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ABSTRACT

Project Code: RSAQ07/2001

Project Title: Effects of Chromium, Nickel and Nitrogen on Corrosion Resistance of
Duplex Stainless Steels

Investigator: Assoc. Prof, Dr.-Ing. Gobboon Lothongkum
Department of Metallurgical Engineering, Faculty of Engineering

Chulalongkorn University, Bangkok 10330

Email Address: Gobboon.L@chula.ac.th
Project Period: Dec.1, 2000 — Nov.30, 2003.

This work studies the effects of chromium, nickel and nitrogen on corrosion resistance
of duplex stainless steels. The studied compositions are 20-39Cr, 4-209Ni and 0-0.34N. The
experiments are divided into two parts. The first part is to investigate the effect of chromium
and nickel on corrosion resistance of duplex stainless steels. The composition of tested steels
are 20-39Cr and 4-29Ni. The second part is to investigate the effect of nitrogen on corrosion
resistance of duplex stainless steel which has 28% chromium, 7% nickel and 0-0.34% nitrogen.

In the first experiment, the surface films of samples were investigated by XPS. Nickel
was found in chromium oxide film, when both chromium and nickel compositions increase. The
relation between the thickness of chromium and iron oxide film without nickel and alloy
composition was found in good agreement with the relation between pitting corrosion resistance
and alloy composition. This may be the reason for increasing of pitting corrosion resistance of
the tested alloys. Participation of nickel in the chromium oxide film may enhance the corrosion
resistance.

In the second part, the corrosion resistance of samples was measured in the 3.5% NaCl
solution saturated with air at pH 2, 7,10 and temperature of 27°C by potenticdynamic method.
The polarisation curves of samples were measured and the corrosion parameters were
evaluated from the polarisation curves for corrosion study. At pH 2, the general corrosion
resistance and pitting corrosion resistance increase, when nitrogen content increases. At pH 7
and 10, the pitting corrosion resistance increases, when nitrogen content increases. The
corroded phase was changed from austenite to ferrite, when the duplex stainless steel was

alloyed by nitrogen, because nitrogen increases the pitting corrosion resistance of austenite.

Keywords: Duplex Stainless Steels, Corrosion Resistance, Chromium, Nickel, Nitrogen
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Energy Dispersive X — Ray Spectroscopy [2]

L.

siaman | Tu famnaumaadl lamimin) wafls
nélisila | @ (%1318 7)
Fe Cr Ni
\Wadan 1 74.75 20.50 4.75 100
“ULARE" 2 68.36 25.24 6.40 100
3 65.40 27.62 6.97 100
4 62.13 29.58 8.29 100
5 58.64 32.01 9.35 100
6 54.39 34.79 10.82 100
7 48.70 38.80 12.50 100
UWang 1 68.79 23.48 7.73 47
“QuWan” 2 66.34 25.30 8.36 55
3 64.45 26.62 8.92 56
4 62.92 27.39 9.69 57
5 61.03 28.63 10.34 58
6 58.88 29 85 11.28 59
7 57.01 30.73 12.27 55
8 55.50 31.75 12.75 56
9 53.40 32.67 13.93 53
10 51.67 33.71 14.61 59
11 50.78 33.25 15.96 53
apmnuidn | 1 69.00 21.11 9.89 0
“WnuN” 2 66.00 22.43 11.57 0
3 63.38 22.90 13.72 0
4 59.95 23.49 16.56 0
5 57.01 25.45 17.54 0
6 52.39 27.65 19.96 0
7 39.81 31.94 28.25 0

& e ~ o & &
LAANTI mutﬂmu‘{mﬂaﬂ@amﬂLwaﬂmua:aaamu‘lun




1]
ek

BCE .

L1

Fotential oV vE.

W
s

PitTang

we L7

"

e L.
1% |

Wat L.o... L.
L L
H |

L L R

w ..

1500
e

1108
1
H

Potential Vv vE, SCE.

gl

Pitting

1
w0

mo L. ]

100 [,

b1 1 A A S
;

L1

Wl

3111 A Y

LT

37 1 61 Pitting Potentials o adnna1liaiiy Fe-Cr-Ni Audmnanlaniioy

77 2 wrwaamdnnd afugwindfoniansawlaarunsuiaien () uazgs ()

winfinifia luansazareinzialfion (DIN 50905) 7 25% [2] Gamma =

MNIGBaFNWILEN Duplex = mm@l,wﬁnsﬁ Delta = \NIALWAIEN

f1. Pit Muwgoamnwlud

F2717 fa Wgaosnwlun [2)

3. Pit ALWaEwWas sy

10



11

2. Yagusrasn

2.4 UWININITIVBN 1 Anwnaznssiglasilisuuaziniiasoanamunmunis
nansauvasraaslsiuasassamuluizssmannd Safinginang

n. Lﬁaﬁnmiguﬂa‘wmﬁdmﬁnna”"u'li'ﬁﬁuaaamuﬁanLLa:LNa"‘sanﬁﬁﬁfmwawaam@}
Tandion 20 — 39 wlamiminuaciniAa 4 - 29 %lamimin

. Lﬁaa‘ﬁmUwqc?m'smm'sﬁﬂm'aummmﬁnnﬁﬂ%’aﬁuwwﬁnsﬁ“‘ﬁdmwamﬂﬁmamwﬁ
pamnuluiiazidswa sl lutindmnumaniuda n.

2.2 UWINNINITIVBR 2 dnwinazassrglulasiandaanamumunisianion
t’uaamgnné’q1%’aﬁugtw§n'zfﬁﬂaufﬂstﬁﬂmla:ﬁmﬁa

n. L'?iaﬁnquﬁn‘ssumsﬁ'mm‘aumaamﬁnnﬁ’r‘l‘i’aﬁugLwﬁnsf“‘ﬁd'mnaﬂﬂnﬁumm:
finAandt uaztBinalulasien 0-0.30%lantimin

2. Wadnwnavaslulasausonalnmafuanuduniunisiansoussawana sl
uasiWgaamnwluy
3.35mmaans

3.1 uwINen1sIVBf 1 ﬁnmﬂammmqfﬁ‘nﬁuuua:ﬁmﬁadamwﬁ‘mmum‘s
dandonzsadamailsiuasaaasmuluivasnwdnadrlfafinqundnd

311 wesumannd eliufifisunsuadiudsanvansuaivoawanoiliuaz
wraasnuluvivaandnnd lisfiugindnd fa dunauauidu Delta uaz Gamma fusaslu
Ltuuqﬁauqﬂgﬂﬁ 2 (fmuFudmAuiumdneasuazunuinluaTed 1) dseuniisnih
@T’mm:ua"lwﬂ’]ﬁmuqnnﬁmumﬂd’wﬁwmi‘nau

3.1.2 dundnfldanda 1 mau"r"iqmv\qﬁ 1200° 1w 52 T luaialWiunsned
m:muﬁ"]éﬂnuuanﬁmmlmwaﬂsﬁ“?atwﬁaamnu”luﬁl,tﬁ'zudf%’mnauLﬂﬁuﬁ'sqm’l‘mmfn

3.1.3 mwaau‘[maﬁwqamﬂd"mﬁ%'m‘s Metallography ’iﬁﬁ’]ﬂﬂ%ﬁtﬂﬂﬁ%’mi}ﬂﬂﬂﬂL‘ﬂ‘u
awaflniviamaaammulwivanuaniall  uarasesouduasmeddoeiay  Emission
Spectroscopy wIa X-Ray Fluorescence

3.1.4 Tafndndstnissnizaiwnmedavas 1200 feldezens Huliludaaees
Huna 24 1. Sensiisuinmandimeios XPS amviadnsucuazasslnnauilduyag
wanfifiaunayluda 1

3.1.5 AeTzhuazanduanimases

WHNBIAG @TUANERIATIZRIIBININN Prof. Dr-ing. Hans Hoffmeister umangnaynasin
Luaiﬁmﬁaoéﬁlgﬁ‘n Tasiudagragudeimuiunanuluenarsaneds 2 3eldsniudauaiay

A0H19aNs 3.1.1 waz 3.1.2



12

VARV

. /\/\,\/y\ o
WAVAVZVAVANN
VAN AV VAN,
AWW“\/\, N

B A b
ac; j ; 5 j 5 % : ;20
10 20 Y 0

30
——y 7 Ni

=y

gﬂﬁ 2 LLNHQﬁﬁM@lﬂLHgﬂ Tasdoy fnifia Namnnd 1200%0 IALUUWNEY Delta LAz

9 a

Gamma Hudunzuiltrasnaiating [2]

r-9..7 ‘i L] (- 73 L]
3.2 UBININTTIVBN 2 dnvrazaslulasindsaINEIUNINAITIANIaNT Y
= g [ TR [ o ol = =, a
wmanna sRuamandninanlanifsauaziniia
321 Na:uua:ﬂaa:umﬁnné’ﬂ?aﬁugjuwﬁn%ﬁﬁd?uuaﬂﬂnﬁnu 20-28 % lagnianin
AmAs 4-7% lagimin wazlulasian 0-0.30%lagimin aua1nen 3 droiamasulans
mzuﬁ'l.w‘Fhmﬁmﬁ’rﬁmugum‘smmﬁﬁduﬁwm‘j‘nauu.ﬂ:ﬁ'w‘lﬂmwu

3.2.2 Wundnfiledanda 1 mauﬁqmﬂgfﬁ 900-1100°% Jzpz178n 24-48 Falug ud gy
o ieldsunansinsuausainmaaflsiuszoamnwlwifsansmdszano 1:1

3.2.3 YagunauAideLA3aa Emission spectroscopy LaziATad Oxygen/Nitorgen
Determinator

3.2.4 amndadadiunaa’iniuazeamnuluindudadiu 111 wialidiomaiia
Point counting method

3.25 TafnanamsnIzaunTInIninwe’ 1200 Tadulwanlaaturauninmude 1
lumsaraofiflodounsslse 3.5% Tﬂﬂﬁmﬁn"?’iqmﬂgﬁ 25%45 figfilaz (pH) 2, 7 uaz 10 fe
mafiamalwied wlsenunusnadulna lssudsenunineanudununimansan

3.2.6 nydsudfetltatarauniadalsn 6 M viamsazaulofonlaasanlod 6
M atneas 2-3 nualuaTazaavInaa 400 Tadans F1seadudimeena @ondawtudu
7-8 WALy (ppm)

3.2.7 WD ABURAM A8t UIWITBRH IR AATIZANS g3LNaN1IMAREY



|2
ANINN 3 FIUNFULATTDINANAID N MTUNTINGRDILUINIGT 2 w
\nIe FIUNRY (% lapiinnun) awfiiniofaman

lasdiy | finifia Tulasian :__/

1 20 4 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30

T R
2 25 6 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30
3 28 7 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30

A' .| L3 sll o = a '
WAIHULNG Wasnnludiemeaulansldnszualwiluniioni luwdssinauazninadoualatng

L ) = J < > W s (] v
L‘v\’SﬂﬂR’IVLTKH;N%\LWﬂﬂ‘ﬁ‘uﬁi’lﬂ’ILLW\‘m'}ﬂ ‘(I’llﬁ@lﬂd‘llﬂﬂ’)’]&li]i’:tﬂ?’]:ﬁﬂ'lﬂ g99nalsEinaLg:

'lﬁ'%’ummm&mﬂ:ﬁﬁ')aﬂwotﬁmmwﬁ 3 euanTun 3 vmsmaviniulesldsuan
aq,mﬂ:ﬁmn Prof. Dr. Tadashi Maki mﬂ"‘mi'ﬁcqmamfuaﬁmnﬁu'i'aq Y Ingnasionle
W8z U3MN Nisshin Steel Corporation $17i@ wiauriumssuguaIsauTauRanIugulTINm

waWaflmuaziWgaamnuluy

4. Hamanaaaauazinsot

4.1 WWININ5ISB 1 dAnmmavassrglasidisauaziiniiasaaua unmmuwnis
tansananaraaslsiuasiassamulnizasmdnnaFafingmdnd

Lﬁ:aomn‘l@'ﬁ':m'mag.mﬂ:ﬁé’dazhaﬁ]'m@i’mﬂ'a‘:mﬂ (Prof. Dr.-Ing. Hans Hoffmeister
sowiansiaufswisvesian wﬁnmé’unaoﬁwmasﬁutﬁmé’uﬁn) lufifidenromey
dunaaiiganatiuafaiiiuenafin X-ray Fluorescent WaMSAITIIROULEAILM
3R 2

N9 2 amsiadunanalvasuaegnsidnaflwnalndidsenu lufiilddn
funsuniiduidaliauenassds 2 wauaadlumnd 1 tﬂuﬁagaﬁ’loéo@iavlmﬁan’ﬁ

WSaUgUNANINARa



14

A15199 2 FIURFVIATVDARANGIDLTY 14 A28 HERIUNIINGRDILUINIA 1

wannd1 | Tu T Taseata
1Sadiy i @ lagiamin) 89
Wan landlon finifia
\Wa3dn 1 74.75 20.50 475 wWatlsrl
(75.42)" (19.22)* (5.36)"
2 68.36 25.24 6.40 wadls
3 65.40 27.62 6.97 watlsrt
4 62.13 29.58 8.29 wails
5 58.64 32.01 9.35 iWedlsn
(57.10)* (31.56)" (11.34)
6 54.39 34.79 10.82 wadlsn
7 48.70 38.80 12.50 wadlet
pamnuiidn | 1 69.00 21.11 9.89 aarinuiun
(69.00)* (21.31)" (10.69)*
2 66.00 22.43 11.57 DORNWIUN
3 63.38 22.90 13.72 aamnulud
4 59.95 23.49 16.56 pomnuluy
(59.59)* (22.67)* (17.74)
5 57.01 25.45 17.54 poFNWIuA
6 52.39 27.65 19.96 paaNU U
7 39.81 31.94 28.25 2RANUIUY

*qsragautlasinaila X-ray Fluorescent

e nzRRsulfinafia X-ray Photoelectron Spectroscopy Eﬂﬁ 3 UNAILAIDILANALDE
= prgn ¢ . ] a a & & o P w o Y
ﬂ‘lﬂuﬂq?ﬂﬂﬂaﬁ lu'ﬂu"i]:vlaumE]ﬂa’]’lﬂﬁﬂaﬂﬂ']ﬁ'ﬂaﬁtﬂﬂuﬂuLW‘nzLﬂu“aﬂﬂ’]i‘fl‘ﬂiqunuﬂLLa:ﬁvL(ﬂ

‘ v o= AT P 5
ﬂﬂ’]’)vl’ﬂﬂUﬂztaﬂﬂlulaﬂmimﬁﬂd [9] ﬁﬂ’]'l:ﬂ‘[,‘ﬁ"n@aauﬂu@du

- undaiLiie X-ray AIKOL
Andnsiia (vX) 10 Alalan
ATEUANITLI (IX) 20 faduayi]

A a ¢ o &
- LATAIIOTITVNAIIUIAY

“aeoow

WRIUHY (Pass Energy; ES) 10 dfaasaulan

ANt e TIEE (SW) 0.1  Bdaasonlan



15

suzmazauTaya (Sh 100 TaRIUIN

U7 3 wisadndimaafltlunsnasnd

Tunsieneskidunseyiluuuwiin fo sonfifdueanusdastu  (Sputtering) il
aninausiianawuun (Argon lon Sputtering Gun; Kaufman type) Lazliaizvasdlsznay lapad

s A & o
NI UYIH U TN URIH

- AUAY 0.03  dgaa
- aNEIAnTaBaan 500 l7a8vl
- §@31M RN (Etching Rate) 30 wefidgud

mMIswameuRIasRduFamMTIUEaITaanaa 30 Wasioudiidnluniiag
anumnaananinls semnsseninazdswldauriiesasilsy luidsuamsannisaan
flandumlagldfin sio, et 1000 saesan uanUSoufounanudnIINTRONAA
fifinnseRuaas Commonwealth Scientific Co. Ltd. uas Hakuto Co.Ltd. [15] G9¥18@sin1iasn

T

Aalalttluo1Snowsialfeaiu nan1sewl nLEalua IR 3

a719% 3 dansaanfalanysuimannmsdiuim

THAVDIND NARIIMUWIME AN TRANH
(DIRATANGAUNN)
SiO, 87
Cr05 17
Fe — Cr — Ni (wannén ¥atiu 304) 87




16

e 3 alddanmssenfinveslandsysanlodlusuinmanunuivest uilay
Tanvszinmdaly iwnzasiusznauisuaidatinefinaaslassmlnyde landiousenlad
Lﬁaaﬂﬂnalﬂnﬂ%'waoﬁLﬁnmauﬁ'leﬁmﬂzﬁmammn'&guﬂﬁuﬁagﬁnao'hl \WTeSamdndaz
gansnldunnnAafdud i ludle ldaniiiussoemefii3eonit Mean free path  IWla
Aldnatouiimansoasaiuidrzinanigufinumuriniy Mean free path é98 nIswIm
A THREL3 9 ldnraTn i leanaansaanin iUl Mean free path 91NT189

AimsaRun luanwouzi@enuy [16,17] é1 Mean free path @tfisin 15 dagasan

4.1.1 shagrsasdlsznausasruidaudnna Fafansaseniia

mnmsﬁnmﬁayjmﬁmﬁu [16-21] wohlassaiouazasrusznavuostumiaawidunsy
Aamanndliafinesdnsdonnudununsianian  leamlusumadiudigawdsznay
winiln 3 Tunan Tﬂu‘ﬁguuanqmﬂuﬁmﬂs:naumaa"laman'tmﬁ wnasisadoniuin Tuildy
aandlaasenlad) funsuiivarudssnavvasasnlodvaslandsauazndn uaztuluiuigud
a"J‘ehmh:naulugﬂ‘uaa“[au:ﬁnﬂu'lumﬁnné'w"lﬁaﬁuﬁaufa:ﬁo'ﬁ':umaaLi{amﬁnnﬁ’u'l.%’aﬁu 9N
nasaswLINTURR IR s usmannd Befuasanuasasmnuiidnilnseaondoiuuas
afprumsanwuilesdu  swfiuandranude mmﬂmua:ﬂ‘%mmmqwaulu‘ﬁv’uﬂﬁu Tufitle:
afunadatnasdznaurasilssanannaiudnfsalasusniluudazme  wiannviem:y
paUsznausuidurosmdnniisfiunasanfinsulandon 3880  wefidudlamiwin
Anfa 1250 wafifudlasimin wazvasmdnndrfsfivsasmuiidniinsulandon 31.94
Wedudlamimin finda 28.25 wafidudlamimin dumdnaiubnflesuaamaniniaiu
eugalumanuin n

wamaTsiilsuzoandnnar13afinluundin (Depth Analysis Technique) faziadag
EndrtommasiolSluasiainas e 24 3219 lavaenfndaniiuarinen  (Argon
Sputtering) 1uima g binmusnneiivesmgaandiau lanleu wmin uasfinifialutu
Aduvaaninndfafufissdunnumussiulaghdmsnudamioflf g ouifouiua
wiauBamAE I aTFIN [15] 31J1’7i 4 - 12 waammatnsnaiuresrqaandiou lanfioy
wn wsziinfisvsamdnndlisfunosasrila

luzﬂﬁ 4 upe 5 wgeamaaswuaswisnubamiorrsssandanluiuiidnmannd 13
shuadanfinsulandon 38.80 wafifuslamimin dnfis 12.50 wWasidudlassimin uas
manna $efusammuianinaulasion 31,94 wafifudlantdmin finiha 28.25 1asidud
lassiminaudau mnmﬁnm"fumaaaan%muwm'}ﬁﬁa'ﬁv’uuanq@ O Juh) Iwswuda
wiler 531.8  Bidnasauliad Wlaflsusundsomiamisanasgunyianemaaiiaag
pandiauaglugiveslantenlad M - OH) Ao indusuvodlansanlosudiilutuiizionn

