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Passive films of low nickel duplex stainless steel formed by
nitric acid surface treatments and their corrosion resistances

Jongbeom Choi

Department of Marine System Engineering,

Graduate School of Korea Maritime and Ocean University

Abstract

Over several decades, stainless steels are used in various industrial fields, due
to corrosion, abrasion and oxidation resistances. Duplex stainless steels which are
mixed with austenite and ferrite phases are steadily increasing in their use as
steels with good corrosion resistance, high strength, good formability and stable
price fluctuation. In addition to chromium, which plays a direct role in the
corrosion resistance of various alloying elements in stainless steel, nickel is a
factor that greatly affects the phase transformation of ferrite to austenite. Nickel
has had a significant impact on the price volatility of austenitic stainless steels,
and studies have been undertaken to replace them. As a result, stainless
steel(STS 329 Formability Lean Duplex, FLD) with nickel reduced and
manganese and nitrogen was added was developed. However, there is a problem

that corrosion resistance is reduced due to reduction of nickel.

There are various ways to increase the corrosion resistance of stainless steel,
among which surface treatment has advantages of simple process and excellent

price competitiveness. Chemical passivation among the surface treatment methods

_Xi_
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is a method of increasing the corrosion resistance by increasing the density of
the chromium oxide of passive films and removing the inclusions in passive
films by using citric acid or nitric acid. When a stronger oxidizing agent is
added to the nitric acid solution, the corrosion resistance of passive films is
further increased. In the past, sodium dichromate was mainly used as an
oxidizing agent, but sodium molybdate appeared as an alternative agent due to
the environmental problem of sodium dichromate. It is necessary to propose a
model of how sodium molybdate affects the corrosion resistance through the

action on the surface.

In this study, I studied about the formation of passive films on the low nickel
duplex stainles steel, STS 329 FLD, by chemical passivation surface treatment.
Passive films were formed in mnitric acid solutions containing 0 ~ 4.0 wt.%
sodium molybdate for 30 ~ 60 minutes. The morphology, GDOES depth profiles
of STS 304 and STS 329 FLD and potentiodynamic anodic polarization curves

and EIS were investigated for the formation mechanism of the passive films.

Experimental results show that addition of sodium molybdate to the nitric acid
solution affected the morphology, the elemental distribution characteristics, and
the corrosion resistance characteristics of the passive films. Surface inclusions
decreased with the addition of sodium molybdate in the morphology. As a result,
the pitting potential increased in the anodic polarization curves, and the
roughness profile of the surface increased. As the elemental distribution of the
passive films was increased by adding sodium molybdate, the content of iron
decreased and chromium increased in the passive films. As a result, the
corrosion current(l.,;) decreased in the anodic polarization curves. The
electrochemical impedance(EIS) measurements results showed that the capacitance
of the passive films increased when sodium molybdate was added. It is
considered that not only the increase due to the decrease of the passive films
thickness but also the existence of the molybdenum adsorbed on the outermost
part of the passive films is due to the formation of the cation selective layer on
the outermost surface and the formation of the anion selective layer on the inner

passive films. As the passive films formed an electrical bilayer by the adsorption

- Xii -

Collection @ kmou



of molybdenum, the corrosion potential(E.y) was increased in the anodic
polarization curves. In the nitric acid solution with sodium molybdate addition,
as the surface treatment time became longer, the content of chromium increased
and the corrosion current decreased and the pitting potential increased due to
decreased of surface inclusions. The thickness of the passive films decreased
with time. The content of molybdenum on the outermost surface decreased in 60
minutes, and the capacatance of the electrochemical impedance decreased due to

the decrease of molybdenum.

