy, XPS BA A o3
W 25y #H%Fe O 4= F71geE £ 9
Mou Mo 43l &4 91§ A HE adwg Cr
3 Feol Mo2] Az ztgo o8] Aol 71
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EAE Mo #7t2 2Fd g Cr0:9
Cr0;0 %ol Z7t8ted Cr 488 i Az}
29 " gol F7HAth Clayton} Ludl o8&
Beg gu gdd dAE MeOl 7 54 A3
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#3 2AE M0, o]&o] RAJAAR A%
5)7] WEojth o5& MoO 7t ERo B4
A Futel &L o] HeAdA ol A
g3os wAd mute YFe Fol MYy
2 7}% 3&9 deprotonationo] LA &I o
Ao o5 BAPE 0¥ o]go] Lol Mg
ol WEez olFdte 719 Crap ¥hg3ld
Cr A8 Ee FAsia H o] o] HH
el matel ejzog o]Fdo wWAUIA #
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= pH 7, -0.1Ve] ZAHdA Eg8xoz 43I
stch w2t olg @ MoO,r o9 A 7l
¢18 Cr 44889 deprotonationdl & =9
W2 Cr 45189 o] Z7het Aoz 474d
. 284y MoO2 o] HFH 3 zyid &
AElE o o] oYy w4 Mo H7A 84
288 JAsle A9 ddMe ddol o¥
Z AENgAE @9ty o BAAI o
B =9 ox71 2AE weld MoO>
olge] #A ¢ A Ay dtisis = pH
o we REH Moo 54 A7 84HE
Holx AT Ae HAHol ¥ oz A
Zdch +3718 Cr059 ¥4 dgdE JHO=
_l4lkcal/mole] T, +67}e] Cr0O;9) 3A dgy
&e AH%=-136kcal/mol2 W] =& th!) whaly
B4 dgy gro] vlxdy] @R A F&7
=3te] chopat AbEizb4e]l A& bond flexibili-
tys F7AA AT uAF A Ee ¥4

227 Aoz Krugerdl 98 FAH ut o
th Cr §3o] @& n=e] 24 54 A+ 23
o 9&d Cr gFe] F71go wat 256 AH
& AAEsE s o] den of 18% o4 H
7 W REd mgte] vjFA HA4& Bolw 13-
5% e 842 543 2331 540 E¥H
o] yeltEe oz BFAHYE nigge
ZAARTG B2 Ao $48 oz ¢A
gioh webd Mol AHvbe By Fd ttEd At
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e dge e Aoz Yadd

AR s Mo 7tel @& F-58 A FA9 7
g2 + ddok Cr(OH);9 d&x g
deprotonation ¥hg& gibbs free energy7} &9
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&g 7tA ARz dojdE ¥ F Atk

=2
Bt +

CHOH)3— Cry0y, 4G %= —-26.8kJ/mol*®

¢ 4o zHE Cr(OH);o| deprotonation 2}
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Density of Cr(OH);: 2.9g/cm?®— 35.5¢cm?/mol
Density of Cr,0;: 5.1g/cm?— 29.8cm®/mol
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