529N 16.5  DIFRTON mmnmfuuanqwaqmﬁnﬂﬁﬂ%aﬁuﬁaaaa"ﬂﬁ@awlna"l,ﬁmﬁ'u



17

Hasniuiduiidetuluannia suiisnlaasenlodiAed neraasiiaandunounnaioy
Fuw diaviinisasndalwanaely grumismnasueandiauazidonlufindsouiamiion
5302  Bdnesewliavifisairadsudefisyiundsnudamitoinasguuansliiiuin
aan‘ﬁmuay:lujlﬂmaoaan"l*nﬁua:ﬁﬂ'%mm‘lwﬁv'uﬂﬁuﬁaUauTﬂug"lﬁaﬂnﬂawugomaamﬂnm%’n f
Van1Iaania 150 Awafl (@nunuwiYszann 58.5 aedasen) sunady aandiauazminll wa
maansiuaas it ui§uuuiamannd 3sduhisasrfiandsnnldonfo S lueasdainn i
punpiiaafluia 24 #2lus 9z1)5znaudan WM — OH ﬁ'ﬁu‘uuaﬂqﬂﬁmmwmﬁaﬂ ua
Fmsznauvas M — O fiftuly Svesiiinaanaseunuelhilafoioveelan: tuugasin
a"Juu‘s:namﬂuﬁzuﬁﬁuaan“lmfmaa:af]uﬁamuqu@mﬁuﬁ’ﬁmsﬁvumumsﬁ'ﬂn*s'am;aa
manna liefludssnnfuiisufifet vz szneudssuiliusanlodiiudulng

31]17'{ 6 us: 7 ugassilnaiumsu/suudaswsnuiamilsivaslenioneauanudn
nnfaamanni Faduasanfinaulandon 38.80  wafiFudlasiinin infia 12.50
WoRdudlamiwmin usmmanniBeflusammuitanfinaulandoy 31.94 wafidudlanimin
finifia 28.25 WafiFudlamiminemudrdy damdusdnasulendowasndnnd 1 fafiunsadu
uamslumanuan 0 woilandoufifausngadfmaniosun ildnnfiszuenilangoud
wuatiluamazlaszwing CrOH), Safewasruiiamilen 577.3 Bildnaseuliay waz Cr,0, @i
dwwé’amuﬁﬂmﬁmagﬁ 576.6 BLAnaIaUlIAT Liaﬁmim’ﬁmﬁumﬂﬂﬂ%’waaaaﬂs‘ﬁmu'lugﬂﬁ
4 uaz 5 81ANAT I ﬁ'ﬁv'uuanqﬂmao'ﬁy'uﬂtfumaﬁwf‘ﬁaﬁmwwmﬁaamn‘[ﬂnﬁnnﬁamq:ma
wiiluguvadlaasenlod wasnniuluiuiduidnasluland suazagluztlanfisusanlodagn
Lﬁmagﬁ'mmﬁn'ﬁdmﬁa wisminsUnasuadlaniisveenlodisiviinmtasasudaden g
wualUfamudndmits lwanesdpriussimunasusslanslandonfoduuasivsmnasnnis
aurmmIaenAmiatfvanuinaunszmassinaiuradlantlanfioufosegandouie

a & A" (=3 W v oo
T TWUBILUDLA ﬂﬂﬂﬂﬂ.ﬁﬁu&l



18

N {E)
1000 +
500 +
.4|. o 2
Topmmnnsnatiine n,  Time
0 4 10: 0
PRIV RO 1 Al T
] 2 30
_A—w}mﬂwg
] 20

. 1: 30
N
J MM 1: 0
, M 0: 45
ot Sestm
-M 0: 30
Mg
A : 0: 20
Mw 0: 10
J OH% 0.5
L—i—*—H—a—H—H—j 0:0

537 B32 527
Binding Eneray [%ev]

Ui 4 shegramamrienzsimgeandiau (O1s) Mulelaadndiles idunannanly
aflawaén Anaulanion 38.80 Waiidudlasimin finfa 12.50 Wadidus
Tagmimiin Ananisaanfindo g damnisaania 17 diaesaudawil naafald

Tuaadinines figunpiviaaiiuim 24 T laa



19

N(E)
1000 +

T e A s Time
0 4 10: 0

2: 30
2:0

1: 30
1:0

0: 45
0: 30
0: 20
0: 10

0:5

anyl

w«;—;—?—i—‘-ﬁ-«—-&—i—; 0:0
537 532 527
Binding Energy [%eY]

31}7‘/’5 5 fptINaNTIeTzEmgandiau (O1s) deeSanindman ARunannaly
slusamnuiidn Ansulandon 31.94  walidudlamimin finifia 28.25
wWasidudlamimin Anmmsenfinsngg dasmsenia 17 Sleaseudaun
waanslhweadianas ﬁqmnqﬁﬁaatﬂunm 24 Fla



20

N{E)
1000 +
500 +
+ Cr - met
M Time
’ WWM 0
d 230
bt M .

] 1:30

1:0

1 0: 30
W

i 0:20
JMMM .10
MWMW

4 Cr-0O 0:5
jwww% 00

Binding Energy [%eV]

Uf 6 Mathamsmyliensimglandou (Cr2p) Msweieudndfas ARuwinnd 1§
afluiwalanfnaulandoy 38.80 wWafidualasdmnn imia 12.50 tefidud
Tapyiwin Avdaniaanfinde g 8asMsaania 17 Sdaasaudawin naafisly

Twaadiaaas founnifauiluim 24 53109



21

N{E)
1000 1

500 +
1 Cr - met

M Time
1 10: 0

2 30
20

1:30
10

0: 45
0: 30
0: 20

0: 10

0:5

0:0

530 béb 580 575 570
Binding Energy [xeV]
] w. N P & = v - & €a PPN '3 v My
3R 7 Madmamilanzinglaniioy (Cr2p) Mpnisudndiios Hdunannd 1l
slluoamnuildnfinanlondow 31.94 asidudlasviinin fnifia 28.25
wWafifudlamimin Aamisanfia@ie g aansasnia 17 svaasandaund

naanaDlwasdianos figamniiveailuiian 24 g



22

anwarmunamInagsudaswsssuiamiisinuwauinvasmdnlundnnd 1y
aiuesaniinanlandon 38.80 wWasidudlamimin infia 12,50 wWafiiudlambminuas
mannd siusammuidniingulanioy 31.94 weiiudlasinnin fnifia 28.25 wWesidue
Imyﬁﬂuﬁnltﬁm‘l'ﬂugﬂﬁ 8 48z 9 mudny wuin?’i'ﬁv’uﬂa‘uuanﬁgm:ﬁmﬁnﬁazamnu.@i’a}:ﬁ
Ysinannd wlutudnidn “ﬁamﬁﬂﬁ"wm:ag’lugﬂgnaanfiﬂﬂ‘ﬁ Ewdsoniomiien 710.9
siEnasanlaad) WeasnfinAnasluwuinBuroundneanlodazanainian g fuwumdndis
anzedidulanc@oiindsrudamniln 7069 Sidnasauliar Ltﬂm’i’lﬁﬁ’aﬁ‘:uuaﬂegmm'ﬁtu
Wﬁm:ﬁmﬁﬂa%i'luﬂ'%mmﬁ'ﬂmnag;'lugﬂmaamﬁnaan"lfﬂﬁ 1u§u*?¢§uﬁ§mﬁﬂﬂm§na:aglugﬂ
gaalanzluddunmaunnin namyiensiarsdWiiuinduiiduasnloduounindnadanis
dumunnansawsaanannd ¥atuaouin mmqﬁwumﬁnlugﬂ‘[amuaﬂmtﬁﬂuaan‘lﬁnﬁ
1u§uW§umnn’hm§naan"lmfﬁ"ummma‘ﬁuw"lﬁmnmma’ummﬁogmaan%mu (Oxygen
Affinity) savlesnilonannnianuamunsozeanin smivaunasuminzsandnnd 3afluinie
Aunaaslumanuwin n

Eﬂﬁ 10 war 11 usanlaonudaswadembamiisavssfinifaauanuinaas
wanna Fafiuesaninaulasiion 38.80 wlasidudlagimin finfa 12.50 wWefidudlas
iminussndnnd fefivsasmiiidniinsulandoy 31.94 wWafifudlasimin inifa 28.25
wasidudlamiminaugiey nuirluduidunainssninndiafunssossias:lainy
ﬁnﬁaﬁ%uanqmaoﬁv’uﬂﬁu wlansanlod) udezwuiinfalutuisuiifnaan lasaglugy
Iamﬁmﬁa“ﬁaﬂwé’aomﬁﬂmﬁmay:ﬁ 8531 auinasaulian usrlinwufinifisluanizedan uas
mﬂnm’fwaoTam:ﬁﬂLﬁaﬁwua:ﬁuﬂﬂngag'luﬁw’uﬁﬁuﬁmmﬁmmﬁu%uagﬁuﬁquwauﬁnlﬁa

Tumannd l5sfiu dwTusidnasviinfszaanannd Beiinnseduuzaslumenuin n



23

N (E)
1000 1

p—

500 1

1: 30

0

0: 45

0: 30
0. 20

0: 10

Fe-0O 0:5

-W»me 0: 0

n-%-*—!—%—f—&-;—l—!—i-—!—rl—!—w
725 720 715 710 705 700
Binding Energy (¥eV]

UM 8 dhadunamTiieTizimaqman (Fe2p3/2) dainiandndios ARunanndly
slunasinfnaulanday 38.80 watidudlapsinin Anfia 12.50 wWafidue

lagshmin Avismsaanfiadieg dannnisania 17 dsaasavdau? ndafiald

Twagdiaians fgunniivaailwam 24 RIEN



N (E) J
1000

500 ¢+

Fe - met

725 720 746 710 705 700

Binding Energy {xeV]

24

Time
10: 0

2:30

20

1: 30

1:0

0: 48

0: 30

0: 20

0: 10

0:5

0:0

UM 9 fBtaNeMINANATIIMAN (Fe2p3/2) Muiaiaadndfios NRunanna 1

sivssmnuiianfingulasiion 31.94  wWasidudlasiinin finiis 28.25

Wasidudlasihmin Avieimssenfiiedidg aaTn1mania 17 digatouda

win wase M luieadianas fipumnfiaadiuiam 24 1309



N(E)
1000 +

500 +

865 860 855

25

Ni - met

Time
10: 0

2 30
24q
1:30
1:0
0: 45
0: 30
0: 20
0: 10
s
0:0

850  B45

Binding Energy [¥eV]

U 10 Metramyiensimginifia (Ni2p3/2) Meiezandndiaa ARunanna ¥

shuwsIanfnaulanioy 38.80 wWasifudlagtinvgn finfia 12.50 wasiGue

Tagdmnn fnatniaaniiifne g aasmIaania 17 sdgaseudamfi nasfaly

lwasdianed Aammplveaduna 24 19



26

N (E)
1000 +

500 +

L
-
L

‘ :' Wy 1: 30

1:0

0. 45

| ' 0: 30
Y 0: 20

0: 10

N B
0:0
865 860 B55  B50  B45
Binding Energy [%eV]

JUN 11 Madananmyienzimainiia (Ni2pd/2) muleTaadndmaanAnanndly
alvpamnuianfnsulaniioy 31.94  afidudlasdwin finfia 28.25
watidudlastmin AanieanAadng g 8aTNsaenia 17 dsaaseuaaud?

waafa L luarFioaos fgnniivias iiwamn 24 VRIEN



27

NNMTETS R MWL rTastu RSN s dnna iallues T anwusada iy
udazdanuuandeiuluduanumnvasasdisznay luiitensusuvuusass I Niiludiie
n'm-'*"in'i-fn;ia‘thc?T\'.lpJ'ﬁE 12 tuisufiinnandrethalsznaudie 3 @undn ﬁguuanqmﬂwﬁ”’u
#dulansanloduaslaniisadanumudsanm 16.5 sagatan sunailutulandovaanled
HANURUITENINN 40 - 70 DIRATDN LLR:%“Qﬂﬁﬁﬁﬁali{aIﬂﬂ:Nﬁu Tnodulasidouaonlode:
windutulandsuussmdnsanlodnidlanzmdninnununlszain 20 19 40 Saatan uazdu
Tasdlvwaanloafiilan:lesilion ndnuazfinifia aawuilseuin 24 H3 50 dsaasay lan
anumwTassuiduawasuutas ldmuamizanda [16,17] nwulans lusuisulasdoy

ponlodinnzlusudufisiuiidugaunwiasresin (Point defect) lazaaulancaiutrnunsn

ey ld [22]

Chromium hydroxide ~ 16.5 A

Chromium and iron oxide + Iron + (Nickel) ~ 20-40 A

Chromium oxide + Chromium + Iron + Nickel ~ 24-50 A

Chromium Iron Nickel

€ da =3

Eﬂﬁ 12 wuudrassrassuidunfitvasnanna iaduneIdnuazassmnuidinunasan

[

-3 = ‘.J A’ [ ' ol
vl luaaiainefiiuia 24 Flae () = graszwuinagnuaunsmalives

(=3 L o e
wmannan liaiy

n’: '3 ] [ 2 L7 a L% Qe )
4.1.2 anavuizassuianae g lumannarlFaiunuanaaiwninnisiansan
PNMInaassmi@Inlsznovsessuiaufifinuaaninnd ¥afnvweidn (aad) ua:
wannm eflueemnuiicin wondn)  srunuramIdImImmIdasnsaenfalandsinm
— a Y oo w « L oy ™ Jugn o R a &
gyIafeztssiiuanunwirasruidunaz svddtznavrasruisule luffesutsnFin ey
'l.ugﬂmwé’uﬁufmﬁmmmarﬁ'nﬂa‘uﬁuﬁmwauLﬂﬁtﬂu 3 % FIULINADAMUTUNBTIZNA
anunwirastuidulandovaantsdranuatulBunalesdisvuazinifalumdnnd 1 5afiy
dufigasfomuguRuisnivenunuastuisulanliouuazinanasanlsdnilansvaniu
inalandsuuasfinfsluninndliady wasdmgarisfasnudiiussznivenumwzes
guisurauwwulavsinfanudsunalandyuuaziinifanuauluwdnna  13afin nsutanas
= = 1 J { 9 =3 - A b v s 1
Sersiiiugiug # ahusnsiensildeiunsanusunutanusmununisnaniauyead
- - L4 -, .4 & [ H:I. d. 13
maﬂnm'l.muu@ztwanfnnnmumﬁmﬂumtam‘lugﬂn 1 dald
nuamIaredsuisundugnminnd Faliunigassiaazguisnaiulima

wasruisulastousenladle lasRarsananmaddsuulssaninsmstaivaslaniioy



28

nnlasfisyoanladwisnubamiion 576.6 alanasauliaridulanslandsunasnudaniion
574.2 Gldnasauliart lapauysal (Wifimunefulandonaanlodiniaat) anuduiuiswing
& o P P ™ P a A & v e o
ﬂ"n;mmmawuﬂau‘[mmnuaan‘l‘mnuﬂ"‘smmm@lTﬂﬁmsmLm:unmamau‘[umannm‘lmuu
ﬁ'mawﬁmmmlugﬂﬁ 13 azfwindaantsunalandasussinidatunanna  Safiunaass
“- .‘,'. ap - [ 3 as L% o . A n‘:
mﬂmwwmwaa'ﬂuwaﬂﬂimuuaan'lsnﬂnauaﬂmﬂmmﬁu‘[mgﬂmu‘nﬂ (Z Curve) Ilw
= 'Y v - aa aa o = ™ N w
wanna lizrfivsamnuifnuanwa3dn Senaniinaaasiuwr v tu@onuntséinwiuss
. = L] dl = - o R gn J o L
S. Jinuaz A. Atrens [16,17] orailwldlddnfiavsinalanioulumdnna i Safivaniuasvinle
TandpunriidSonamuinuasinuanuaandanifalivsuoen loa N a2 uRuILEULIN LA

Y
1 a“ a * L) [ a A J o —- Aas O = )
saunwisaiey ibisanduwlimusawwidanlwialansiu jionulanfivunamiu

= £ v & oy 5 =2 P . = o = &
Iﬂil&lﬂuﬂﬂﬂi‘ﬂﬂﬂﬂvlﬂvlﬂ m'umu’mawuwammﬂaamamuwaﬂmmUmm:unmamﬂmu

~
-

(monsuy) AT

—8— Auystenite
- Ferrite

P “ g \ ¥ a ¢ a & o =
Eﬂﬂ 13 ﬂ'nl]auwuﬁi:vﬁjqﬁﬂ'ﬁ'}u“u’l‘ﬂaﬁ’ﬁuﬂﬂNIﬂ?LNﬂ”aﬂﬂvl‘ﬁﬂﬂUlﬁl}']mﬁ’]@ﬂFWluﬂu

uastintfafinaulumannd Wallunigassile

NnramMIMagaum T uAnTastuidunEnnd el riia uazduimaurI
ypstuidufifiasdsznouiinlandoveanles wirnubaniies 576.6 Bulnasewliay) 4e8
wansantosas Tasfidelinulanslasdionudezwulananin ('lugﬂﬁ 12 @8 Tuii§e99nA7)
Idanuduiniveannumnuastuiigulasdosuaznninsanlodfiilansmdnivuuoe--

Iﬂnﬁﬂ;Jua:ﬁmﬁaﬁwmﬂ,umﬁnna"ﬂ'l%'aﬁuﬁa'lugﬂﬁ 14 zBuhnanunuizasm ™’



29

ﬂ: J ) .| = L - g -~ Ao s l‘: ; L
NN URTNRIWHRULAL TﬂuwmmauwuﬂuanmmzLﬁungﬂmLaa (S Curve) Minaraiu

[ AI = [ = ~ =3 > L A’ . A d‘n A L3 9
wszlladTan ﬂﬂﬂ'il”ﬂNLLR:%ﬂLﬂﬂ1ulﬂﬂﬂﬂEl'”.?ﬂu&lll’m'ﬂuﬁ}:MIﬂ?LMUNT’IN’l‘ﬂGW?B&I%:ﬂW

ﬂf]ﬁ?mﬁ’uaan'ﬁwutﬁﬂLﬂuTﬂSLﬁﬂuaan‘l-ﬁﬁu’m%uu@i'ﬁv‘uﬂﬁuﬁﬁqﬂunwiaoagu}ﬁ’wﬁaan%muﬂ“
mm‘mLLwiGia'l,llvlﬁLm:Tammﬁnmmmumn@'f’:a;}i'lﬁﬂ'nwuvﬁv'uﬁﬁuﬁ%amn%u aRaTmn
nReufisuenumwrestuildulendounssndnasnlodfiii lansimdnuudundnna e
gasrfianrinenunnasstuiivuiaminni einnosaneidwinnintanunusui§y

L@ mnunummﬁﬂnmvhauuaaamuumﬂmum%maamﬁnnmﬁnﬂm"lsaumw E‘)Tﬂﬂ&liﬂﬂ&lﬂu

T
CE AT
a2 . Ny e
EleSur SN EEH
A - —] T
S N ===

¢
o
&
e

—&— Austenite
—O— Ferrite

R 14 AMAUFNNBTTEWI AU wITaITuA sy aan loa lasilonuasinanyiuiulane

mﬁnﬁuﬁmmﬁﬁqiﬂnﬁﬂ:uuazﬁﬂLﬁa'ﬁwau‘lumﬁnnﬁw‘li'ﬂﬁuﬁmawﬁﬂ

mnﬁm‘smﬁmﬁwmmaa‘ﬁ"“uﬂﬁmiauwﬂamﬁmﬁa’luﬁguﬂﬁuﬁuﬁaumamﬂﬁ@i’ﬂugﬂﬁ
15 wuh mmé’uﬁuﬁf{ﬁﬁnwmztﬂugﬂnﬁwﬁaw:rm L"ﬁur,ﬁmﬁ'ugﬂﬁ 13 amuwwriuiidunan
wulansfinfaluduiduuninmdnnd Baliuiorarfinossiaiu  anumuasstuidunauwy
TansfinfslutuRuesdanudniuinuSnadinfsfinsulundnnd afin  doinanuwn



30

“:‘ el J o~ = ' ) e " » el ~ 2 A ol L)
VDITUN 5uuuummann a1 lfafinasainuiifinezia um’mummannmhﬁuu IWaI&n

Wyl
funFNUNLAsLINNIN

(ORtEY) W SSAEEN

=& Austenite
=~ Ferrite

n 15 anuFuRuTErIenuannFunuinifa lusuisunuySoimlasiloutas
fnfanuauluninnalfaiy

cll =3 L v o - AJ o =y
mnphn 15 mannm‘lmuuaaamuuﬂn‘mNauunma'luﬂ’%mmga (13.72 - 28.25 %) 2&

-9 - i 8 o) § ~ b‘ﬂ: ¥ - = - [3
wuumnaﬂ‘nngaglumuﬂaulﬂnuuuaan‘lﬁmnmwwm"lumnmaﬂ'nmnm‘nLﬂi’l:ﬁﬂs:mm
16.5 DIAATONLYINNU

ﬁnnnammﬂﬂaﬂugﬂﬁ 13, 14 waz 15 st UIsuifiounuanuguwniainy

ﬁ'mmumiﬁ'ﬂm’auuuugtﬁuﬁuahuwaumﬁﬁuam‘lugﬁﬁ1 ﬂ?a'lugﬂﬁw [2] WU

[ *) o ﬂ' e = Gt d’ A = = L2} ﬂl 1
mmauwuﬁ‘lugﬂn 14 az‘lﬂmﬂmnugﬂw 16 10 Sarvesidumauasiunldh Wedunsy

. a 3 » - , & w My A =&
Tﬂ‘iLﬁﬂmta:uﬂmammmmmmumumsnﬂmauuuugmmaomﬁnnm‘hﬁuumﬂmmmﬂ:

T ooy = = Cel a & A & ¥ a e &
anunwrrasruildulandouussininaanlodnSlancndnfiundn wazaURUITUNS 6
m%:ﬁmwﬁuﬁuﬁﬁmﬂmmuLé'umoﬁ'um':uﬁmmumiﬁ’ﬂﬂiaml.uuyﬁu



31

T
ENgNy

% o /ég:g .EEE

z g0l 1 M T

f"‘/; 60? A .