Finally, we confirmed the possibility of sodium molybdate as an alternative to
sodium dichromate and provided basic guidelines for improving the corrosion
resistance of STS 329 FLD/

KEY WORDS: Low nickel duplex stainless steel; Sodium molybdate; Chemical
passivation; EPMA; GDOES; EIS; Anodic polarization curve.
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Fig 2.2 Effect of intermetallic precipitations on the
properties of duplex stainless steel
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A3 AF 4

=wollAde= STS 3049+ STS 329 FLDE wlawskar STS 329 FLDY
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=
o
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&

NaoMoOs=  F7Feh Aakgdel] A3 A

=]
B
Pute] B4 um 2@ BA39T, NaMoOo] Ex9 A7t we
Efj

31 A& Az

B =Fd A= STS 329 FLD =HJEl 23S AFEstd e, vl 24 STS
3042 o] &38tth. 1 242 ofdl Table 3.1 o UERHATE AHE 3 X 25 X
0.3cme S 2 7hEetg). Fig 310 #4< e, mE Ade
I ES o]gdte] 2om AHI|NA 5HT BA & T £FE o8l 5
B2 AFstdh 2x4 g AF" Se &4 "4k 500g/L HIME &0
Na;MoOsZ 0 ~ 4wt.% A7Fg =7 &6 AHEZ AATF T +509 23]
AAG T oojde o] g3ke] HzatgTh

Cleaning Heated Passivation Heated
Solution Rinse __Solution Rinse Dryer

= |y ) =

Ultrasonical Rinse b Rinse o
Cleaning (Distilled Water) st (Distilled Water) L

Fig 3.1 Process for forming passive films
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Table 3.1 Chemical composition of STS 304 and STS 329 FLD

Component STS 304(%) STS 329 FLD(%)
Fe Bal Bal
Cu - 1.08
Mn 2 2.15
Cr 18 19.71
Mo - 0.01
W - 0.01
Ni 8 1.13
Si 1 0.51
N H 0.21
P 0.045 0.04
C 0.08 0.06

STS 329 FLD= 2+ =79
AJTE V|Eo R HEHES P45t
=% 60% H4HS 500 g/l H7ksle A FskR T &=
s slzel AaA L] NaMoOse  AFetel  wwrlE ol
FFHAT. oW NaMoO,o B we Jg
wt% A7hsA. 7 %—@1% 45 82+ QAT
w2 WalE Flsty] 9dske] 30, 45 L 60 ¥ 5
A4k gohol A FEE S BT,

o f{q' m[o
%
4 ¢
2
>
oA
o
iﬁ
>,
o~
)
2

NazMOO47]' 0.5 wt.% ::L_%LQ
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Table 3.2 ASTM A967 passivation treatments

Nitric Acid
Methods

Nitric

Nitric

Nitric

Nitric

Nitric

1 : 20 ~ 25 v% Nitric Acid, 2.5 w% Sodium
Dichromate, 120 ~ 130 °F, 20 minutes minimum

2 : 20 ~ 45 v% Nitric Acid, 70 ~ 90 °F, 30 minutes
minimum

3 : 20 ~ 25v% Nitric Acid, 120 ~ 140 °F, 20 minutes
minimum

4 : 45 ~ 55 v% Nitric Acid, 120 ~ 130 °F, 30 minutes
minimum

5 : Other combinations of temperature, time and
acid with or without accelerants, inhibitors or
proprietary solutions capable of producing parts that
pass the specified test requirements

Citric Acid
Methods

Citric

Citric

Citric

Citric

Citric

1:4 ~ 10 w% Citric Acid, 140 ~ 160 °F, 4 minutes
minimum

2 4 ~ 10 w% Citric acid, 120 ~ 140 °F, 10 minutes
minimum

3 :4 ~ 10 w% Citric Acid, 70 ~ 120 °F, 20 minutes
minimum

4 : Other combinations of temperature time and
concentration of citric acid with or without
chemicals to enhance cleaning, accelerants or
inhibitors capable of producing parts that pass the
specified test requirements

5 : Other combinations of temperature time and
concentration of citric acid with or without
chemicals to enhance cleaning, accelerants or
inhibitors capable of producing parts that pass the
specified test requirements. Immersion bath to be
controlled at pH of 1.8 ~ 2.2

o

: o
F g | PR R
olnection
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Table 3.3 Experimental conditions for forming the passive films

o

.\ g

Base solution Na;MoO4 Time Temperature
Substrate . i
(8/L) (wt. %) (min) (*C)
0 45
0.1 45
30
Nitric acid,
STS 329 FLD 0.5 45 24
500
60
1.0 45
4.0 45
- 57 -
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32 Az A 4 ¢ Hr}