% 400 [ > 7 ‘ ~~

b sE=osos> ~.§

—8—  Auslenite
-1 Ferrite

U 16 ﬂ’nuG'ﬁumum‘iﬁ'ﬂm'ammugﬁu'lugﬂﬂ"l Pitting Potentials 28anannan ¥aily

Fe-Cr-Ni nusunanlaafisaviadinifa luasazasimaiaifioy (DIN 50905) 7
25°C [2]

PIMFNMT 1 URMIFENMINEENUWITEA 9 [16-18] Anirlilikadaanumumunis
o \ o " A VA - '3 a -
nmnmmmugmu'[ﬂuma unznamsans lufidawuiwsulasdsusanladenallanslandsu
= P e oA, = A o = & o vay & a
manuaziinifansues aanmdagunsulasntdouuasinfalunininniuearai lvidulanlioy
-1 [} J o - Br T [ -y Y r-9
aan‘l‘nﬁummumuuumnmum‘n:unmammtmnmag‘luqﬂunwmwaawﬁu ASuUuA
wanna SsiysaamuiidnffsiuaauiniAsunnitatessnuwindvannnindlsyuuinanndy
Tafiuna3din vldanudriunmunisnansanvasnannat Safluaamnuiinuinni uin
. ™ e ' v Wy o o e = @ N a = = o
gunauianiauaztasninwanni l3zfiuiwaiddn 'lumannm‘hﬁuu@.waﬂsﬁmﬂ‘s:naumU
goangfaWanas i suaawgaasnutun mnei'mwauﬁmﬁagmﬁmwa ATNATUNIWANING

ﬂ'iaumaatwﬁaaamu‘luﬁ%agan'mwmwaﬂiﬁ AIHANINARBINLARILUILT 2
nuanumHTslueda [19] ldndrimsfmdnnd 1Safiunumunisnansanunnnin
wannsauaw inTzidegwnsulandsnuinnit 1% Usanalanfiouffnuninazuinfin

. R P v o f = €d o = A As?\rlw v
W8 {Chromium enrichment) fazaafldulandsueanloddifiafiosnmmiaana Tuidilaaie

LTINS "I ] = oy 6 [ “ LY -l
ﬂﬂwﬂ')']llﬂ'llwu'ﬁ'i:‘ﬁ"l'ld'l_ﬁ&l"lmﬁ'W‘I'IﬂTI.JJU&lllﬂ:ﬂ?quﬁquﬂuﬂlﬂﬂl'lﬁﬂﬂﬂﬂ']vl.?ﬁull 4 LN79 #ia

WaNNA ISERIINTA 1 Was 7 vaamanna lisiuinesanuazeamnuildn (ﬁmnamﬂﬁgaqmm:



32

dgavadudazinia) luaed 2 tianSouisuhiviinalendoufifiunaufindriniala

Ny mmé’uﬁuﬁmmlugﬂﬁ 17

40
36
32
28 S I
5 2 ga———— —
i
/
g 20 ]
g 16 -
< ) —
8
4 » —o0— AUSS
-m— AUSI4
0 —o— FERI
0 40 80 120 160 200 240 —+ FER7

Thickness (Angstrom)

U 17 Paanadasfloy (wediudarasy) duamamwiaeslduuuiuman FER1 (20.5%Cr,
4.75%Ni), FER7 (38.8%Cr, 12.5%Ni), AUS8 (21.11%Cr, 9.89%Ni) Llaz AUS14
(31.24%Cr, 28.25%Ni)

i ' y % { - o~ &
IngUf 17 a2 W sousnaNLangandunIwWiladnnaulasiisRuNINTw

[ o [V 4 o "~ oo | . - = + Mo o
ldadntaau dmiumauafiszebuisnanmmanaluiins fa Wadmnsuiadvasndnndlindy

:" : = 3 A = =l - . N o LR -
finaapduntu fundnaziivsunalandvuuniiune (Chromium  enrichment) ¥inldiiaWdu
H = “ L 0 ~ A‘ 1 o L™
Tandousonlaadfadosnin m'lumumummmnsauLLunng‘a’mmnw ldsunsniaanls

afuneler

4.2 URININITIVLN 2 ﬁnmuamaaﬁ'lql"lufmtau@iamws'f'mmum'iﬁﬂns'ms

[ @ @ o = o o ro ] Y -y
yasmdnnarlizRuamandnaaalasiisauaziniia

i 4 ugasdusruefiveandndiaganlaiuanuameanian Prof. Dr-ing. T.
Maki mﬂ’*‘mﬁmj‘mam‘ua:i’aq%mnim unAngndminle Wesndadiuvaivsoomnu
'luﬁ'lum5nna"1"|.%’aﬁu§lnw§n°ﬁﬁna@iawqﬁnsmmsﬁ’mm‘au [2,20] dasunaaaznuluid



33

Wunsauda Uszuno 40-60% lastunad ﬁm%’nmﬂ'ﬁomﬂluq@mun'sm%aﬁmﬂuﬁaaauquﬁasJ

o ) & P
ATTUTAULA BQQUQNLEN']NLN aﬂﬂalﬂu‘luﬂ ﬁﬂ’]’]:n’ﬁﬂu‘qu LLE‘TGI*UI“GI’]T]\']YI 5

{ . a v e o = &
ﬂ"liqﬂﬁ 4 ﬁ'lu”ﬁuLﬂ;J'ﬂaﬁl“a’ﬂﬂaqvl‘sauu(ﬂlwan‘fﬂunqiﬂﬂﬂaﬂu

5 & :’ o
r wasifusd lagsiimin
FUIN%
c Si Mn p S Ni Cr N 0 Al

K1 0.008 | 0010 | <001 | 0003 | 0.0007 | 709 | 28.17 | 0.0018 | 0.0057 | 0.023
K2 0.005 | 0.020 | 001 | 0.002 | 00008 | 705 | 28.15 | 0.1100 | 0.0039 | 0.014
K3 0.007 | 0040 | 001 | 0002 | 00008 | 7.05 | 28.16 | 0.2300 | 0.0026 | 0.022
K4 0010 | 0050 | 002 | 0002 | 00010 | 704 | 2824 | 0.3400 | 0.0035 | 0.015

AT 1A 5 ama:miau'thnmmﬁamaaé’aaam'lm’moﬁ 4

Fuau gounnil (parialiios) | 1a7 (walu)
K1 900 24
K2 900 24
K3 1050 24
K4 1100 24

Namm@maoLﬁaﬁnmNa'uaﬂtﬂmmu@iammﬁmmumsﬁ'ﬂniawaomﬁnnﬁﬂ%’aﬁug
mansifldmnsnlandion 28 wafidudlamimin fnfa 7 wWeiidudlambmin Tulasian
0.0018, 0.1100, 0.2300 usz 0.3400 wlasidudlagimin (K1-k4) luansszarslmadsunanled
3.5 tﬂaftﬁuﬂﬂﬂﬁﬂnﬁﬂﬁqmuqﬁ 27 aeuTaL o RTiA ALY (pH) 2, 7 uas 10 a;ﬂ'lﬁ@'faﬁ

gﬂ'ﬁ 18 usassmasnsnsazidlnanlnotudifior 2, 7 usr 10 smidulnalsiodu
gunIahmang IWFnInaniau (Corrosion potential, Eqyy) 19N MWILUUATELRTHTN
mMIN@N3au (Corrosion current density, |o,) A1IATINNINANIAN (Corrosion rate, Ry,,) ANAIIN
Mml.ui.un's:fm"l.wﬁ'mmzi’ﬁ@ltﬁﬂﬂﬁuﬁﬁa (Passive current density, 1,) LazenIzualWinIIia
niauuvuziduviianqy (Pitting potential, E,) (ﬁ’aamomsmmmmﬁ LERILUMANUIN U UAz
arathadulnalndu Iseglumidansafninidying wads 7.2.3) Ienasauanslumsed 6
fi'flumsw.ﬂuchLaﬁumnﬂagaaﬂwﬁaﬂ 3 6 e gunsLERIR N RIR ST
ﬂ‘%mm‘lu‘[mmu'lumé‘nnﬁ’ﬂ%’aﬁug}Lwﬁnfﬁtﬁaﬁnmwqﬁmmm?ﬁ'@niauﬁw:uamLLaﬁimnf
Twihdadely  Tasmallazwu mﬁnn5’1'[%’@'&11@‘}mﬁnsﬁﬁﬁ‘lﬂm‘muwam:ﬁuuﬂﬁuﬁﬂﬁ
Lé’unﬂNTwm'hmﬁuﬁmﬁ'nzﬂwﬂwmsﬁmﬂiauua:mﬁﬂsﬂwﬁmuugtﬁuqﬁu wianaladn

‘1umeuLﬁuﬂ’n;J@'fmmunﬁﬁ'ﬂm'auuuuﬁ?‘lﬂLLa:LmugLﬁu



[

0.500)

0250

.20

25— - T
L0010 030001610002, 06010, el 6L o0

ESfV

pH 7

H 10
P pH 2

4250

2500 . "~
10000t 20013 oot 00 T 000 10T 201wt LoF s 15 00 16
IF )

E/v

H7
L pH 10 f/ P

pH 2

450 —r ~ .
10108 000 10T ot 65 00010 0 10 i 1T 000108 2002 E ool
A

z
15 pH 10 pH 7
1800
o pH 2
0.500
0250
[ -
Ry

2500 e - —
m}.mr.tmxaes'l,mezwtm;eingm!maﬁ':‘mmr.mzotmm‘
oA

n. K1 (0.0018 wt.%)

Y. K2 (0.1100 wt.%)

f. K3 (0.2300 wt%)

3. K4 (0.3400 wt.%)

U7 18 Madidulnanladuveaninnd ialiugning (K1-ka)

34



BAGWLILBCE /2 Bl BLULBRLLLBMG UNULTLAB] %G'E TLELIBLLENBREYIL]BLYRNLLY
(Lewer) neguBULLULLBELY "4y
(beey) ;mSmwrﬁ,nmu_m::._ﬁmwcs‘cwrc_\z%rmc\w%
(LBMRTONGLICLELVBI[LRENEW| ft]) &mnmasm._.@mwn,aarx_ﬁm._,_nwc#ﬁ.?fﬁrnarv ‘I
3 Lsl (LBIIBTLINLELBRI{LIENLL]E]) NELUBULLULMM]ENILURIILIMILLLLE 7|

O3

(10By/By 'BELY) NBLUBULLULMMIFUBLE 3 :luiBLieu

S00'L | zevo | BSO00 | €400 | ¥02°0- | 0460 | SLZ'0 | 26000 | 1200 | 280°0- | 0Z8°0 | 8410 | 8900 | 0800 | 8200~ | (%MMOOPE O)PM

Zv0o'l | 4510 | 2b000 | 8000 | 88L0- | 000'L | €910 | G9000 | ¥LOO | ¥900- | 2€80 | ZZL'O | £2L00 | 2200 | 290°0- | {%MMOGEZ 0)EM

6L0°L | gcL0 | £6000 | 0200 | L6L'0- | 0260 | 822°0 | LOLOQO | 2200 | v20'0- | 8280 | 0210 | 96100 | £v00 | 860°0- | (%IMOOL L 0)TH

€E9°0 | 911’0 | LPOOD | 6000 | £9L°0- | 06E0 | ZZL'O | 90LO'G | €200 | £80°0- | €£0°0- | 9520 | L0210 | 2920 | ZLe0- | (%IMBLOQ'O) LM

am d Adw 109 103 d d Adw O3 203 d d Adw 20D 000

| | d | 3 3 I -] I 3 3 1 - | 3

: MLBERLY
0L Hd 1 Hd Z Hd

el L -

RBIBHUSILE[TT L RUIUH 281 82 ERBMRIEBIEEMHIL RS‘QC@;..@KNS.EP LBUUBMICERNEZRISILEMIMEIVLELY L'P UOLELB
b = - Lol =4 = A e = - A L) 7




36

4.2.1 pazos lulastaudsardnsdldinsianson (E

COI’I')

0.0000 0.1000 0.2000 0.3000 0.4000

0.000

-0.0580

V‘
._,_—-——-='<__~.

-0.100

-0.150 /

("]
-0.200

-0.250

—@—pH2
-0.300 W pnr

r —fh—pH10

Corrosion potentials (V vs Ag/AgCl)

-0.350

Nitrogen content (wt%)}

gﬂﬁ 19 anadunuienisdnd IWihnmsianiauuesSunalulasiauuss K1-K4a

Eﬂﬁ' 19 uamanuFuwuszwiadndiWihnsnanisuuas3unmlulanawres Ki-
ka4 aznfuhamdandWimstaniansafiaduiidfier 2 usaeihulanemfvanudunu
mitauuvaiuaue wafiefes 7 uas 10 nswisuulassdngiwihnsianieutosinnog
namldravadlulaswiasinnvielifiias Sisaandasivomdsunazasiulasieuluila
daawdnna 3aily 316L 211 nmisfidndndlWihmstansawtaeuulasaintanuiisfies
2 arafluwen H] g biiRensazaslanzusuualudinldinn sosdsriwlulasauly
AN (Buk metal) flazazainasninagluaisazans (Buk solution) wazmudivlusaien 63
JNNNT 2 [22]

+ -

N+ aH o+ 3¢ = NH, (2)

a L ] o J=\. J - Id .3 a oA - o
NAIMENMT 2 xvhlddRlasiRndu nueupllwuuifiergauninasfisTmaiadu
S w, « A o P Y ¥ P o .
wlamnntnaiaianldanitfidfiesdl [22] maamaaonunammmaaa’lugﬂﬂ 19 A ANLaT 7
% Yd . a F Vo o ' - o s
ez 10 fomgifidAleT 2 Fnuinadng ihnmsnansauyfowulaataeuunnninnfiias
7 uaz 10



37

4.2.2 nanavlulasiandasaianawwiuinaszualWilinisiendan (..)

uazanmIMINANIaw (R,,)

0.300

0.250

0.200 \
0.150 \
0.100 \

\ / T
Z] —— pH7

Corrosion current density (uA/sq.cm.)

0.050
k_é —&— pH10
0.000 §
0.0000 0.1000 0.2000 0.3000 0.4000

Nitrogen content (wt%)

U7 20 AMURUWUTIE VIR uRuRURNTzuE W IR ansanieen g lWihny
AanTan wasyTumlulasanreiduau Ki-K4

31J'F'i 20 uEeIANMNFNARETEnIRamaurniLinnszug I RN Teuuaz Ui m
TIulaTauraddnan Ki-Ks ssdwimenummuiunsug Infhnsiansouvasndnnd faiy
quwdnd (K1-K4) fisnfiaT 2 aassetetanwdaBnalulanewdiuin swiifies 7 uaz 10
funbivedeny  fa doSalulanawdiudusanumnuinnssuslWihnsianson
wWaswsatasnniflodisuiufias 2 Wawnenfisfies 2 WSnallsesenlussasais
nnilanzasazanpasnyilauinniy [22] fenfiaT 7 uaz 10 WaSamlusasousatoss
mnsfausulaiislesausmumums 2 mazaovaslans3aasd

mnehGmwvnuviuns:u.a'lvlﬁ'm”rsﬁ'ﬂm'au‘lugﬂﬁ 20 o lddwmmdaan
mstantauldinauns 3 [23] KamTdimiaannmInanisutaztInnalulasioulungn
meluzﬂﬁ 21 a"num:mmé’uﬁufaaﬂﬂﬁmﬁugﬂﬁ 20 &a fisnfles 2 samnisianiousaas
stntamwdaFnatlulanaufuin auidier 7 usr 10 WetSinnlulasswRatudan

nminansawfpuwtastasunnilafiounuwes 2

Ropy = [013 %l * €]/ D (3)



38

Mo Ry, @8 dennmifenminanieu @adell) 1 fiafie 11000 i
low 01D fMANuAIILEUNEUE W IenTan
(ulasuanidaammnaoudiag)
e o ﬁwﬁ'nn%‘uau;&aﬁmaﬂam Tufifiiindy 27.92
p da emwmwisiuaslan: lufitlivinny 7.87 niudiagnunen
LTUALUAT
0.140

0.120 T
0.100 \
0.080

7
g’ \
Q
*@' 0.060
[ \
O
g 0.040 / ——pH2
3]
&) —l— pH7
0.020 < e
/ ﬂ * pH10
==
0.000
0.0000 0.1000 0.2000 0.3000 0.4000

Nitrogen content {wt%)

Eﬂﬁ 21 anuFuNussEnIdsaTnsnansanuasUSun s lulaTanu ot uaw K1-K4

J U 1] o “A
423 mwaaiuTWStanmamm1uwmuuum:ua’lﬂﬁwmxmqLﬁmﬂﬁunm )