3.21 #o)A drALSMe 23 BH 2= A

zERIZ 2N A Z2EE Fate mHA &I FE IR 2EE

ZA4sl7]  9lsted #lelx  @w]A(Laser scanning  microscopy)  OLS

45000LYMPUS)E o] &3t Alde] 38tz RFejste] wg sWe] =&

HskE  SAEAT WrbEols 125mmelw  FEWFAC] Aok

FH9FE EASY AN BT AZVIRaE ok A 31& o]&sto
S

O

T8t .
1 L
Ra:f . | f(z)]dx (3.D

o714 L& AE F3tolH, f0E A&7 #s Yehd

3.2.2 FARAAAD FCEM] 93t ¥H =X =X #AF

2HQlE 2ol A REE Soo] e AWPel Wa To AFY =70
WEE  gelsy] detd  FALAA@EZA  olHXE  JEOLUSM  7600F)F
ol 4-ako] 2,000 ~ 5,000 W o] vl &= o] Srhatct.

3.2.3 AAMAEA([EPMAY 93 EHY d4E &3 33

zt AHel REgsle w2 FHo JRAE(nclusione] AA AR =&
skelslr] &l Fig 3.23 28 A w4 24 7](Electron probe micro analyzer,
JEOL, JXA-8100)& o]&3sld A, =7, %z, =¢84, YA, 44, d9EZe
Hdo g st B2 5 &lstA
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Fig 3.2 Photograph of EPMA apparatus

3.24 SESHALESEFHGDOES o3k Zold 94 X

B AFA AR A4 Al FEE vlere] ZolW AHExAES sty
?)3te] Fig 3.3 3 2o} GDOES(Glow discharge optical emission spectroscopy,
model : Leco, GDS850A)E ol&stitt. &4 =xro= FZERYS RFoH
EAAAL 4mo, wA FEH= 0.70, FA4 A2 700V, 30mA, 21 Wott,

o
ot

FIG 3.3 Photograph of GDOES apparatus
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325 A7|3153 B4 o7t F-FEie 72 Y4 B4 4

S 543 WA e £438H7] fste] A715EE Wl 7] 3518
Al ZAHI d7]8sts =SS SASAT. AHE Avl= Fig 349
< Interfacel000(Gamry instruments) o]™, ojufje] X3fH-2 99.999 % I+
2722 3083 27]3%k 35% NaCl £9& A&3tit. S-S A48 3
ZA(PTC1, Gamry)S o]&3tygom, r|&HZ(Reference electrode)Z=
2982 A5 AMEetla, o =(Counter electrode)C 22+ ©AkE S
AP T A E s SAL 1687 83 Fo] HEF A ANA F 10mV,
Fo4 10 kHzH-El 10 mHz7bA] HZAA AASAT a2z $4 9
Echem(Gamry instruments) 2182 o]&3le B3, o
zdo Fig 3.691 YeRS E‘r. A71A 2= F M9 RC A A=
3 2oty A7]olsFH FEHE H] o)Al AWAHE JHASAT =
A7)0l 55 FEe et 7”‘«1 RCE 2= Fd= Aol Hodh

ML HE
X o
rlo

o

—U
oX
)

r?E

Aol RAAHY 2 ARE =4, vwslr] 98| Fg 353 ne
ZEIA 2 2~EI(SP-150, Biologic)S o] &sle] FHS EBIAFHS AT
Z2AN = ARALS 7FSCE 02 ~ 1.0VZA Hoen, Scan ratex 2
A

mV/sZ APsAh. VEAFo2E 2/A82(Ag/AgCDA S, dUidFozE
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Fig. 4.1 GDOES depth profile of the natural passive film formed on SIS 304
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Fig. 4.2 Relative alloy components ratio of natural passive films formed
on STS 304
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Fig. 4.3 GDOES depth profile of the natural passive films formed on
STS 329 FLD (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.4 Relative alloy components ratio of the natural passive films formed on
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Fig. 4.5 Anodic polarization curves of STS 304 and STS 329 FLD
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Table 4.1 Ecorr and leorr of STS 304 and STS 329 FLD determined
from anodic polarization curves

STS 304 STS 329 FLD
Ecorr(MV/SSCE) -266.87 -149.63
Lor(uA/cm?) 7x1073 11x103

STS 304¢} STS 329 FLDO] x7]8lsha <f=8= FAddA gd ANHS
o] g3l RAHLe} RAAFE BASAL. FEAALget RAAFE STS
304= -266.87 mV/SSCE, 7x10°uA/cm? STS 329 FLD: -149.63 mV/SSCE,
11x107° pA/cm* 2 =4 = AT

STS 304+ F&He &5 S7F5olA Ho 45%E Rl HbdH, STS 329
FLD= 25%E R{t. a2 sty FAXHF= SIS 329 FLD7F STS 3040
Hlsle] =& Ao g AlmET

B2 7 9= STS 329 FLD7} STS 304¢l wlate] &gttt Fig 4.65% o] 9w

FAE FGelA FEei Wl EAste A4Vt daEe IPFoEN AE

el pHE x4t A3t olzle @4e Ak 1”7 ol STS 329

FLDe] F297F & 202 Asdth =¢ ogd AAE 549 B F

£AS Foid Fig 47 T3 AT 5 AATH STS 304 {to=

F e 2719 JEI}F FAEJoY, STS 329 FLDE §eto s #FHA e
]_

g
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Substrate

Fig. 4.6 Pit formation mechanism of STS 329 FLD

|5mm|

Fig. 4.7 Surfaces of STS 304 and STS 329 FLD after anodic polarization test
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Fig. 4.8 SEM images of surface of the passive films formed in the nitric acid
solution including 0 ~ 4.0 wt.% Na;MoO4(x 2,000)
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Natural passive film

| Spm I
Fig. 4.9 SEM images of surface of the passive films formed in the nitric acid
solution including 0 ~ 4.0 wt.% Na,MoO4(x5,000)

2) =% W3}

AAdFsEHe 4 5 AAHY 25 SAHZAIAE= Fg 410 ~ 4.1590
FAEAT ZF AlEY AANNE 4 312 #AF 18 FA44 37 AZ7IRa)
#2 ofg Table 4.2¢] Yeldtt. W H A7V IRaE ADFSHY
FHANA 231 um, OWt.% - 2.86 um, 0.1 wt.% - 2.55um, 0.5 wt.% - 2.36 um, 1.0
wt% - 237um L 40wt% - 229um =, 0 ~ LOWtL%7IAe] FZAAAE
Hsest Aol os A Ho A-VIE SUEAT. ole Ad S
e 2 SAFdA BT HI FHN Y AAEel AdgHo=
g350] AA77 2718 Aoz Asdag? 3, 40wt%e %

_l

W AR dastgnh ol 2@ AsHoR el Asage] YW
AA49e Fold ABUTEY §3h7h AdEel mH AW/ Fad
Ao AP

_74_

Collection @ kmou



10

€
= o0
S
[)
O
7
(0]
C
5 -10-
3
4
-20 T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Horizontal Distance (um)
Fig. 4.10 Roughness profile of the natural passive films
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Fig. 4.11 Roughness profile of the passive films formed in the nitric acid
solution
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Fig. 4.12 Roughness profile of the passive films formed in the nitric acid
solution including 0.1 wt.% NasMoO,
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Fig. 4.13 Roughness profile of the passive films formed in the nitric acid
solution including 0.5 wt.% Na-MoQO,
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Fig. 4.14 Roughness profile of the passive films formed in the nitric acid
solution including 1.0 wt.% NasMoO,
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Fig. 4.15 Roughness profile of the passive films formed in the nitric acid
solution including 4.0 wt.% Na-MoQO,
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Table 4.2 Average roughness values after passivation

congc. Natural
. . 0O wt.% 0.1 wt.%
roughness passive film
Ra[pm] 2.31 2.86 2.55
conc.
0.5 wt.% 1.0 wt.% 4.0 wt.%
roughness
Ra[ym] 2.36 2.37 2.29