A oA | - & '
1INFUA 22 worh ey 2 WSy ulasauRuduaa i un I uiun s=ua 1w
N = - 'A i3 > oo & 1= H. = J 9
s TaaiaNsunins (1) vaandnndliaiugudnd (K1-K4) anas uarhisuiifiadusaulv
[} =™ W = + L} = [} A’ ] d’ [} L7
lasautulanasaimIsorenadrdladanunuininanndu s1uNfIfeT 7 Uz 10 1¥Ha
_?in

b Aot - =3 P J ] v b a o
aTINwiu e L3Jﬂﬂiuﬂm‘lutﬂﬂﬂulwN'ﬂuﬂ"}ﬂ’l’m‘lﬂu'lLL%Hﬂ?:LLﬂTNﬁ']'ﬂNZ'}ﬁG}Lﬂ(ﬂWE{N H7

P g

ARG
nmifisanunwiunIzuLE IWFh s Traie it Ing@nyiuiuandraiuiiudaze
Y L] o - i | P + & o 2

fior aBuneldin onvefiBniwasn 1 Adranudunsegeedi (4] Dudwauenidie

‘lu‘[mmuazmuaanmﬁnnmﬁﬂuahaQluawa:mmué’aﬁulﬂimauﬁoaums 2 Mlda R

a & \ ~ v & a o a o~ v, & a o & od ., a

WadnuszsnsTuimdnifedmadntuldsiuanuununiilnuy [24] danufidfies 2 azwy



39

mﬂﬂ‘é'uuuﬂawmm:ua‘lﬂﬂwmxi’aqtﬁﬂﬁﬁuﬁﬁ'zamei'mﬁmmnﬂ'hﬁmﬁm‘n 7 U’z 10
r-3 - d' » F. L [ = oy 1 1 ol é
nyzuIunsiaidufidIReT 2 dasuandannizuawnisieNduna Wi 7 uas 10 93970
L L s + ] F-S r-y Ad. - ke ; . a
wanssua i binuhmnauenatnmafeisuRasunansitle nammasasiigoaadany

napaIlrduinudaanunmuiunTus Wy asiaNaufinn [25]

0.300
_ 0.250
E
E I\
o
3
0.20 P
3 0 \ L
2
g 0.150 ==
®
3 0.100
2 —— 2
1]
[+
o 0.050 | pH7
—d—pH10
0.000
0.0000 0.1000 0.2000 0.3000 0.4000

Nitrogen content (wt%)

U 22 anuduiuiEznhesmanuwiunzua Wi i iaqiiafdufifn
uwazSnmlulasiauvesdunu Ki-K4

» ) A [ ] [ -
a.2.4 nazaslnlasndaardndiinsiansanuuugiBawianan ()

Eﬂﬁ 23 meﬂ'nuﬁ’uﬁ’uf‘::wmﬁhﬁnﬂwﬁﬂmsﬁ'ﬂn%ammug@w‘%awquua:iﬁmm
Tulasiauaadduwinu K1 - K4 mﬁ'ﬂsﬂwW’lmiﬁ'ﬂniammugtﬁuﬁam@waamﬁnna”w‘h”aﬁu@

[ - |

wandluamsazaofifiinfias 2, 7 usz 10 Suwihivadreiu fa sdduRuTuagradaauluge
Tulasian 00018 &4 0.1100 waffudlasbmin uardaudranfiaoudBamlulasion
0.1100 Wofidudlamimin Lwifhﬁ'naﬂ,wﬁﬂm'sﬁ'ﬂn‘iauuuuglﬁw?aﬁqu‘lumm:muﬁﬁ'\ﬁLa'n
2 YrdnifenTiaT 7 uaz 10 vnzanudyturaslutasaudanu nade AMar 2 anu
Wutuvasllsaseunnnnienidiifamsazaslansuuuualudnidunnniy  lunmaasaiudny
leasulansonda (OH) Unasamidonusuvasfdauwadin [26,27] fa udausihbiifie
M(OH), AIRUNNT

M + H,O = MOH,q4, + H+ +e (4)



40

MOHads

MOH ,, +e (Dissolution step) (5)

MOH, 4.+ HoO M(OH), + H + e  (Prepassivating step) (6)

1.200

1.000 [~

B
N7 =

o]

o

<

(=]

< F/

n

>

3 / Z

@ 0.600

Q

: Y /

2

g

S 0.400

[~

B

i / —&—pH2
0.200 rUE—

/ —&k— pH10
0.000 -
0.0000 0.0500 0.1000 0.1500 0.2000

Nitrogen content {wt%)

31Jﬁ 23 fmuﬁ’uﬁ’uﬁi:wi"mhé‘l’nsﬂwﬂﬂmsﬁ'@lniauuuugtﬁuﬁaﬁquLLa:ﬂ"‘smm
Tulasiauvasduan Ki1-Ka

nnuammasadluiige 421 - 424 lulananesRuanudumumsianisuiuy
ﬁa‘lﬂua:uuuztﬁwaqmﬁnné"m‘l%’ﬁﬁu@twﬁﬂsﬁ Ansulondouuazfinfia 28 uax 7 Wesifudlay
imin nfifeziauafinasldatunsmafivanudumumstaniewvaslulasion 8 naln
magaduagUfi 24 (28]

mﬂgﬂﬁ 24 Lf}aﬂaa‘heﬂaaaugng}ﬂffmﬂ"flﬂluﬂﬁu‘[amaan"lsuﬁa:nuﬁqﬁuian:
narsiuassznavlansass liduazazavaaningssazans ymdgaiuszsiiamsuwizes
'[ammnn‘falmﬁ'lijﬂﬁuaan‘l‘ﬁﬁmuué’nmmmngmmws’ (Fick Law) iwszUSunmlanzluildu
aanlonansd uanalagsrumldilduunie elsuusasaudssesdasznineisveanladuas

& } - o . & 4 a . .
maIam ﬂaa"l‘sﬁ'laaauﬁgﬂgm‘nm:wuvl.u'[mwwﬂaa:f«mag‘lugﬂ N NUILITUISHRADIZTWING

- X . - v e S
Aanaanladuaziilalons [29] uazanudnaanlunisazanswasfdudamge vasifisaiu N
1mdauﬁa:mnaanmmn‘[amLm:ag‘lum'm:mnﬁa:ﬂué’qﬁ’u‘[ﬂsmauﬁoaumsﬁ 2 Mlva A
Fll J 9 ) = r=3 s hd L 1] L ¥ LT 7 G r-
La'mwu-uuua:m'lﬂgn‘s:mum's'iwnﬁmwumaq‘[au:mﬂ.ﬂnmdmum gamalidulwan lsiarud
. o v X e o ' I - & X
momaaﬂmwmumﬂnLﬂwWﬂmmﬂﬂiauttnugLﬂuﬂiaﬁ§uma§amu



41

El

( by ads.
aggr. ions)

Ui 24 nalnmsgadumeldauudgiwirlesenlulenauluglszgaundnlassu

2a3n88 L3 IR AGTWIaEITY [28]

C-O A. Oissons [29] ldnasas@nwdumaivsesnanndlisduguwand 2205 u
saraolmdounaalss 1 lwand lasnsienzldadie Auger electron spectroscopy (AES)
é’o;ﬂﬁ 25 wuidimsszanveslulasawiuiwannnfivinasesdeniteilsuaonloduas
Halanzvasvunssamnuwluiuazia it miﬁnmﬁ‘lﬁaﬁuwmﬂﬁmmztm@Twaa N> 7
Bmtasdarznisilsusenladuasilalavevaamdnnd13eiluese

Nitrogen

1.5 T T ; —r T T

Ausicnite

Atomic Concentration, %

Depth, nm

st 25 WBunadlulanauluidunna@niivsnguutiamassamuluviuazieflsd

= &

e v Ky o v P a ar o a e oo
mﬂQlﬂﬂﬂﬂﬁq1?ﬂuNQWﬂﬂ'ﬂ 2205 YIRIMHANAN "l AENFINITVINTIAALITUN

600 findlaad (SCE) hiamzvians AES [29]



42

4.2.5 aavaslulastoudaninmigninnionlugradndiimsiunadn

mtﬁnm’luﬁﬁ’ﬁflm‘mmaﬂﬂﬂ'lﬁ'ﬁdama'?;umumﬁaumﬁnné’w'l.%’ﬁﬁuﬂLwﬁﬂ‘ﬁ (K1-K4)
feranusadngIwieefl (Iwamr 25 - 60 wifl) lugrsdndininmuwiadnifednm
wodnssuminaniausaslanaiugamasamnuluiuaznailag Wuaﬁﬂugﬂﬁ 26-29

mngﬂﬁ' 26-29 fn:Lﬁun'ﬂu‘%nmf‘ignﬁ’ﬂniauﬁnmﬂ‘é"ammjao Ao Fuem K1 mIriansan
Lﬁﬂﬁmaaamwu‘luﬁﬁvznmﬁm'ﬂ Fum K2 msﬁ‘mm’amﬁ@'lmﬂmwaﬂiﬁﬁnﬂmﬁLa'n U
A9 K 3 Uas K 4 miﬁ'ﬂniauﬁtwmwaﬂ'sﬁmnndmwaaaﬁmu'luﬁﬁ'lqnmﬁmm U‘i‘nmﬁgn
fansauuananudunsamnaunsueilundazwg eunsuaiiluavailsiuazinzee
simwludiiduimuanwg@nssumsiansausaaninnar aflugindnd Tasrluingaamnu
Tuniidmnaulandouiaaniunaaslyidinanisiadioimaiia EDX ‘lugﬂﬁ 30 IWFDDANY
lwiazgnianiau draluinaTm K1 (31]1’7'i 26) iaminddunanlulasioninin uaslulasione:
sranslunsaamnuwlwfinnniudaeflswiassuifuafsosmwldnuzeamnulu o
'W'JJ'J"]LNHI.'NBﬂ‘iﬁgﬂﬁ@lﬂfﬂ%tlﬂ%ﬁﬂ%‘%ﬂﬁ’l% K2, K3 uaz K4 (31]“?'{ 27-29) ugasitlulanauia

anaemumuwmInansantaangaamnuluzaandanueaNUITBRRIUIN [2, 4, 20-21] Tay

Aalnf lulaTauRUA MU IUNIBINIAANTaUSS LANEINILET



43

f1. pH2

9. pH7

fl. pH10

Ul 26 vinangnianiauasfium K1 ASumlulanan 0.0018 Wahidudlasiivwin
npH2 2w pH7 # pH10



. pH2

. pH7

f. pH10

U7 27 UTmignianiausasiuam K 2 ANUSu e lulaTiaw 0.1100 tatidud lassimin
npH2z 9 pH7 a pH10



45

o
fi. pH2
Y
a
9. pH7
H
a
f. pH10
Y

gﬂﬁ 28 U“snmﬁgﬂﬁ'@niaumaﬁmm K3 Afsinmlulason 0.2300 wWaiiSuslastiwin
npH2 9.pH7 @ pH10



Y fn. pH2
a
a
%. pH7
¥
H
1. pH10
a

U7 29 inangnianiauyesiunnu K4 Anvsumluleasion 0.3400 wasidudlan
WBUN N.pH2 v. pH7 & pH 10

46



47

4= CrA ® CrF —& NIA ® NiF

40.0J T T
35.01_’_4 r
—m
30.0
(ZCZ ________l—————“"
GE = 25.0 e
oz
T E
= 5 200 —
= &
& e
& E 150 — B
é Z 100 ——— —
5.0 —
0.0 i ‘\‘_—‘

0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000
Wiurmlnlanen (efidudlamiinmn

U7 30 Wunmlandvy dnfaluwgoasnuluiuanwefiivosiueun K1 - K4 7

saunanlulasiaudnuiasvlan EDX

v o P e = ' -
Jaganalszmmniklunaniinasadiifa mmﬁum@ﬂu‘[mmuuNaﬂam‘nﬂauuuﬂm
é’nwm:gﬂs’wwaaLwaaaﬁmu‘luﬁﬁogjﬂﬁ 31 nannda AlSumlulanautey sUinveuna
- = A’ ry e ¥ ] g o w
samnu i ianumussirTuasNuiIUSmTandoTen i aws T Lavuasingassnu luyidas
- . a & . £t v = & v ad A
WerSunlulasiauAndu 31J's"|wathaaaamu‘lumum‘[uunnaulmw WEAITIINUAD
[ ] L ] = A‘ - e 1 d. A‘ ; ~ 1
TRHARTEVINIWEUBLRY mﬂmawlammﬂqutmmumaam‘mﬂn‘sau (31J'n 32) aWnH1Ta86D
o - A' L L » » 3 [ T L= L7 i la. J
LNaa@aw:mlm;mmwmsmnmuammu.ﬂmw:mNalumamﬂmsnﬂnmmwwu 1ag
“I 1 1) J a ./J - [ 13
lawisfausaylulasiasumnazwuindgeasnuluilatwitliiudisasdasznirawgaans
] bt e [} ! d‘ L - LY ] - G
N uar ddaminantaugedin Ui 21) Jadnnatleimainaneluuisoves J. Son uas
1 1 ar W dl W A ] 1 o
Amz [30] uadsLifwangiaunsdnmduiufitann 5nﬂ7:mwu\13ﬂﬁwawmmmm"laj"lﬂuwa
PMFIWHRNLATLYINY wafinasnnnizurivmsmaneslununifindas (Thermomechanical

1 L3 = s ] é 1
Treatment) M3NaN3819IMITIMaNTIIINEY Teamraslimimanasfnmdaly



n. K2
Y
o
%. K3
Y
o
fl. K4
H

gﬂ‘?’i 31 wamaa'luTmmu@iammf&iluuuﬂaagﬂs‘wuam\laaammuvl,m‘lu%umu
n. K2 (0.1100wt%) V. K3 (0.2300wt%) . K4 (0.3400wt%)

48



49

i ‘.\;‘.--*"" s e AR BT S 10 Elm

g'ﬂ’ﬁ 32 qﬂﬁué’umaamsﬁmniauu‘%mm;:amiaLWa

5. agﬂﬂam‘mﬂam
5.1 Nawaam@ﬂmtﬁﬂuua:ﬁmﬁasiaﬂ'nm?hun'mn'rsﬁ'ﬂn‘éamxaaMmﬂa'ﬂsv‘f
r's = (% ¥ A [ '
naziddeamnwiniusuwdnnaiSaingmang
nmnTsrruRsunannda BSefiuweidnuazoamnuianfinsulaniiovy 20 - 39
WasiFudlauinmnn uasinifa 4 - 28 Wahidudlasinnin wasndllwediaiaas 24 2lu9
gramafadngAiaawuin
L . . L e
n. asassnavvasrulduunisiin 3 @uaed
Q.:' & =] = n'.’a a av
y m"laman"lfn@maa‘[mmmmﬁumuaﬂqm faunun ~ 16.5 DIHIDY
& '3 d & Aa & A a
- guaanloayadlandssuasnan i i lansnanianunun 20 - 40 SIRATDI
0‘: =l AH =3 r-) =9 = Q-
- gusantasvsdlandounilanzndn Ty uaziinifia auvu 24 - 50 deraTaN
a, ﬁ'u*?«lsfulanﬁﬂaman‘lms‘f%ﬁmmwmﬁaﬂmtﬁaLﬁm‘%mmmqiﬂnﬁnmm:ﬁmﬁaﬂ
wau‘[umﬁnﬂé"}“l%aﬁw‘ﬁaﬁmmﬁmﬁ’uﬂﬂugmﬁ’u‘[ﬁaﬁm%
a. TuRdusonloduaddaniouussnaniiilansnanvs o unii Ny u i ating
USinalesndouwasiinfabwnanna ety Tﬂm‘immé’uﬁuﬁlﬂugméﬂﬂ”ﬁaLaa
2 aRuRunndinAafinaulwwannd Tefivasvinldenavuisastuidunan
wufimNatnouag
2. Tuwiduaanlydvadlandouiasinanidlavawanuasinifalusuiduaseiug
@iamsﬁ’mmumﬁﬁ’ﬂniamwugwgmaqmﬁnné”ﬂ.’fﬁﬁu
a. wqanﬁmmsﬁmniawaamﬁnnﬁﬂ‘%’aﬁugtwﬁﬂfﬁﬁNamaﬂﬁulw,waaaamﬂuﬁua:

WatWas lsvisaunu



50

] a ¥ [ L™ =Y
5.2 ﬂaﬁmmeﬂufmwumaﬂﬂm’f'mn'mminﬂmauﬂaamannaﬂ"fauugmgn'zf
4 - A a
nuanlasiisaaziniiani
Asanuinavsdlulasiaudanriudiuniunisnanianaadtnannaityaiiy
gtwﬁn'ﬁﬁﬁdmnaﬂﬂnﬁuu 28 Wasidualamiimin dntia 7 wesiSudlamiivin Tulasou
0.0018, 0.1100, 02300 uas 0.3400 wasiFudlasvvmin lussazanolodounaslsd 3.5
wafifudlamiwin dudrdroermea Nanwnil 27 asdwaaidaa fid1 pH 2, 7 uaz 10 @810
v A
agﬂma‘lﬂmu
n. LT 2 ‘1u1ﬂ5L%uﬁNatﬁummc«’ﬁumumiﬁ'ﬂn%ammuﬁ'ﬂﬂua:unugtﬁu
2, NANWLAT 7 uaz 10 vluTGﬁLwﬁNaLﬁumw@ﬁumumsﬁ'ﬂniauuuuyﬁw?amqu
dl [] = LY =l [ A | . [ e J
a. Newar 2 wihluwlasauwinatisliiduwadwosulnlosauswldsiniin
3. mmau1uT@17Lilu1uLu§nné‘1¥aﬁu@tw§ﬂ‘fﬁﬂﬁmaaaamuvlu@fﬂumu@iam'sﬁﬂniau
L7 J e [
1dunau u.a:mlmwaﬂiﬁgnnﬂmammu
3. ﬁi’mnﬁu'luTmLamﬁmm:auﬁw%’umﬁnnéﬁ‘l‘?ﬁﬁugLwﬁnffﬁﬁmumau'[ﬂ‘nﬁuu 28
wasiFudlaginvin fintfia 7 wefidudlagimin fa 0.2300 waiidualassimin

6. LANA1591989

[1] A. Desestret and J. Charles, “Duplex Stainiess Steels”, Stainless Steels, ed. by P.
Lacombe, B. Baroux, G. Beranger, Les Editions de Physique Les Ulis, France, 1993.

[2] H. Hoffmeister and G. Lothongkum, Weld. World, 33, 2, (1994).

[3] S. Bernhardsson, Duplex Stainless Steels’91, Prof. Conf., Les Editions de Physique,
Paris, France, 1991, pp. 185-210.

[4] E. Alfonsson and R. Qvarfort, Avesta Corrosion Mangement, 1 (1992}, Avesta AB,
Sweden.

[5] High Nitrogen Steels, Proc. of 1St Int. Conf. High Nitrogen Steels, ed. by J. Foct and
A. Hendry, Inst. Met., London, UK (1989).

[6] High Nitrogen Steels, Proc. of oM Int. Conf. High Nitrogen Steels, ed. by G. Stein
and H. Witulski, Stahl & Eisen, Duesseldorf, Germany, (1920).

[7] High Nitrogen Steels, Proc. of 3 Int. Conf. High Nitrogen Steels, ed. by V.G.
Gavriljuk and V. M. Nadutov, Inst. Met. Phys., Kiev, Ukraine, (1993).

[8] High Nitrogen Steels, I1SM international, 36, 7, (1996).

[9] High Nitrogen Steels, Proc. of 5th Int. Conf. High Nitrogen Steels, ed. by H.
Hanninen, S. Hertzman, and J. Romu, Espoo, Finland and Stockholm, Sweden, {1998).

[10] H. Hoffmeister and G. Lothengkum, Duplex Stainless Steels’94, Prof. Conf., TWI,
Glasglow, England, 1994, paper No. 55.



51

(117 J. Foct, T. Magnin, P. Perrot and J. B. Vogt, Duplex Stainless Steels'91, Prof.
Conf., Les Editions de Physique, Paris, France, 1991, pp. 49-65.

[12] H. Hoffmesiter, C. Eisenschmidt, G, Huismann, Duplex Stainless Steels'97, Prof.
Conf., Stainless Steel World, The Netherlands, 1997, pp. 445-454.

[13] I. Olefjord, H. Fischmester, Corrosion Science, 15, (1975), 697-707.

[14] i. Olefjord and C.R. Clayton, ISIJ International, 3, No.2, (1991), pp.134-141.

[15] N. Ikeo, Y. liima, N. Niimura, M. Sigematsu, T. Tazawa, S. Matsumoto, K. Kojima,
Y. Nagasawa, Handbook of X — Ray Photoelectron Spectroscopy, Tokyo, JEOL Lid., 1991:
p.7, Appendix 6, Appendix 9A — 2.

[16] S. Jin and A. Atrens, Applied Physics A, 42 (1987}, pp. 149-165.

[17] S. Jin and A. Atrens, Applied Physics A, 50 (1990), pp. 287-300.

[18] J. Subseree and G. Lothongkum, Proceedings of 13lh International Corrosion
Congress, Melbourne, Australia (1996), paper 363.

[19] K. Asami, K. Hashimoto, S. Shimodaria, Corrosion Science, 19, (1979), pp.1007-
1017.

[20] T. Ogawa and T. Koseki, Welding Journal: research supplements, 68, May (1989):
181s-191s.

[21] K. Saenkiettiyut and G. Lothongkum, Proceedings of the 11"1 APCCC, Hojimin City,
Vietnam, 1-5 Nov. 1599, pp.

[22] I. Olefjord and L. Wegrelius, Corrosion Science 38, 7(1996): 1203-1220.

[23] A. J. Sedriks, Corrosion of Stainless Steels, 2nd ed., John-Wiley & Sons, New York,
1996.

[24] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solution, Bristol 3,
Pergarmon press, 1966.

[25] G. P. Halada, D. Kim and C. R. Clayton, Corrosion 52, 1(Jan. 1996), pp. 36-46.

[26] P. Lacombe, B. Baroux and G. Beranger, Stainless Steels, Les Editions de
Physique Les Ulis, 1999,

[27] P. Marcus and J. Cudar, Corrosion Mechanisms in the Theory and Practice, Marcel
Dekker Inc., New York, 1995.

[28] H. J. Grabke, ISIJ international 36, 7(1996}, pp. 777-786.

[29] CLAES-OLOF A. Qisson, Corrosion Science 37, 3(1995), pp. 467-479.

[30] J. Son, S. Kim, J. Lee and B. Choi, Metall. Mat. Trans A, Vol. 34 A (August, 2003),
pp. 1617-1625.



52

7. naemilaninlasonisise

7.1 4R MARNN WA TIZINTHIIT G

7.1.1 G. Lothongkum, S. Chaikittisilp and A. W. Lothongkum, “XPS Investigation of
Passive Film of High Cr-Ni Austenitic and Ferritic Stainfess Steels”, Applied Surface Science,
218 (2003}, pp. 202-209.

7.1.2 G. Lothongkum, P. Vongpanya, “Investigation of the Effect of Nitrogen on

Corrosion Resistance of 28Cr-7Ni Duplex Stainless Steels”, Corrosion Science or Materials and

Corrosion or Materials Science and Engineering A or IS|J International {being submitted).

7.2 maiaaruidnldlzlunisSounrsaannsanisasrannisnlua

5 L oA oA

7.2.1 a3 Fefiadfal maansituisuuuiaminndsfivaamnuiinuazvos
annnsulandisuusriinfasiadnfay Snminusiemnisumaasumniadia madaanssy
lanms ywaansofumiingndy 2544,

7.22 TyBy mnuRysol wae@ngal Sesguaan wavaslulasiaudennudiuny
mﬁmm’awaamﬁﬂné’ﬂi’ﬁﬁugmﬁmﬁﬁwaﬂﬂﬂﬁﬂu 28% finfa 7% lagthwminluasazane
Indounnalsd 3.5% lamiwin ﬁqmwgﬁ 27 avenirades” WS iNuiieInTIua1aas
fmdin - madrianswlanns  goansaluningds 2545, (Tundareds Thainox
Metallurgy Awards 132411 2545)

7.2.3 wns welga “nalnusdiulanandannudumumsianiauvaaninnaly
aﬁugtwﬁn‘ﬁﬁnaﬂmlﬁuu 28% finifia 7% lasiminlussszaelndouesslss 3.5% lag
dmin” AnmBwuiimnstumaasiviadia sriaanssulannts PIsInItiumTInmay
2546.

7.3 n'mauanaa'm‘luﬁﬂ'izqu%’]m'immmﬁ

7.3.1 G. Lothongkum, S. Chaikittisilp and A. W. Lothongkum, “XPS Investigation of
Surface Film on High Cr-Ni Ferritic Stainless Steels, Proceedings of the 15m International
Corrosion Congress, Gradana, Spain, 26-30 Sept. 2002, paper No. 305.

7.4 HaIuNISNARaIIS AR

NndTeiaunsasemidosaiasldiiu 2 9wid de

7.41 msAnsnazasialulasiandaanadiwnwnisiansensanuanaaly
aﬁu“lul—mqmﬁn'ﬁ’ﬁuﬂufﬁﬂﬂzl:nuazﬁ.nLﬁamﬁ

tﬁaamnmﬁnnﬁﬂ‘?ﬂﬁﬂﬂmgLwﬁnfﬁﬁqmau%na do mibasadiun Jadudvhauls
luaasnysumsiaiamin mﬁ]{ugﬂ wbindnnaliafiululasamdndlnmaiszgndldn
nndu Wfindseulednwnsvaslulenaudaanudumumitansauluminndi3aiululas

€A

QWindNTiEUN aulnﬁtﬁmﬁ’uu’mua:‘lcﬁmaaaﬁnmmuﬂﬁﬁum‘sﬁnmnam aemq“[u‘[mmu



53

mam’mmumun'ﬁﬁ‘ﬂniawaomﬁnna"ﬂ%’aﬁugmﬁn*ﬁﬁNmﬂ.ﬂnﬁumm:ﬁm‘ﬁamﬁ LRZLAIY

Fuua? manandauadnuwls dairsunanadsslumenuan o
A 3 o, =i
7.4.2 A1sRnvnan1 NI awIInn1silanaanistingisdsenaulandasniulasdin

& e . & & ¢ & ¥ “ A o
mannaﬂsauu@maanﬁnaufmtﬁuu 28 wosiiudlaganiin fintfia 7 lasiGudlag
v naz Tula 519w 0.0018, 0.1100, 0.2300 uaz 0.3400 wlafiaudiagiinin

o -~ = L] 3 L 1 =l d' dl ar
lum‘smmannm‘liauugtwanfﬁ"lﬂ'lm’m Yiagantonaniagsainnszuaunstiay e
{ . v o = . @ =
awely nadeudeliiiatigwinsanndnmnlszneaulanfisululesdludiunsznuion aex
Lflmmﬁalﬁlﬁ@miﬁ'ﬂniauu‘%nmﬁﬁﬂimt?ﬂuu‘lu‘lmﬁ Tufiid@nwimeassnfoiluwwinanis
3

o L -~ ] Lo L % J a bl ] ' o -~
inllFueiedald msdnsnlwidaliimaegszninansanuuny



NMARWKIN N
n.1 ﬂlﬂﬂﬁ‘i'ﬂlﬂdfﬂilﬁHNLlR:E)Bﬂ%lQ“

[ *¥ = o oy
wanaan lsaiuelasan

N{E)
1000 1

500

04 10: 0
230

&0

130
NWNMM M o
ottt i o: 25

0: 30

‘ M\\h "
N A e A AN
WM’W,. M\w b0

5860 575 570 537 532 527
Binding Energy [%eV]

gﬂﬁ n.1 mﬂnm’l'ﬂaamg‘[mtﬁnmm:aan“ﬁwumaamﬁnné’ﬂi’aﬁmwa‘%ﬁnﬁwau
Tasiiloy 20.50 %uaziiniiia 4.75 % lagsudroiulanioy wasduwandu
ALUNATIVBIDDNTLAU



N{E)

1000 +

500 +

+

i

J

I,
Wt Ao LT Al ,_..A....M.v’"“

+

+

E‘ﬂ'ﬂ n.2 mﬂnm‘n'nuwamsmm@ﬂmmwua:aaﬂ‘mwmaamaﬂnm‘l‘saumwamnﬂ

NN
;\-W‘*‘\-\Mw-‘w% e
-@JMW«WWWM I
“;“Wk‘“ﬁ*‘)”dﬁﬂdﬁa)“h““*“ﬁn\_hﬂ‘ ST S
MWMM TN et 1\4‘“‘%
;r’*‘”*‘“*uavvwvdﬁ*’”’ﬁh‘“~uAvh,ﬁ, _wauu,auvdfﬂi&‘“_
..‘“wgﬂ“’“w“"’m“‘wme wMﬁjf!‘ .
Pttt pmr i N
| T “WMA&JJ“’ﬁ\uw*
P PV R s SV wﬁ”~h“ww*
vty beving o, it At A Mbsd ron i, “h.,\,.r’ﬁ %““u\....,
'."'190 aa5 580 575 570 537 532 527
Binding Energy [%eV]

Time
10: 0

2 30

20

1:30

1:0

0: 45

0: 30

0:20

0: 10

0:5

0:0

56

naulasilon 25.24 %uazinifa 6.40 % laamuwiodiulaniloy wazaunin

HhaitnaswasoanGian



56

N(E)
1000 +
1
500 {
1
‘L\"MWW Wi AL s Tipe
04 10: 0

INTIY o VO
NPVl NP
NINUTEE g W
Wwﬂm 1: 30
M 0
I T L VR Wﬁ’\ﬁ_ ofz
w*"ﬂw\-v ::20
W'/ﬂ/\\\v_ ‘
m 0: 10
eseiliioes

0:5

00

590 585 580 5 0 537
Binding Energy [eV)

: 8 -y = A = e A d.
31]?1 n.3 atﬂﬂmﬂﬁuwﬁuwaaquﬂSLﬁymm:aan*mumaamﬁnnm'l‘mumwamnn
nulanduy 27.62 %uasiiniia 6.97 %lasdudrmdulaniioy uszdruyan
Wuaidnamusspendian



57

N (E)
1000 ¢+
500
wam‘“"w‘”‘m s Tine
01 10: 0
WMM
| o, 2 0
MWW’MW_
Mwm m z0
M‘NM M 130
’MMM»«- M 0
WWMWMM M 0 45
Lot -
W%M % 020
| PR W IR MI'NH\..,‘ 0:40
T 0:5
B A W A A A AAE e b Ay
A SN ELEF S L e ﬂ"—ﬂ o
530 585 580 532 827

575 570 537
Binding Energy [#eV]

gﬂﬁ n.4 mﬂnmw-ﬁuﬁﬁwaamg‘[mﬂuuLLa:aanfiwmjaom§nn§’1‘1§aﬁmwa‘%ﬁﬂﬁ
naulanion 2958 %uaziniia 8.29 %lassudroilulandoy uazduwn

Hustnaswataandion



58

N{E)
1000 T
I
500 4
LT Wt b U e Mt Time
0+ 10: 0
*WM N,
JMMWMA‘W 20
WMW M 130
;M/m W’””/\"h L0
i W"’f\, "
| M e
M 0: 40
L 05
g P A gy g AP A NM\A\\W
F Al o0
590 585 580 576 532 527

570 537
Binding Energy [(xeV]

jUfi n5 mﬂnmﬁuﬁlﬁummmqhﬂﬁauua:aanf‘ﬁmmaamﬁnnﬁﬂ%’aﬁmwﬁanﬁ
NENlAEY 32.01% uasiiniia 9.35 Blassudrodulanion uazdiuanm

~ -
Wusidnavasaandiau



59

N{E)
1000 +
500 1
I
‘W“M‘WVMM e L Time
0+ 10: 0
mem Wt W
i 30
MWM NP o S ”s
WWWMM L SO '
WJA\H 0: 45
WQ/'\RA "3
e et N M,_//’\“ %20
| g e S e M 010
T 0:5
SRR YLAnEk Aty YA ey e b | k""m 00
590 585 532 827

580 575 570 537
Binding Energy [xaV]

JUN 6 ﬁtﬂnﬂ71fuﬂﬁumaamQTﬂstﬁsJmm:aan%mmaamﬁnné’w"l%aﬁmﬂa‘%aﬂﬁ
nanlaalion 34.79 %uazinifia 10.82 %lasmusioiulasdoy uasdiuan

Wuatnaruasaangian



N(E)

1000 +
1
1

500 ¢
|
b s M N e Tine

’ »WMW o W 10:0
W"’WWM 230
N, L Wt

| e OV W 20
me M 1:30
""""’““"”'WM M £
MMM w"/\»‘. 0: 45
WWM_W M 0: 30
W""""‘M V”/Jrj\v 0: 20
JM _A 0: 10
JWWM w,.u"m\w %0
S0 ae5 a0 & Sosw s s

570 537
Binding Energy [xeVl

i n7 mﬂﬂmﬂi’uﬂéfwmmq‘[ﬂnﬂumm:aan-‘fnﬁm‘ﬂaamﬁnnﬁﬂ%’ﬁﬁmwa‘%anﬁ
naylandien 38.80 %uaziniia 12.50 % lapawsodiuvlaniioy uas

awrfluainasveseandian

60



61

(=1 L T oo
Imannatlsanyaadnuien

N(E)
1000 L
I
Il
500
I
PN IRyt bns TiDE
07 10: 0
N’WWM M
4 230
JWW POV aian .
AP B rhar N g M 30
Mn—%w% m 0
it VW U L TP
1 M\-\ 0. 45
aaianas VN NEPL S e W
i M\V 0: 30
s T At T U
1 0:20
a2 SVRTIEL LoV
J. M‘\M‘ 0: 10
P gy ST e M“%.
i M o5
2 F SR o Y an am o o 0o

;—0—!—9—’1—4—7—’—%—3—!—1*—0—*—}—%—0—!-1
530 585 580 575 570 537 532 527
Binding Energy [xeV]

jUT n.8 mﬂnmwfuﬂﬁwaqmqimmﬁamua:aan%mmaamﬁnné’ﬂ%’aﬁuaaamuﬁﬁn
Pranlasidoy 21.11 %uazintia 9.89 %lasaudaulanivuuazaiunin

Wusinaswadaandian



62

N(E)
1000 JL

500 1

(T Ny it i
M gt o
.M WM‘W 1: 30
e
M W‘J{\’:. 0: 30
WMM W,A 10
+ 0:5

500 585 580 575 570537 53 527
Binding Energy [%eV}

P & A P a = v W A A s
1h n.9 ﬁlﬂﬂﬂfq'ﬁuwﬁumﬁﬂmﬂjﬂiluF_lllllﬂ:aﬂﬂ‘ﬁﬁ]ﬂ'ﬂﬂﬁlﬂﬂﬂﬂﬂfl‘fﬂ“”ﬂaﬁl“ﬂu'ﬂ:@lﬂ

2af

fnaulaniou 22.43 %ua=hnAa 11.57 %laosudindulanfisuias
auwtndumunanvadoandian



63

N{E}
1000 1

500 1

1:30
0

T gl N '
e\

Q:20

TR A
| SRS VR o W

0:0

) S ' S
570 537 532 527

.
590 585 580 575 0
Binding Energy [xeV}

U n.10 atﬂnmﬂ'ﬁ’uﬂéumaaquﬂiLﬁUmm:aan%mmaamﬁnnﬁﬂ%ﬁﬁuaaamu
fanfinaulasdloy 22.90 %wuasiiniia 13.72 %lassudoiulasdouuas

g usnaueedngan



64

N{E)
1000 1
500 J"
T (T P T At o Time
04 10: 0
MMMA\W
1 dadiine 20
s AN
i M 1: 30
i A P b F VPPN
T e PR LR
,W‘\-Wmm W,/A\ 0%
1 W,,A_t 0: 20
S W PR
1 | M’\M 0: 40
g T TVRY Sl NS
1 0.9
P A A
%ﬁ ¢o

4;—+—+—I——i—t—H—+—l—1—|—l—H—A—l—H—i—A
590 585 580 875 570 537 532 527
Binding Energy [%eV]

31]‘?'1 n.11 mﬂnmwﬁ'uﬂﬁwaom@mtﬁumm:aans’ﬁmmaamﬁnna"ﬁ‘h’aﬁuaaamuﬁan
fnaulasloy 23.49 %ua=inia 16.56 %laseudiailulasndoy uax

awsidusulneamuatasndian



65

N (E)
1000 1

500 +

MM AN Time
O-L 10: 0

e
WMW% ot
MWM b N o
ANt gty M "

05

570 537 532 527

530 585 580 575
Binding Energy [%eV]

31]171 n.12 alﬂnmrﬁ'uﬂafwmmq‘[ﬂnfmuLLa:aaﬂ%Laumaamﬁnﬂﬁ'ﬂi’ﬁﬁuaaamuﬁﬁn
Ananlasduy 25.45 wunsiiniia 17.54 %lapaudaiulanioy uas

s nlusinarvatoandiau



66

N(E)
1000 1
1
500 ¢
T
WMM“W A AW Time
0% 10: 0
Aot
20
PRPATY e I
1: 30

| MJ‘M 1f0
o N
WM me“J\w e
| oM, °f5

532 527

580 585 580 579 570 537
Binding Energy [*eV]

307 n.13 sunaniuRsivaimglasdfisunszaandiavseanannin liniusamnuian
Anaulaniliou 27.65 %uazfiniiia 19.96 %lasdudrodulasiiioy s

aurusunasvasaandian



67

N(E)
1000 1

L
T

500 4

dncqerriatons,,  Tige
10: ¢

230
20

130
1:0

0: 45
0 30
0: 20
0: 10

0:5

!