3) EPMA°|| oJ3 7A& &

Fig 416 ~ 4.21¢] AA%Seist H7kE NaMoO,ol s=% Aol EPMA
oM AE YeMa, TES MAHESL] MAES M do= FASAT
AAR-Fe R HF HF ol AMAwe AAH o HAT
AR NaMoOo] H7MEE %71 40wt%7HA S71gel weh =
A=) 2719 WErk Z2stqth ol 33 AARAA BAAD 3
2350l 1 ¥HEe} I77F AT Aoz AmETH

s

200 pm

Fig. 4.16 EPMA mapping images of the natural passive films

_78_

Collection @ kmou



Fig. 4.17 EPMA mapping images of the passive films formed in nitric

acid solution

Fig. 4.18 EPMA mapping images of the passive films formed in nitric
acid solution including 0.1 wt.% Na2MoO4
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Fig. 4.19 EPMA mapping images of the passive films formed in nitric
acid solution including 0.5 wt.% Na2zMoO4

Fig. 4.20 EPMA mapping images of the passive films formed in nitric
acid solution including 1.0 wt.% Na2MoO4
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Fig. 4.21 EPMA mapping images of the passive films formed in nitric
acid solution including 4.0 wt.% Na2MoO4
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Fig. 4.22 GDOES depth profile of the passive films formed in nitric acid
solution (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.23 Relative alloy components ratio of the natural passive films
formed in nitric acid solution
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Fig. 4.24 GDOES depth profile of the passive films formed in nitric acid
solution including 0.1 wt.% Na,MoO, (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.25 Relative alloy components ratio of the passive films formed in
nitric acid solution including 0.1 wt.% Na,MoOy
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Fig. 4.26 GDOES depth profile of the passive film formed in nitric acid
solution including 0.5 wt.% Na,MoO,4 (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.27 Relative alloy components ratio of the passive films formed in
nitric acid solution including 0.5 wt.% Na;MoOy
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Fig. 4.28 GDOES depth profile of the passive films formed in nitric acid
solution including 1.0 wt.% Na,MoO,4 (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.29 Relative alloy components ratio of the passive films formed in nitric
acid solution including 1.0 wt.% Na,MoOy
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Fig. 4.30 GDOES depth profile of the passive films formed in nitric acid
solution including 4.0 wt.% Na,MoO,4 (a) O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.31 Relative alloy components ratio of the passive films formed in nitric
acid solution including 4.0 wt.% Na,MoOy
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Fig. 4.32 Comparison of Fe mass fraction in the passive films formed in nitric

acid solutions including Na;MoOy
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Fig. 4.34 Comparison of Mo mass fraction in the
nitric acid solutions including NaaMoO;4
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Fig. 4.35 Comparison of thickness of the passive films formed in nitric acid
solution including Na;MoO,
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ZFZ(Nyquist plot)e] x-Z(real impedance) AHe| &iF3c}t Cl,
Azle)lFFol  sigsty dEa &f Abole AWeA WA=
1(Charge transfer) W33} #&H3 A3 #3)| A€ 2(Capacitance) S
z omgitk. ‘a’ &=  CPEAIFE  9H|ety  UolF2E x4 9]
A= E 9wtk C29F R2E EEHT Ty REE
FAE(e e I FAWD 3 FFS Bt SAHI Uo|ARE HAe

4.37 ~ 4.420] YebA o, Table 4.39] =do| mE wi7iHs-E A 2lsidt

Table 439 si4® Zk wWiZldE5 FollA FEeejute] ATAE 2] Yo-29
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Fig. 4.36 Electric circuit for fitting the data
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Table 4.3 Fitted EIS data of passive films