WW
R s i VU
et o SNPRE LG o N
e WO P N
ntr g, et
AN pip ™
mm
m

oot

w

ﬁ—h!—f—‘—i—%hw-i—l—i—i—&
580 585 580 575 570 537 532
Binding Energy [xeV]

27

U n.14 mﬂnﬂﬂ'ﬁ'uﬂsfwaam@ﬂﬂﬂﬁUmm:aan“mwaomﬁnnﬁ'}‘l{ﬁﬁuaaﬁmuﬁan
fnaulanioy 31.94 %uazfinifia 28.25 %lasdudroilulandoy uas

muriusmilnasvataangiou



68

n.2 anlnasvaRintiauasivan

[ ' -
mannatlsannnasan

N(E)
1000

500

] T W‘-'Wﬂ e
W N e :

P - ﬁ\'b\w 230

FIg T Jb.‘_m 20

e Ay M“Y‘MM \y £:30

L AR VIR 10

WMW\ 0: 45

s N P o 0: 20
M\w
W 0: 40
At
0:5
WWWM%
0:0

885 845725 720 745 710 705 700
Binding Energy [#eV]

jUN n.15 mﬂn«nﬂ'ﬂmmqﬁmﬁaua:mﬁﬂmaqmﬁnnﬁﬂ%’aﬁmwa‘%ﬁnﬁwauiﬂitﬁuu
20.50 %uasiniin 4.75 % lavawdmiuinfa uazduwrndusinasnvas

(3
VRN



69

NE)
1000 +

500 ¢

!3‘.- W Av’ "‘\-;‘.n'i)"% )
2t
s N it
. . ' . L L a aad bt
P A A e e e
- T apad
. ~
0 e TN e T Time
b e e s e . 0:0
I R Y R e o el i0:
r' ' B T o . ; Rt Y
> e - .
-y . P .
- . Loy T e - LA PSR ,.&;/“
f.\-‘. \ ".\,g,«.-g. ~_¢,’:‘~ﬂq.i_ ] 4,\}4‘,‘;.‘,- P 7y . a 30
' e e Banaa tatCH
S R !t
| ) ) * % Lo at a’ il N >0
Lo - 3 F
IR E IR b _-.'...,\‘ 5 4. \wv"ﬂ.— " PRI »_4_"1”; -
AL gt O
T . . o i T o g A T * . i' 30
M e o L TURE RS gt s DU _ .
PP M Fraead
A T . 1: 0

'W.MWMA«AMMV RSNV NIy
1 A NW!M,'

MA A Yy e P he A SN s A s i,
WW\,M,{‘M/M 3

'\%-ww

AR o pstANJI AP N 0: 20

Ao MRS p it g g 0: 40
Py bisn,

Eaband et Y 05

'WWMM

P e o e e e o e e o WY e e ML A o w o o o o Y 0:0
845 725 720 715 710 705 700
Binding Energy [%aV]

0: 45

1 0: 30
PN S A e

_WWMWWW

Eﬂﬁ n.16 mﬂnmﬂ'ﬂaqm@;ﬁmﬁaLm:mﬁnmaamﬁﬂnﬁﬂfaﬁnstﬁﬁnﬁNaaﬂﬂnﬁuu
25.24 %uasiniia 6.40 % laadudroiuiinifia wazduariilusilnen
YBILNAN



70

N(E)
1000 1

500 1

Ot i 0

B e . WM«M 230
L MMM 20
1 WWM L 30

4 *WWMM‘ 10
AN g TN 0: 45

[ rpmtimpAmsonh st abonpasd

1 WWWW 0: 30

b A g

i LA N o 20

Mot et Ay g WMW

- R bad R Y 0: 10

o5

MMWWW

865 860 855 850 5 710 705 700

845 725 720 74
Binding Energy [%eV]

Eﬂﬁ n.17 mﬂnsm'ummqﬁmﬁaua:m§n‘uam.u§nné"1'ls”aﬁumla‘%v"mﬁwauim&ﬁuu
27 62 %uaziniia 6.97 %lagdmdgiluwiniis wazauurniuslnasiass

WARN



7

N(E)
1000

500

0 10: 0
M 2 30
MW“% >0
WMW% 130
W“"NW‘"\_MM 10
WA A paragpip NN, s
W“WWMW% 0: 30

MW 0: 20
ww»w% 0: 10

(]
WA AN e AT g o e Ao i

00

855 860 945725 720 716 740 705 700
Binding Energy [xeV]

U n.18 mlln@m'naomqﬁmﬁmm:mﬁnmaamﬁnné’ﬂ‘?aﬁu wasanfinsulanilow
20.58 %uasiniia 8.29 %lassusroiiuiinifas uazdurituaidnasvas

(RAN



72

N(E)
1000 J(

500 +

WMW% 10
WWM 0: 30
AWWW\W 0:20
WWNWW‘MW%W 0: 10

Ao i " 0:5

00

860 850 845725 720, 716 710 705 700
Binding Ensrgy [¥eV]

31]1‘7'1 n.19 mﬂnmwmmqﬁmﬁaua:mﬁnmaomﬁnnﬁ'ﬂ‘l‘?ﬁﬁmwa“‘sﬁnﬁuwn‘[nnﬁUu
32.01 %uazHiniia 9.35 %lasmudraduintAsuasdunidusynasiues

LARN



73

N{E)
1000 1

500 +

Time

oA AN A WM r-: 30
| W“M‘M 20
| MMMM 1: 30
PR S YN

1 MMWM 1:0
P AAAA ALty

+ WWM’V 0 45
! MW% 0: 30
1 MWW% 0: 20
{ LA T IR % |

| ik d ks ' g T IT WY VRPN .

865 B60 855 850 B45 725 720 715 740 708 700
Binding Energy [xev]

31J17'| n.20 mﬂnm’maamqﬁmﬁﬂua:m’énmaamﬁnné’ﬂ*?aﬁuLﬂa?anﬁnauTﬂSLﬁﬂu
34.79 %uaszinifia 10.82 %lassutodluinfatazamemidusidneves

Wan



74

NI(E)
1000 +

500 ¢+

vt s o bmb it L
AN s b MWW% ket

Mwﬁwwwwmzm

Prosshs gt tia Py p p om0 Ww"“‘“‘“m 1: 30
MW%MWW MWW £:0
MM«WMW NN AN e G
WWMWM WW*% o 20
1 Remtb i,
AR st A gy sy 020

L e o TR TR Y 0: 0
845 725 720 748 740 705 700
Binding Energy [xsV]

Bt P Y
| ML AL S

865 B0 B55 880

Ui n.21 mﬂﬂmwmmqﬁnLﬁaua:mﬁﬂmaqmﬁnné’ﬂ%’aﬁmwa‘*‘:ﬁnﬁwaﬂﬂnﬁuu
38.80 %uazinifis 12.50 % lessusiotluiinifa wazaruariduanas)

YBANAN



75

o 9 = o o
lﬂﬂﬂﬂﬂ'ﬂ‘iﬂﬂ“ﬁﬂﬂkﬂﬂﬂﬂn

N(E)
1000 +

500 ¢

" ; MW/\M o
0 M 10: 0
_ o _ Mk 2 30
MMN‘ >0
M 1: 30
WMWM 1:0
W‘*%m 0: 45
“"‘*”W\M‘V‘_ 0: 30
~vmyaxn4,w,uu,uhuaaﬁ&unﬂhﬁmﬂﬁﬂhvuh 0: 20
A*%ﬁw0inQa‘Nngrvd*vdﬂ*fﬂﬂkﬁxwmﬁmwvA- 0: 10

0:5

x4~+*—+1r+~»+—r1rvﬂ—+-+tr?4~»4~t4—++—»1 00

BS5 860 BS5 B850 B457E 720 746 740 705 700
Binding Energy [xeV]

Eﬂﬁ n.22 mﬂnmwaqm@]ﬁnLﬁauazmﬁﬂmaomﬁnnﬁ"a"l%aﬁuaaamuﬁanﬁuau
Toslou 21.11 % uazfinifa 9.89 %lagesudodiuiniis uasduwaiilv

aunasuounan



76

N {E)
1000

500

et MLl MW% )

ey My 0: 30

| | WWM% 5 20
I WM% 0: 10
A gy " ) o5

‘r-l—f—H-t—l—O—H-a-P-i—H—A-%-H—-}-i WWT*%—!—OTPH—PTHH 0: 0
865 850 855 850 845 725 720 715 740 705 700
Binding Energy [#ev]

gﬂﬁ n.23 mﬂnmﬂ'uaamqﬁmﬁaLLa:mﬁnwmmﬁnnﬁw'ﬁaﬁuaaﬂmuﬁﬁnﬁmmJ
Tasiflon 22.43 %uazinfia 11.57 %laseugrodluiiniis wazenuaiiy

Funauanan



77

N{E)
1000 +

500 +

A k 5 3 k e e A e o e (1,41}
ash B60 855 850 845 725 720 715 710 705 700
Binding Energy [xeV]

gﬂﬁ n.24 EmJnmﬂmaomqﬁmﬁmm:mﬁnﬂaamﬁnﬂﬁ'}"l:’s“aﬁuaaamuﬁﬁnﬁwau
Tesifianuy 22.90 %uaziiniia 13.72 %lasaudsiuinfa wazaupuin

AUNATIVDIMEN



78

NI{E}
1000 1

500 1

Time
04 ! 10: 0

Lt A A vy k. M WM 1: 30

MWWW 0: 30
W“W‘\W 020
P b M e, , 010

: ) y 2 ) 00
885 860 855 850 845 728 720 745 o 708 700
Binding Energy [%eV]

gﬂﬁ n.25 mﬂnmwaamqﬁmﬁaua:mﬁnmaamﬁnné’ﬂ‘?&ﬁuaaamuﬁﬁﬂﬁwﬂu
Tassion 23.49 %uaziniia 16.56 % laperudrmiuinifauazdiuneiiu

FUN@IVAARAN



N(E)

1000
500
\‘~H%}d*\&*@¥‘ﬂ¢p4f*fjﬁﬁﬁq1
Time
0 \ 10:0
T e PN PWU
TP M £:30
\ Vdh“aNv&L*ﬂﬁkr*qunvqyar*kvhhﬁnnﬂ~ 1.0

WW@WM 30
WMW 0 20
‘MWWM 0 10

h’**“ﬁ*1*“wﬂ”’”“"k*’\”V'ﬂmﬂh~‘,wﬂuh 0:5

0.0

865 860 850 @45725 72 5 710 705 700

0 7%
Binding Energy (*eV]

31J1‘f'| n.26 mﬂnmﬂmmmqﬁnLﬁaua:mﬁnmmmﬁnnﬁﬂ%’aﬁuaaamuﬁaﬂﬁwmJ
Tandfioy 25.45 %uaziiniia 17.54 %lasdmudmiuinfsuasdiuainiie
FUNATIVBIRAN



N(E)

1000 1

500 -

865 BED 855 B50

B45 728 720
Binding Energy [xeV]

715 710 705 700

80

Time
10: 0

31]17'1 n.27 mﬂnﬂﬂmaomQﬁmﬁaLm:mﬁnmaamﬁnnﬁw"h”aﬁuaaamuﬁﬁnﬁumﬂﬂﬂﬁr,m

27.65 %unziiniia 19.96 %lasaudoduiniia wazdmwaiduadnes
PAILRAN

&0

1:30

0: 30
0: 20
0 10
0:5

0:0



N{E)
1000 1

-+

500 4

wMW‘i"‘-M 015
MmN s 030
MWM 0: 20
' MW A bt 040
WP AN A o o 010
) ML Yt Bt e i e s w St S Y

0:0

R

865 B850 850 B45725 7200 745 740 705 700
Binding Energy [%eV)

gﬂﬁ n.28 mﬂnmwaamqﬁmﬁmm:mﬁnmaomﬁﬂnﬁﬂ'ﬁ”ﬁﬁuaaﬁmuﬁ'ﬁnﬁwau
Tasilion 31.94 %uazfiniAa 28.25 %lapdndrmiuinfaussdiuarniu

gnaTaoanan

81



MANWIN 2
2.1 Arateniswiaaanlsmsnansanomdulnatlnusu

-adndiinsiansan (Corrosion potential, E,,) KBt faMURBIUUNTELE I MINanTan

{Corrosion current density, leor)

0.200
0,150
6,100
0.050}

—

-0.0s0} T~
-0,100}
-0.150}
-0.200+

-0,250 f———r—rrrr¥y R R— — Ty —— R ——
1.000x10® 1.000x10°® 1.000x10°7 1.000x10* 1.000x103 1,000x10™*

rorr ¥ Ceorr

E vs Ag/AgCl 3 M KCE (¥}

1(A)

A - ] - e [} s ¥
UM 9.4 FEmInidndng lWRnsnansanuaznszug IWHAsHansan



- fhm:ua‘lw',*hnTsﬁ@]m'auuuugvﬁw‘%a“qn (Pitting potential, E,)

0.500
ED 2

>
— 0.250F
G
1Y
b3
L)
[u] or
[~
g
~—
=]
L9
w o -0.2501
>
1Y)

-0.500 —

1.000x10°®  1.000x107  1.000x10%  1.000x10°%

I{A)

1000x10* 1.000x107  1.000x107

A o , A - '
U 2.2 1‘1’i'msmmﬂnsﬂwﬁﬂn'rmﬂn‘sammugrﬁw‘%a%a‘u

, - o a A .
- dnszudiwivmen TaaifiaWdu (Passive current)
A ) Av - a ¥ A’J 1
Luaamnﬂ']m:ua‘lwﬁwmzn'aaqmﬂwauu’uua;ul

AJ el 1 A YW { [ B
uaz 2 il inianafomaatadludraaunu

[ §

VAN

HIWHN é’agﬂLﬁuTw ALY D 1

83



84

NIAHUWIN A

o aa « ' o A1 an [y
RNHAAHNWLASZIWNUNAMUITHNTIANWHN

1. G. Lothongkum, S. Chaikittisilp and A. W. Lothongkum, "XPS Investigation of Passive
'5 of High Cr-Ni Austenitic and Ferritic Stainless Steels”, Applied Surface Science, 218 (2003),
p. 202-208.

2. G. Lothongkum, S. Chaikittisilp and A. W. Lothongkum, “XPS Investigation of Surface
on High Cr-Ni Ferritic Stainless Steels, Proceedings of the 15" International Corrosion

Jongress, Gradana, Spain, 26-30 Sept. 2002, paper No. 305.

3. G. Lothongkum, P. Vongpanya, “Effect of Nitrogen on Corrosion Resistance of 28Cr-7Ni
Duplex Stainless Steels in 3.5wt% NaCl Solution”, Corrosion Science or Materials and Corrosion or

Materials Science and Engineering A or 1SKJ Internafional (being submitted).



Available online at www.sciencedirect.com

BCIENCE @DIRECT'
applied
surface science

Applied Surface Science 218 (2003) 202-209
www,cisevier.com/lacate/apsusc

XPS investigation of surface films on high Cr-Ni ferritic
and austenitic stainless steels
G. Lothongkum™", S. Chaikittisilp®, A.W. Lothongkum®

*Depariment of Metallurgical Engineering, Faculty of Engingering, Chulalongkom University, Patumwan, Bangkok 10330, Thailand
“Dept. of Chemical Engineering, Faculty of Engineering, King Mongkut's Institute of Technology, Ladkrabang, Bangkok 10520, Thailand

Received 19 November 2002; received in revised form 12 Aprif 2003; accepted 14 April 2003

Ivestigated by the XPS technigue. The surface films were composed of chromium hydroxide at the top surface and chromium
uxide at the bottom surface. The chromium oxide layer was considered to be divided into two sublayers, which are the layer of
thromium oxide and jron oxide containing iron and nickel (depending on the nickel content; “Layer A”) and the layer of
thromium oxide containing chromium, iron and nickel (Layer *'B’’}. When the contents of chromium and nickel in the alloy
ncrease, the thickness of the chromium oxide layer decreases. However, the thickness of Layer A increases. The thickness of
Liver A tn relation to chromium and nickel contents shows a S-shaped curve similar to the plot between pitting potentials and the

mtents of chromium and nickel. The influences of the thickness and nickel content of Layer A on the pitting corresion
ance of the tested alloys are discussed. If nickel content in alloys is high, it may be found in Layer A and may increase the

jilting corrosion resistance of the tested alloys.
U 2003 Elsevier Science B.V. All rights reserved.

ords: XPS; Surface films; High Cr-Ni stainless sieels; Piuing corrosion resistance

A

thicknesses on SUS 304 and 316 stainless steels
depended on the surface treatment method and change
with storage time in a desiccator [12]. The fHlm
thickness i1s independent of exposure ume for the
18-12 stainless steels and 29-4-2 stainless steels when
they are immersed in a 0.1 M sodium chlorde solution
or exposed in air [1]. Alloys with a higher chromium
content have a lower thickness of chromium oxide film
[2,12]). The film thickness on 20-25 stainless steels
increases when the molybdenum content increases
B ! {11]. The changes of oxy-hydroxide and oxide states
Corresponding author. Tel.: +66-221-86938; . .

e 16622186942, when 3041 and 316L stainless steels were immersed

in HC1, HNQ,, and H;S0Qy4 solutions were reported [5].

il addresses: gobboon.l@chula.ac.th, fmtght@eng.chula.ac.th
0, Lothongkum). In nitric acid and sulfuric acid solutions, the amount of

. Introduction

|lt is well known that stainless steels exhibit good
tomrosion resistance because of a passive film on the
surface. Many works reported that the passive film of
mstenitic [1-9] and ferritic [10-12] stainless steels is
wmposed of chromium hydroxide in the outermost
liyer and chromium oxide in the inner layer. The
pial film thickness is around 5—40 A [2]. The film

(169-4332/% — see front mattcr © 2003 Elsevier Science B.V. All nights reserved.
{01:10.1016/50169-4332(03)00600-7



gtal oxy-hydroxide decreases but the amount of
elal oxide increases. The opposite result was found
whydrochloric acid solution. Nickel was not found in
lie passive film of conventional austenitic stainless
ieels, but it was found in the passive film of 2]1-24
diinless steel [13]. This may imply that if the nickel
wnient is high, it may be found in the film. The

favacuum up to 380 °C were studied, A remarkable
arichment of chromium in the surface films of alloys
wnlaining at least 13% chromium was reported [12].
However, the changes of film thickness and the che-
mical states of elements in the film with respect to the
diemical composition of the alloy and their effects on
frosion resistance still need more examination.

‘The purpose of this study is to explain the results
tported in previous work [13] that the high Cr-Ni
fitic and austenitic stainless steels exhibited a S-
d carve of pitting potentials in relation to chro-
and nickel compositions. Similar results were
ko reported for Fe-Cr alloys having chromium con-
30% [14]. The surface films of the high Cr-Ni
rilic and austenitic stainless steels were investigated
) depth profile by the X-ray photoelectron spectro-
iopy (XPS). The curves of the passive film thick-
ses as a function of the chemical composition were
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2. Experimental

The tested samples were prepared as described in a
previous report [10]. The alloys were melted in a
vacuum induction furnace and cast in a copper mold.
Armco iron, electrolytic chromiom and nickel were
used as the raw materials. The samples were prepared
in 11mm x 25mm x 25 mm dimensions and heat
treated under argon atmosphere in the fumace at
1200 °C for 52 h and quenched in water. This heat
treatment condition was selected due to the chemical
equilibrium [15]). The sample microstmclures were
observed by metallography and X-ray diffraction
(XRD) methods. The alloy compeositions were ana-
Iyzed by energy dispersive X-ray (EDX) and emission
spectroscopy. Some alloys were selected to confirm
compositions by X-ray fluorescence (XRF). Table 1
shows the chemical compositions of the tested alloys.
For the XPS investigation, heat-treated samples of
dimensions 10mm x 10mm x 2 mm were ground
with SiC down to gnit 1200, ultrasonically cleaned
in acetone and kept in a desiccator for 24 h before the
experiment. The X-ray source used the Al Kot line and
was set at 10 kV and 20 mA. An argon gun was used
to etch the surface to study the film depth profile. The
etching rate was 30% at 500 V, 0.03 Pa and calculated
and compared with those reported by the Common-
wealth Scientific Co. Ltd. and Hakuto Co. Lud.

No. Composition (wt.%)

Microsiruciure

by XRD
C Si Mn P S Fe Cr Ni
1 0.02 0.0t 0.01 0.006 0004 7475 (7542) 20.50 (19.22) 4,75 (5.36) Ferrite
2 0.02 .01 0.01 0.006 0.004 6836 2524 6.40
3 0.02 0.0t .01 0006 Q004 6540 27.62 6.97
4 0.02 0.01 0.01 0.006 0004 6213 29.58 8.29
5 0.02 0.01 0.01 0.006 0004 5864 (57.10) 32.01 (31.56) 9.35{11.34y  Ferrite
6 0.02 0.01 0.01 0006 0004 5439 34.79 10.82
7 0.02 0.01 0.01 0.006 0004 4870 38.80 12.50 Ferrite
8 0.02 0.01 0.01 0.006 0004  69.00(69.00) 21.11 (21.31) .89 {10.69)  Austenijle
9 0.02 0.0l 0.01 0006 0.004 66.00 2243 11.57
10 0.02 0.01 001 0006 0004 6338 22.90 13.72
11 0.02 0.01 0.01 0.006 0004 5995 (59.59) 23492267 1656(17.74)  Ausienile
12 0.02 0.01 0.01 0006 0004 57.01 2545 17.54
13 0.02 0.01 0.01 0.006 0004 5239 27.65 19.96
14 0.02 0.01 0.01 0.006 0004 3981 31.94 28.25 Austenite

nrmed by XRF is shown in parenthesis.



e calculated etching rate for the AISI 304 austenitic
;[ess steels and chromium oxide were 87 and
"f&/min. respectively. The O s, Cr 2p, Fe 2psp,
ad Ni 2pa; spectra (peak intensity versus binding
mergy (B.E.)) al different etching times were taken at

{ake-off angle of 90° for the study. The etching rate

i 17 A/min was chosen to determine the film thick-

Were mostly chromium oxide specira. The photoelec-
lion intensities were plotted with the binding energy
Jiom which the chemical states of the elemenis were
defined. The quantitative compositions of surface film
were calculated by using the area sensitivity factor
fiom the equipment handbook and elsewhere [1,16).
2ok deconvolution was not considered because the

Iotal amount of each element was calculated.