Para.
Rs R1 Yo-1 i R2 Yo-2 5
a- a-
[@cm?] | [@cm?] | [F&Yand] [Q:cm?] | [P /and]
Conc.
Natural
passive 7.152%10 | 2.627x10° | 3.195%107 | 7.809x107" | 1.843x10° | 3.525%107° | 9.076x10™!
films
0 wt.% 7.072%10 | 6.370x10° | 1.286%x107 | 1.000x10° | 1.939x10° | 1.153%x107 | 8.017x10
0.1 wt.% | 6.916x10 | 5.91x10° | 6.23x107° | 8.94x107" | 8.224x10° | 5.06x10* | 6.26x10™"
0.5 wt.% | 5.030x10 | 9.987x10° | 5.293%x10° | 9.014x10°" | 2.771x10* | 3.754%10? | 4.097%x107?
1.0 wt.% 5.96x10 1.10x10°% | 4.64x107° | 9.30x107" | 9.73x10° | 9.99x107? | 1.59x107%
4.0 wt.% | 6.452x10 | 8.748x10° | 4.29x107* | 7.61x107" | 2.22x10° | 5.28%107° | 8.80x107!
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Fig. 4.37 Nyquist plot of the natural passive films
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Fig. 4.38 Nyquist plot of the passive films formed in nitric acid

solution
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Fig. 4.39 Nyquist plot of the passive films formed in nitric acid
solution ‘including 0.1 wt.% Na,MoO4
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Fig. 4.40 Nyquist plot of the passive films formed in nitric acid
solution including 0.5 wt.% Na,MoO4
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Fig. 4.41 Nyquist plot of the passive films formed in nitric acid
solution including 1.0 wt.% NayMoO,
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Fig. 4.42 Nyquist plot of the passive films formed in nitric acid
solution including 4.0 wt.% Na,MoO,
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424 FFE%e W4 54

0 ~ 4.0wt% NaMoOs H7td ZHat Ao FAHP 2 R uy4
AL vmsr) Y8 FFEF FA4E Fig 4430 Jerait. =3 Zhz
2ot BAAFE B2 AEE o] &3to] Table 4.4 YERHAT

Table 4414 F2H 9= NaMoOsol H7H= A & AL &dA F4
H5 e 2t -173.20mV/SSCE, NaMoO49] &=7F 0.1 wt.%ell A -116.68mV/SSCE,
0.5 wt%ell Al -105.75mV/SSCE, 1.0 wt%°ll A -136.16mV/SSCE 18] 4.0 wt-ol| A
-157.22mV/SSCEZ  ZAH =Y. FAAFE 9 A2 8x10° 5x107
6x107°, 9x107 = 10x107° wA/cm*Z A UTh Fig 444014 FAH9)=
NaMoOs0] ZH7FE A ebe Ak &dox FAE EFeutely 71 vk,

o]& NagMoOs =57} 0.5 wt.%7hA Z713re| uwhg) FA AL w3 Z71319 ).

=

Lo

-1n: Jm

aEy o]F NaMoOs sE7F 40wt%7HA Z7hgtel whal B9 =3
dasteh. gekr  FEEEed ols] FdE FEHuwe  BHARe
AAR-FE Ere] HA % 4% 11% 107 pAfem* BTk bkt 0.1 wt.%<] NaMoO,©]
A7tE Sdo A FAE EEEute] BAAES A gkt mik T A=

Na:MoO°] 7}l %‘?HOM Y48 PEHstel T84 ¢e AuRT B

Table 4.4 E.r and Iy Of passive films determined from anodic
polarization curves

Concentration (ntI;/CSOECE) Lor(A/cm?)
0 wt.% -173.20 8x107
0.1 wt.% -116.68 5x10°3
0.5 wt.% -105.75 6x107
1.0 wt.% -136.16 9x10°7
4.0 wt.% -157.22 10x1073
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Fig. 4.43 Anodic polarization curves of the passive films
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Fig. 4.44 Comparison of Ecr of the passive films
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Fig. 4.46 Roughness profile of the passive films formed for 30 mins.
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Fig. 4.47 Roughness profile of the passive films formed for 45 mins.
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Fig. 4.48 Roughness profile of the passive films formed for 60 mins.

Table 4.5 Average roughness value after passivation

Time
30 mins. 45 mins. 60 mins.
Roughnes

Ra[ym] 2.55 2.36 2.90

3) EPMAe] &3 A= &2

Fig 449 ~ Figd5lo]l 593 %29 NaMoO,o] Hd7ba goA 30, 45 2

60 &3t FEEiEt A" Al EPMA olwxE Yeigla, fAeEs A
doz AT ARkl Wt mE JfAES ¥ EPMAE F3
SHEHA
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Fig. 4.50 EPMA mapping of the passive film passivated for 45 mins.
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Fig. 4.51 EPMA mapping of the passive film passivated for 60 mins.
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Fig. 4.52 GDOES depth profile of the passive films formed for 30 mins. (a)
O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.53 Relative alloy components ratio of the passive films formed for 30 mins.
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Fig. 4.54 GDOES depth profile of the passive films formed for 45 mins. (a)
O, Fe, Cr, (b) N, Ni, Mo
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Fig. 4.55 Relative alloy components ratio of the passive films formed for 45 mins.
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Fig. 4.56 GDOES depth profile of the passive film formed for 60 mins. (a) O,
Fe, Cr, (b) N, Ni, Mo
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Fig. 4.57 Relative alloy components ratio of the passive films formed for 60 mins.
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Fig. 4.58 Comparison of Fe mass fraction in the passive films formed under
30, 45 and 60 mins.
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Fig 4.59 Comparison of Cr mass fraction in the passive films formed
under 30, 45 and 60 mins.
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Fig. 4.60 Comparison of Mo mass fraction in the passive films formed under
30, 45 and 60 mins.

- 123 -
Collection @ kmou



—=—30 min
80 —o—45 min
—4—60 min
A o—Oo—o—0
__A __o—o— —m
/‘/A o 0 /-/./
= 60 AT "
O\ /A/A /D/ l/.
= AT —
§ /D/D —"
O 404 A
8_ A ./
= 4
g 204 / o
1 cl |le |€
0 3 1?8
T T T T
0 2 4 6 8 10
Depth (nm)

Fig. 4.61 Comparison of thickness of the passive films formed for 30, 45 and

60 mins
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ZA kS Table 4.601 FAISATH AMAE2E BEeute] T o v # st
2 2 o wHIT 30& AYAHe FEHTe ARAHzE

4.572x10 F-s*!/em?oll Al A @] AIZko] 45 B o2 ZF71gto] uwel 3.754x 107

Fel/em?’o 2 JFA3 Z718gth o]F 602 AHgAHe  3.215x107

FAE NaMoOel sEold A AzE HEdge] FAL He gkl
FNE5E FAE Zasdo. 28E2 ARARsE A whee s
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Table 4.6 Fitted EIS data of passive films

Time
Data 30 mins. 45 mins. 60 mins.
Rs[Q-cm?] 6.206 x 10! 5.030 x 10! 4.278 x 10
R1[Q-cm?] 8.326 x 10° 9.987 x 10° 1.108 x 10°
Yo-1[F§/end] 5.146 X 107 5.293x 107 4.586 x 10
a-1 9.379x 107" 9.014x 107" 9.272x 107!
R2[Q-cm?] 2.843 % 10° 2.771 x 10* 3.147 x 10°
YoF sa-1/an?)] 4.572x 10 3.754 % 107 3.215%x 107
a-2 5.104x 107! 4.097 % 107 2.375% 107
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Fig. 4.62 Nyquist plot of the passive films formed for 30 mins.
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Fig. 4.63 Nyquist plot of the passive films formed for 45 mins.
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Fig. 4.64 Nyquist plot of the passive films formed for 60 mins.
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Fig. 4.65 Anodic polarization curves of the passive films

Table 4.7 E.or and I determined from anodic polarization curves

Time 30 mins. 45 mins. 60 mins.
(mE/ssca -123.49 -105.75 -88.97
Lor(uA/cm?) 7x1073 6x10°3 5x1073
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