1. Results and discussion

The XPS spectra of the tested alloy films were
Similar to those reported in the literature [1-8], but
e films have different thicknesses and chemical
tompositions. Fig. 1 shows the O 1s, Cr 2p, Fe 2psp,
and Ni 2ps, spectra of the surface film on sample
No. 14. The etching time is shown on the right side
in the figure. At the top surface at 0 s etching time,
e oxygen was found in the hydroxide form (B.E.,
3318 eV). The hydroxide spectrum seems to have
some peaks overlapping with the oxide spectrum
. 530.2eV). As the etching depth increased,
oxygen was found in the oxide form. The O 1s
ctra were undetectable when the eiching time was
about 150 s corresponding 1o the calculated analysis

pih of 42.5 A. For the Cr 2p specura (Fig. 1b), the

tra of chromium hydroxide (Cr°+, B.E., 577.3 V)
and chromium oxide (Cr’*, B.E., 576.6 eV) were
dlmost undetectable at the top surface. The chromium
droxide and chromium oxide peaks overlapped at
tching time of 5s. At the 10 s etching time, the
tomium hydroxide was not found. It is suggested
that the chromium hydroxide peak disappeared
when the etching time was about 5 s, corresponding
{0 an analysis depth of 1.42 A. The chromium oxide
disappeared at an etching time of around 150 s.
The chromium spectra (B.E., 575 eV) were first detec-
fed at the etching time of 45 s corresponding to an
dnalysis depth of 12.8 A.Some parts of chromium and
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chromium oxide spectra overlapped, which is same
as the results found in the literature [1,3]. When the
etching time is 10 min, only chromium is found in the
bulk. In case of iron (Fig. 1c), the Fe 2ps, spectra
showed no iron oxides (Fe?* and Fe®*) at the top
surface. At the etching time of 5 s, iron oxide (B.E.,
710.9 eV) and iron (B.E., 708 eV) spectra were found,
of which some parts overlapped. Thus, two iron forms,
i.e. iron oxide and iron, participate in the surface film.
Nickel was not detected in the top surface film but at an
etching time of 10 s, it was found as shown in Fig. 1d.
In some alloys having lower nickel content, nickel was
found at a higher etching time. The results will be
shown later in Fig, 8. This implies that if the nickel
content is high, it will be found in the passive film.
From the XPS spectra results for surface films on
all samples, we can schematically skeich the passive
film mode! as shown in Fig. 2. The film is composed of
two main layers. The chromium hydroxide Jayer with
a thickness of about 16.5 A is the top surface and the
chromium oxide layer with thickness of about 40—
58 A is the bottom surface. As the XPS spectra involve
the electron signal coming from within the material
to a depth characterised by the escape depth (4) or
electron mean free path, the film thickness was cal-
culated by the etching rate (17 A/min) multiplied by
etching time plus the mean escape depth. The esti-
mated escape depths of Fe 2p, Cr 2p, Ni 2p and Mo 3d
metallic states are 11, 12, 10 and 15 A, respectively;
those of Fe 2p and Cr 2p oxide states are 15 and 16 A;
and that of O Is is 17 A [1]. A value of 15 A for the
means escape depth is assumed [1]. In the chromium
oxide layer, we found some iron oxide, iron, chro-
mium and nickel. The escape depths of iron, chro-
mium and nicke! are less than the calculated film
thickness, and the XPS signals of their metallic states
appear when the analysis time is 5 s, corresponding to
the film near the top surface (see Fig. 1). 1t is then
possible that iron, chromium and nickel are found in
the film. At the interface of the fitm and the metal
beneath, some signals of the iron, chromium and
nickel might be subject to interference by the signal
coming from within the material. For the later dis-
cussion with the pitting corrosion resistance, it is
proposed that the chromium oxide layer has two
sublayers. Chromium oxide and iron oxide containing
iron and/or nickel makes up the first layer (Layer A)
with a thickness of about 20-40 A. Chromium oxide
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Fig. 1. The XPS spectra of the sample No. 14 passive film. (time, min:s).

The thickness of the chromium oxide layer
decreased when the chromium and nickel contents
of alloy increased as shown in Fig. 3. These results
agree with those reported in the literature [2]. In general,
an increase in chromium content of the alloys increases
the corrosion resistance. The thickness of the chromium



Chromium hydroxide ~ 16.5 A

"Chromium  Iron  Nickel

oxide film may not be related to the corrosion resis-
Jance. Because of the high oxygen affinity of chromium,

illoys, oxygen may react with chromium mostly on the
nuter surface. Consequently, the passive film has dense-

In our previous work [13], plotting the pitting
potentials at 25 °C in artificial seawater as a function
‘ofthe alloy chemical compositions showed a S-shaped
curve as in Fig. 4 for the present experiment, assuming
that the change in film density due to an increase
in alloy compositions is negligible. The thickness of
Layer A was plotted versus chromium and nickel
“contents as shown in Fig. 5. The S-shaped curves
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Fig. 3. The chromium oxide layer thickness and the atloy chemical
conient.

obtained are similar to those of pitting potentials in
Fig. 4. The thickness of Layer A may play a role in the
alloy pilting corrosion resistance. It may be stated that
the greater the thickness of this layer in the tested
alloys, the greater the corrosion resistance.

The atomic percent profiles of oxygen, chromium,
iron and nickel in the films were determined. All tested
alloys had similar profiles. Fig. 6 shows an example of

—#— Austenile
—— Ferrite

Fig. 4. Pitting potentials of the lested alloys with their chromium and nickel contents at 25 °C in anificial sea water [13].
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| bthe error in the sensitivity factor method, the oxygen
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larly found for 18--8 and 29-4-2 stainless steels [1].

Dxygen content is high at the top surface and reduces
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~—®— Austenite
< —~ Ferrite

Fig, 5. Thickness of the chromium oxide and iron oxide layer containing tron and nickel and the alloy compuositions.

when the analysis depth increases. The chromium
atomic percent profile goes up to a maximum value
and down to some constant when it reaches the bulk.
This enrichment of chromium and oxygen in the surface
film is the same as reported in the literature [1,12}. Fig. 7
shows the atomic percent profiles of chromium at the
surfaces of ferritic alloy No. 1 (20.5% Cr, 4.75% Ni),
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Fig. 6. Example of the element profiles in the film on altoy No. 1 (20.5% Cr, 4.75% Ni).
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9.89% Ni) and AUS14 (31.94% Cr, 28.25% Ni).

ferritic alloy No. 7 (38.8% Cr, 12.5% Ni), austenitic
alloy No. 8 (21.11% Cr, 9.89% Ni) and austenitic alloy
0. 14 (31.9% Cr, 28.25% Ni). Alloys No. 1 and No. 7
tepresent the lowest and the highest chromium contents
in the ferritic series, respectively, as do alloys No. 8
and No. 14 in the austenitic series. The chromium

—4— Ausienite
c}‘zw == Ferrite

Fig. 8. The analysis deptit where nickel was found with respect to
alloy ehemical compasition,

160 200 240 —— FERT

Fig. 7. The atomic percent profile of chromium in the film on FERI (20.3% Cr, 4.75% Ni), FER7 (38.8% Cr, 12.5% Ni), AUSS (21.11% Cr,

enrichments in the surface films of the four tested alloys
are similar as shown in Fig. 7. The drastic increase the
pitting potential with respect Lo the chemical composi-
tions as in Fig. 4 is not because of chromium enrich-
ment. Nickel was found in the film, when its content was
high enough. The analysis depth where nickel was
found in the surface films of alloys of different chemical
compositions is shown in Fig. 8. As the nickel and
chromium contents in the tested alloys increased the
analysis depth where nickel was found decreased. The
curves are similar to the curves in Fig. 3. It looks like a
Z-curve but not a S-curve. Because of the result in Fig. 8
and because the total film thickness decreases as the
nickel and chromium contents increase as shown in
Fig. 3, the film thickness where nickel was found with
respect to chemical composition would be expected to
show a S-curve. The nickel found in the film may
enhance corrosion resistance of the film. It may retard
the diffusion process in the film, because the vacancy
density in the chromium oxide film is reduced.

4. Conclusions

The surface films of high Cr-Ni ferritic and austenitic
stainless steels, which have 2J-39 wt.% chromium



otent and 5-28 wi.% nickel content, were investi-
led by XPS. The surface films were composed of
nium hydroxide in the outermost layer and
fomium oxide in the inner layer. The chromium
ayer was found (o comprise two sublayers: a
imium oxide and iron oxide layer containing iron
id nickel, and a chromium oxide layer containing
pmivm, iron and nickel. The thickness of chro-
oxide and iron oxide layer containing iron
d nickel is considered to play a role in the alloy

stainless steels is high, nicke! may be found in
ace films and may enhance the film corrosion
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Abstract

The surface films of Fe-Cr-Ni austenitic stainless steels, which have 21-32 wi%
chromium and 10-28 wit% nickel, after 24-h exposure in air were investigated by XPS
technique. The surface films compose of the chromium hydroxide and chromium oxide layers.
The chromium oxide layer is considered as two sublayers, which are the layer of chromium
and iron oxide having iron and nickel, and the layer of chromium oxide having chromium,
iron and nickel. The total thickness of the chromium oxide layer decreases, however, the
thickness of the chromium and iron oxide layer having iron and nickel increases, when the
chromium content of alloys increases. The relation between chromium content and the
thickness of the chromium and iron oxide having iron and nickel layer shows the S-shape
curve which is similar to that between chromium content and pitting potentials. it may be
concluded that the pitting corrosion resistant of the tested alloys is influenced by the
thickness of the chromium and iron oxide layer having iron and nickel. Nickel may
participate in the total chromium oxide layer, if its content is high, resulting in high corrosion
resistant of Fe-Cr-Ni austenitic stainless steels.

Keywords: Surface film, High Cr-Ni austenitic stainless steels, XPS, Pitting corrosion
resistant

Introduction

It is well known that the stainless steels perform good corrosion resistant because of
its passive film on the surface. Many works reported that the passive film of conventional
austenitic stainless steels [1-4] and some high Cr-Ni austenitic stainless steels [5-9] composed
of iron and chromium hydroxide at the top layer, and chromium oxide in the inner layer.
Nickel was not found in the film of the conventional austenitic stainless steels. [t was
reported that film thickness changed with time when the 18-12 stainless steel was immersed
in the 0.1-M sodium chloride solution [1]. The changes between oxyhydroxide and oxide
states when the 304L and 316L stainless steels immersed in the HCIl, HNQOs, or H.SO;4
solutions were found [5]. Asami et al. stated that when chromium content was more than
13%, the Fe-Cr alloy film was chromium-enriched [10]. The total film thickness decreased
when chromium content increased [2, 10]. The changes of film thickness due to the chemical
compositions need further discussions. The purpose of this work is to describe the results
reported in the work of Hoffmeister and Lothengkum that the high Cr-Ni austenitic stainless
steels performed the S-shape curve of pitting potentials relating to chromium and nickel
compositions [11]. The similar results were also reported by Gysel et al. for Fe-Cr alloy,
which contained chromium less than 30 wt.% [12]. In this study the surface films of high Cr-
Ni austenitic stainless steels were investigated in depth profile by the XPS. The relation



between the thickness of passive film and the chemical composition was discussed for the
pitting corrosion resistant.

Experimental

The tested samples were prepared as described in our previous work. [11] The alloys
were melted in a high vacuum induction furnace and casted in a copper mold. The armco
iron, electrolytic chromium and nickel were used as the raw materials. The samples of
11x25x25-mm dimension were prepared and heat treated in the furnace at 1200°C for 52 h
under argon atmosphere, subsequently quenched in water. The sample microstructures were
observed by the metallography method and chemically analyzed by the EDX and XRF
techniques. Table 1 shows the chemical compositions of the tested samples. For the XPS
investigation the heat-treated samples with the dimension of 10x10x2 mm were ground with
SiC down to the grit 1200, ultrasonic cleaned in acetone and kept in a desiccator for 24 h
before experiment. The X-ray source was AlKa line and set at 10 kV and 20 mA. The argon
gun was used for etching to investigate the film in depth profile. The etching rate was 30% at
500 V, 0.03 Pa. The calculated etching rate was compared with those from the
Commonwealth Scientific Co., Ltd. and the Hakuto Co., Ltd. The calculated etching rates of
the AISI 304 austenitic stainless steels and chromium oxide were 87 and 17 A/min,
respectively. The spectra of Ols, Cr2p, Fe2p3/2 and Ni2p3/2 at different etching time were
taken at the take-off angle of 90°. No different peak intensity was found by different take-off
angles. According to the analyzed spectra were mostly composed of chromium oxide, the
etching rate of 17 A/min was chosen to determine the film thickness in this experiment. The
photoelectron intensities were plotted against the binding energy of which the chemical states
of elements were defined. The quantitative compositions of the passive film were also
calculated by using the area sensitivity factor from the equipment manual and elsewhere [1,
13].

Results and Discussion

Although the XPS spectra of stainless steels surface were well established, in this
experiment it would be worth to further discuss about some samples. Most spectra of the
passive film of the tested samples are similar to those reported in the literatures [1-10].
However, the film has different thickness and chemical compositions. Fig. 1 shows the
spectra of Ols, Cr2p, Fe2p3/2, and Ni2p3/2 of the passive film of the sample No. 7. At the
top layer without etching, the oxygen is found in the hydroxide form (B.E., 531.8 eV). The
hydroxide spectrum seems to be overlapped with oxide spectrum (B.E. 530.2 eV). As the
etching depth increases, the oxygen is found in the oxide form. When the etching time
reaches 150 seconds, the Ols spectra are undetectable, corresponding to the calculated film
thickness of 42.5 A. For the Cr2p spectra (Fig. 1b), the chromium hydroxide (B.E. 577.3 eV)
and chromium oxide (B.E. 576.6 ¢V) are negligible on the top surface. The chromium oxide
(Cr’") is found in the inner layer when the etched depth increases and disappears at the
etching time around 90 seconds. The chromium spectra (B.E. 575 eV) were detected at the
film thickness of about 43 A. Some parts of chromium and chromium oxide spectra are
overlapped, corresponding to the results found in the literatures [1,3]. In case of the iron (Fig.
1c), the Fe2p3/2 spectra show no iron oxide (Fe**, Fe’") on the top surface, but at some
thickness relating to the etching times around 5-30 seconds, some iron oxide (B.E 710.9 eV)
and iron (B.E.708 eV) are found. The iron was firstly detected at the etching time around 5
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seconds. The iron and iron oxide spectra are overlapped. It shows that the iron forms, i.e.,
iron and iron oxide, participate in the film. Nickel is unable to find in the film near the top
surface but at etching time around 10 seconds, it is found as shown in Fig. Id. In the samples
having lower nickel content than that contained in sample No. 7, the nickel is found at higher
etching time.

From the results of the XPS spectra of all samples, the passive film was sketched as
shown in Fig. 2. The film composes of two main layers. The chromium hydroxide layer with
thickness of about 1.5 A is on the top layer, and the chromium oxide with the maximum
thickness totally about 41 A is the inner layer. In this work it is purposed that the chromium
oxide layer is divided into two sublayers, which are the chromium and iron oxide layer
having iron and nickel, and the chromium oxide layer having chromium, iron and nickel. Of
the two sublayers, the thicknesses of the former and latter layers are about 5-25 A and 9-35
A, respectively. The thickness of each sublayer depends on the chemical compositions.

The total thickness of the chromium oxide layer decreases as the chromium content
increases as shown in Fig.3. The similar result of Fe-Cr alloy was reported [2]. Generally, the
corrosion resistant increases with the increase in chromium content. Account for high oxygen
affinity of chromium, the film might mostly compose of chromium oxide. By increasing the
chromium content, the oxygen probably reacts with the chromium on the top surface resulting
in higher film density. Consequently, it retards oxygen diffusion into the inner surface. Then,
the total film thickness decreases. The high density film obstructs ions diffusion and performs
high electrochemical resistant or high corrosion resistant. In this study it is assumed that the
increase in chemical compositions has negligible effect on the film density. It is possible to
plot the film thickness with the chemical compositions. The thickness of the chromium and
iron oxide layer having iron and nickel was plotted with the chromium content shown in Fig.
4 as the S-shape which is similar to that obtained from the plot between the chromium
content and pitting potentials (Fig. 5) in our previous work [11]. The thickness of the
chromium and iron oxide layer having iron and nickel may play a role on the alloy pitting
corrosion resistant. It is clear that alloys with thicker film have more corrosion resistant.

The atomic profiles of oxygen, chromium, iron and nickel in the passive film are also
demonstrated. All tested samples show the similar element profiles. Figs. 6 and 7 show the
examples of the element atomic percent profiles of samples No. 1 (21%Cr, 9.9%Ni) and No.
7 (32%Cr, 28%Ni), respectively. Due to the error of the sensitivity factor, the oxygen atomic
percents are not reduced to zero when the depth reaches the bulk. However, it is possibly
discussed. The oxygen content is high at the top surface and reduced as the analysis depth
increases. The chromium atomic percent profile increases to the maximum value then
decreases to the amount at the bulk composition. A few contents of the iron at the top surface
are observed obtaining a parabolic curve and reach its bulk composition. In the case of nickel,
it seems to participate in the passive film if its content is high enough as that of sample No. 7,
which is difficult to observe in sample No. 1. Nickel may play a role to enhance the corrosion
resistant of the film by increasing film toughness as known that the stainless steels having
high nickel content have higher toughness.

Conclusions

The surface films of high Cr-Ni austenitic stainless steels which contain chromium
content 21-32 wt% and nickel content 10-28 wt% were investigated by XPS. The surface film
composes of the chromium hydroxide in the outermost layer and the chromium oxide in the
inner layer. The chromium oxide is considered as two sublayers; the chromium and iron
oxide fayer having iron and nickel, and the chromium oxide layer having chromium, iron and
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nickel. The thickness of chromium and iron oxide layer having iron and nickel is considered
to play a role on the pitting corrosion resistant. The increase in nickel content in the passive
film of stainless steels may enhance the film corrosion resistant.
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Table 1 The chemical compositions of the tested samples by XRD and XRF

No Composition (wt%) No Composition (wt%)
Fe Cr Ni Fe Cr Ni
1 69.00 21.11 9.89 4 59.95 23.49 16.56
69.00* 21.31* 10.69* 59.59* 22.67* 17.74*
2 66.00 2243 11.57 5 57.01 2545 17.54
3 63.38 22.90 13.72 6 52.39 27.65 19.96
7 39.81 31.94 28.25

*To be confirmed by XRF




[
[=]
[+]
[~]

i
t

i
T TT——T

500
- 2
& ]

-W Time

O 4 10: O
et e
_M =0
p 2:0
| et ottt W
- 1: 30

,M‘ O: 45

_M O: 30

.M 0: 20

E O 10

_—«-u—*’w;\.‘ s

Mﬂwﬁ%
OH

j -t g o 0

537 532 527
Binding Energy [=xevl
a) Ols

NIB)

1000
+*
4 Fe - met

500 4

J 720 715 710 708 700
Binding Energy [(%eV)

c) Fe2p3/2

J'N’\Mm .
T

zZ3X
=0
&30
1:0
0 45
630

O 20

&5

%e

N (E}
1000 4

500 1

W

s

N (E}
1000

500

Binding Energy [#ev]

b) Cr2p

L * A
BES 860 a55 850 845

Binding Energy [®eV]

d) Ni2p3/2

Fig. 1 The XPS spectra of the passive film of sample No. 7. Time [min:second]

3 A & ~—h
20 585 580 575 570

O: 45

0: 30

o5

00

i: 30

0: 45
O 20
O: 20

0: 10



Chromium hydroxide ~ 1.5 A

Chromium and iron oxide + Iron + (Nickel) ~ 5-25 A

Chromium oxide + Chromium + lron + Nickel ~ 9-35 A

Chromium Iron Nickel

Fig. 2 Schematic sketch: the film component of the tested stainless steels
( ) = can be detected in some alloys depending on the nickel content

=
Lh

L £
wh ==}

[#5)
=

Thickness (Angstrom)

i
A

rY

[
=)

20 22 24 26 28 30 32 34

Chromium content (wt.%)

Fig. 3 The thickness of chromium oxide layer and the chromium content

20

15

Thickness (Angstrom)
=

15 20 35 40

25 3
Chromium content ?wt.%)

Fig. 4 The relation of thickness of chromium and iron oxide layer having iron and nickel
and the chromium content



1400 "
1200
100
800
600

potentials (mV vs SCE)

400

200

Pitting

0 r T T v " T
20 22 24 26 28 30 32 34

Chromium content (wit%)

Fig. 5 Pitting potentials of the tested alloys at 25°C in artificial sea water
and the chromium content [11]

100

YaAl

0 20 40 60 80 100 120 140 160 180
Depth(Angstrom)

Fig. 6 Example of the ¢lement profiles in the film (Sample No. 1)

——N —W—Fc ——C -—)(—-0|

100 —T
80 § '
6 -
<<
-y 1
40 | —T .
—
20 § : ——
———»
0

0] 20 40 60 80 100 120 140 160 180
Depth{Angstrom)

Fig. 7 Example of the element profiles in the film (Sample No. 7)
7



l Effect of Nitrogen on Corrosion Behavior of 28Cr-7Ni Duplex and

ficroduplex Stainless Steels in 3.5 wt% NaCl Solution

uthors: G. Lothongkum', P. Wongpanya', S. Morito’, T. Furuhara’, T. Maki’

ept.of Metallurgical Engineering, Faculty of Engineering, Chulalongkorn University, Patumwan,
ngkok 10330, Thailand
ept. of Material Science and Engineering, Faculty of Engineering, Kyoto University, Yoshtda-

onmachi, Sak yo-ku, Kyoto 606-8501 Japan

mesponding Author: Gobboon Lothongkum, Assoc. Prof. Dr.-Ing.
Address: Department of Metallurgical Engineering
Faculty of Engineening, Chulalongkom University,
Patumwan, Bangkok 10330, Thailand
Tel: 662-2186938, Fax: 662-2186942

Email: Gobboon.L{@chula.ac.th, fmtglt@eng.chula.ac.th




Abstract

The corrosion behaviors of 28Cr-7Ni-0-0.34N duplex stainless steels in 3.5-wt.% NaCl
solution at pH 2, 7, 10 and 27°C were studied by potentiodynamic method. Two types of
microstructures were investigated: the as-forged duplex and microduplex (average austenite grain
size 5-16 pm) structures. The austenite volume fractions of the tested alloys are between 0.35-0.64.
The nitrogen effect on corrosion behaviors of both duplex and microduplex are the same. At pH 2,
the corrosion potentials increase when the nitrogen content increases, however, corrosion current
densities as well as corrosion rates decrease. At pH 7 and 10, the effect of nitrogen on corrosion
potentials and corrosion rate could not be observed. Corrosion potentials at pH 10 are lower than at
pH 7. Pitting potentials increase when nitrogen content in the tested steels increases at all tested pH.
For the mtrogen effect on the passive current density, it seems that only at pH 2, the average
passive currenf densities reduce when the nitrogen content increases. Nitrogen may participate in
the passive film or involve in the reaction to build up passive film. The dissolute nitrogen may
combine with the hydrogen ions in solution to form ammeonium ions, resulting in increasing
solution pH. The steels can then easily repassivate, hence the corrosion potentials and pitting
potentials increase. However, the ammonium formation mechanism could not explain the
decreasing corrosion potentials in basic solution. In general, for the tested duplex and microduplex
stainless steels, nitrogen increases the general corrosion resistances in acid solution and pitting
corrosion resistance at all solution pH. From metallographic observation in both tested duplex and
microduplex steels after pitting corrosion occurs at all tested pH, the observed corroded phase in
the tested steels without nitrogen alloying is austenite, but those with nitrogen alloying is ferrite.
Even tough ferrite has higher chromium content than austenite but higher dissolved nitrogen in
austenite than in ferrite may increase the pitting resistance equivalent number (PRE) of austenite to

be higher than that of ferrite.



mation from the nitride dissolution, the nitrate formation, the anodic segregation of nitrogen at
lively dissolving surfaces, the modification of the dissolution behavior of Fe, Cr or Mo, the salt
In formation, the removal of free chlorine, and the synergistic effects of Mo and N. The
quently referred mechanisms are the ammonium formation and the adsorption or penetration
kechanisms with nitrogen enrichment beneath the oxide surface film [12-14]. However, the exact
llrogen state beneath the passive film is difficult to identify. It may require a highly advanced
kchniqgue. The ammonium formation mechanism was proposed because it was found in the
Solution during corrosion, resulting in increasing the solution pH and repassivation of steel [12-14].
imost detrimental effect of nitrogen in stainless steels is the chromium nitride precipitation in the
hieat affected zone of weld joint. Chromium nitride decreases the corrosion resistance [16], because
iiprovides the chromium depletion zone which has chromium content lower than 12 wt%, resulting
i the localized corrosion attack. The limiting amount of nitrogen alloying in each commercial
samless steels should be investigated, however, this 1s not an easy task, because there are so many
temmercial alloy compositions. The nitrogen contents of the duplex commercial alloys can be as
liigh as 0.3-0.4 wt% [6]. The development of new duplex stainless steels for better corrosion
gsistance by increasing chromium, molybdenum and nitrogen contents [17] as well as for better
Bechanical properties by reducing the grain size such as microduplex alloy are still active [18]. The
previous work [11], it showed that in the Fe-Cr-Ni alloy system, the highest pitting corrosion
wsistance in the artificial seawater (DIN 50905) should be at a chromium composition around 27-
_-.'}:fﬁ" and nicke] around 6-8 wt% for ferritic, austenitic and duplex stainless steels. In this paper,
atended work from previous research [11] 1s reported for the nitrogen effect on corrosion behavior
of both 28Cr-7Ni duplex and microduplex stainless steels. The corroded phases after pitting
omosion occurred, 1n acid, neutral and basic 3.5 wt% NaCl solutions saturated with air were also

fudied. The results were also discussed with the published mechanisms regarding the mitrogen



perimental

The duplex alloys (K series) were supplied by the Nisshin Steel Corporation. Their
mpositions are shown in Table 1. They were melted and then hot forged at a starting temperature
150°C and finishing temperature of 1050°C for 1 h. From microstructure observation, their
ginal austenite volume fractions were not between 0.4-0.6. This volume fraction range has been
wn to provide a desirable balance between corrosion resistance and mechanical property quality
9 20]. To control the austenite volume fraction between 0.4-0.6, the duplex alloys were heat
tiled at the appropriated temperatures and times. The heat treated temperatures were first
lculated by Thermocal and then compared with the expenment. The calculation temperatures are
little bit higher than the experimental ones. This may be due to insufficient thermodynamic data
il nitrogen at high temperatures. The heat treatment temperatures for controlling the austenite

Wlime fraction to be around 0.4-0.6 increase, when the nitrogen contents increase, because

To prepare the microduplex alloys (S series), the duplex alloys (K series) were first
femitized to get 100 vol% femite, then cold rolled for 70% reduction of thickness at room
Emperature, and finally heat treated for achieving an austenite volume fraction of about 0.5 at the
ime temperatures as the original K-series duplex alloys. During ferritization, some nitrogen was
st due to its low solubility in ferrite phase, hence the nitrogen content and austenite volume
fraction of some microduplex S3 and S4 alloys are lower than the original duplex K3 and K4
iloys, respectively. Table 1 shows the compositions of the microduplex alloys. Their nitrogen
tontent was determined by oxygen/nitrogen determinator. The Point counting method was used to
delermine the austenite volume fraction. Table 2 shows the summary of heat treatment conditions

ind austenite volume fractions for both K duplex and S microduplex alloys. The chromium and
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tkel compositions in each phase were also determined by EPMA, which were confirmed by the
deulation results using Thermocal software. The austenite grain sizes of K duplex alloys in the
wsverse direction are between 6-19 pum, and for S microduplex alloys, between 5-16 um. These
fin sizes were determined by the quantitative metallographic method according to ASM. The
enite grain sizes of K duplex alloys in the transverse direction are similar as those of S
jeroduplex alloys. The austenite grain sizes of K duplex alloys in longitudinal direction are
tiween 10-100 pum.

To study the corrosion behavior, the polarization curves (E vs I} of each sample at the scan
ie of 0.1 mV/s was measured at least 3 times. The corrosion potentials (Ecoy), corrosion current
ensity (L.or) at corrosion potentials, average passive current density (1), and pitting potentials (E,)
ere gvaluated from the polarization curves. Examples of determination the Ecor, I, and E; are
ales were calculated by Faraday’s law, and were evaluated by the Tafel plot technique. Because
i passive current densities depend on the applied potentials, the average passive current density is
lawn as a representative value for discussion. The Ag/AgCl and Pt were the reference and
ounting electrodes, respectively. The experiments were conducted in 3.5wt%-NaCl aqueous
olution at pH 2, 7 and 10 and 27°C. The solution was saturated with air to control the unequal
amosion aggressiveness of the solution by different oxygen concentrations. Its oxygen content is
jgasured to be around 6-8 ppm at 27°C. To adjust the solution pH at 2 and 10, about 2-5 drops of
M-H,SO; or 6M-NaOH solutions were added in the solution volumes of 300 ml, respectively.
ample areas of 4.0-4.5 cm’® were immersed in the solution. The corroded phases of both K duplex
d S microduplex stainless steels were investigated by metallographic method, after pitting

irosion occured by holding the samples at the potentials above the transpassive or pitting



sults and discussion

Examples of the polarization curves (E vs I) of K1 and K3 alloys in air-saturated 3.5 wt.%
(] solution at pH 2, 7 and 10 and 27°C are shown in Fig. 1. The other examples of polanzation
ies of the K duplex and S microduplex alloys are shown elsewhere [21]. 1t is obvious that at
ferent pH levels the corrosion behaviors of the tested steels are different, especially for steel with
018 wt% nitrogen. In Fig. 1a, at pH 10 the K1 steel bas higher Ecor and E, but lower I, and I,
anat pH 7 and 2. This means that the K1 steel had better general corrosion and pitting corrosion
stances at pH 10 than those at pH 7 and 2. Fig. 1 b shows that K3 steel has the nearly same E o,
,, and Ep values at pH 2, 7 and 10, which means better corrosion behavior than the K1 steel.

An interesting point is that the passive film cwmrent increases, when the applied potentials
frease, at a constant solution pH. This says that the passive film behaviors are dependent on the
plied potentials. Its thickness, component, or structure may be dependent on the potentials. The
iP$ investigation showed that the passive film components of Fel8Cri4.3Ni2.5Mo (at %) at
Wientials of -100 and 500 mV in the deaerated 0.1M HCI + 0.4M NaCl solution were different
22| The different passive film components and thickness in various environments, could be
gearded as at different applied potentials, were summarized [23]. The results suggest that the

ssive film of nitrogen alloyed duplex stainless steels at different potentials should be further

of nitrogen on the corrosion potentials and corrosion rates

Figs. 2 and 3 show the corrosion potentials of the tested alloys in air-saturated 3.5 wt%
iaCl solution at pH 2, 7 and 10 at 27°C. Both K duplex and S microduplex alloys have similar
. osion potentials at each solution pH. It may be that for the tested alloys, the different austenite
min sizes have a very little effect on corrosion potentials. At pH 2, it appears that nitrogen

ghances the corrosion potentials of both K duplex and S microduplex stainless steels, which
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tlearly means a better general corrosion resistance. However, 1t was argued that nitrogen had no

¢ffect on corrosion potentials in acid solution [24]. At pH 7 and 10, the effect of nitrogen on

orrosion  potentials could not be observed. The corrosion potentials of both K duplex and §

Figs. 4 and 5 show the corrosion rate at the corrosion potentials depicted in Figs. 2 and 3. It
B very clear that only at pH 2, the corrosion rates of the K duplex and S microduplex stainless
sieels having the nitrogen contents of 0,110 and 0.044 wi%, respectively, reduce to nearly the same
fte at pH 7 and 10. This coincidental result is supported by the results at pH 2 in Figs. 2 and 3. It
that nitrogen enhances the general corrosion resistance of 28Cr-7Ni duplex and microduplex
stainless steels in acid solution, but does not in neutral and basic solutions.

tifect of nitrogen on the average passive current densities

| The effect of nitrogen on average passive current densities of tested alloys is shown in Figs.
Gand 7. The results in Figs. 6 and 7 are similar. It is not so easy to say that nitrogen has an effect
o the average passive current densities. It seems that at pH 2, nitrogen may reduce the average
passive current densities. The passive film may exhibit a better corrosion resistance or more
isistance for ion exchange through film. Nitrogen may be involved in the passive film formations
ir components. The XPS evidence showed that nitrogen participated in the passive film of high
fifrogen austenitic stainless steels [14, 25]. However, the detailed mechanism of how nitrogen is
wolved in the passive film is not been clear.

Elfect of nitrogen on the pitting potentials

Figs. 8 and 9 show the pitting potentials of the K and S alloys in air-saturated 3.5 wt% NaCl
plution at pH 2, 7 and 10 at 27°C. It appears that nitrogen in the K duplex and S microduplex
lloys have a very similar effect on pitting potentials at all solution pH. The pifting potentials

ease and reach a constant value at the nitrogen contents of 0.044 and 0.110 wt% in the S and K

gies alloys, respectively. At pH 2, the pitting potentials are lower than those at pH 7 and 10.



Similar results were also observed in the previous work [11] regarding both effects of nitrogen and

fmite volume fraction. From the results, it seems that only small nitrogen contents of the tested

lloys is enough for a good pitting resistance of the tested alloys. From the metallographic

thservation in the K duplex and S microduplex steels after piiting corrosion occurred as some

gamples shown 1n Figs. 10 and 11, it can be seen that the corroded phase in the K1 (0.0018 wt%

M and S1 (0.0020 wt% N) steels is austenite, but the corroded phase in the nitrogen alloyed K3

02300 wt% N) and S3 (0.1800 wt% N) steels is ferrite. This result has confirmed observations
fom the previous work [11]. From the EPMA measurements in K series alloys, which are sam‘e
tesults calculated by Thermoca_l, as shown in Fig.12a and b, the ferrite phase has higher chromium
gontents than the austenite phase. Nitrogen is an austenite stabilizer and can dissolve as a solid
solution element in austenite more than 1n ferrite [17, 26, 27]. Wfth results in Figs. 10 and 11, it can
e concluded that nitrogen increases the corrosion resistance of austenite more than chromium as
_ted in the pitting resistance equivalent number (PRE) [6, 8, 26, 27]. The PRE number of
astenite in nitrogen alloyed duplex stainless steels may then be greater than that of ferrite. Hence,
imthe duplex alloys without nitrogen, the austenite will be corroded, but in those with nitrogen, the
femrite phase will be corroded.

Discussion on mechanism

From the results, the nitrogen alloying duplex and microduplex stainless steels had better
general corrosion in the acid solution as well as the better pitting corrosion resistances in all
Solution pH, and a decrease in passive current densities in acid solution. The mechanisms involved
may be the ammomum ion formation for the general and pitting corrosion considerations, and the
idsorption mechanism with the nitrogen ennchment at the layer beneath the surface film for the
pitting corrosion consideration. Nitrogen enrichment beneath the surface film and ammonium

formation in the vicinity of steel surface were recently confirmed [28]. A good review of these
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mechanisms has already been done [12-14]. However, it should be repeated and discussed with the
observed results.

In acid solution, the steels have a high probability of being dissolved into solution. The
ammonium ion is formed by the dissolute nitrogen and hydrogen ion in the solution as {N] + 4H" +
3¢ = NH,, resulting in increasing the solution pH. In this experiment, during pitting corrosion by
keeping the tested steels in the transpassive potentials, an increasing of solution pH was also
observed. According to the Pourbaix diagram of iron [29], in the basic or high pH aqueous solution,
iron can perform passivity. In the similar way, the tested alloys may easily form passive film in
high solution pH. Then, the corrosion potentials as well as pitting potentials increase. However, this
mechanism seems to be inapplicable for corrosion potentials in basic solution, because the
corrosion potentials of the tested steels at pH 7 are higher than at pH 10, as in Figs 2 and 3. This
explanation seems suitable for pitting corrosion, because a higher solution pH gives a higher pitting
potentials of the tested duplex stainless steels, which is shown in Figs. 8 and 9.

By the AUGER measurement [15], it is found that nitrogen is enriched in the form of N* in
lhe layer beneath the surface film of nitrogen alloyed austenitic stainless steels. With this evidence
and the adsorption mechanism, it could be possible to explain why the pitting potentials increase. In
the concept of adsorption mechanism, the Cl” jon was adsorbed on the surface film to form MCI
compound and dissolute into solution. Pitting corrosion occurs. The film thickness decreases until a
layer having nitrogen (N*) enrichment, at which point the CI" ion will be repelled. The pitting
corrosion is then stopped or the steels are repassivated, resulting in increasing of pitting potentials.
Fig. 13 shows the summary of the adsorption mechanism concept. However, the mechanism for

NH," was not explained. It is found in the solution [12-14, 28].
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Conclusions

This work investigates the effect of nitrogen on the corrosion behavior of 28Cr-7Ni duplex

and microduplex stainless steels in the air-saturated 3.5wt% NaCl solution at pH 2, 7 and 10 and
27°C. The following conclusions can be drawn from this work.

I. Both duplex and microduplex performed similar general corrosion and pitting corrosion
rsistances.

2. In acid solution, the corrosion potentials increase when the nitrogen content increases,
however, in neutral and basic solutions, the corrosion potentials do not increase.

3. When the nitrogen content in the tested alloys increase, the pitting potentials at all
solution pH are enhanced.

4. In the duplex and microduplex stainless steels without nitrogen, the corroded phase is
austenite but those with nitrogen the corroded phase is ferrite. Nitrogen increases the corrosion
resistance of austenite.

5. To explain the nitrogen effect, the ammonium formation 1s applicable consideration in
increasing pitting corrosion in acid, neutral and basic solutions, but inapplicable consideration in

torrosion potentials in basic solution.
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Table 1 The chemical compositions of the tested alloys

14

Composition {wt%)

Alloys | No. —¢ Si Mn P 5 Ni | Cr 0 Al
Duplex | K1 | 0.008 | 0.010 | <001 | 0.003 | 00007 | 7.09 | 28.17 | 0.0018 | 0.0057 | 0.023
K2 | 0.005 | 0.020 | 001 | 0.002 | 0.0008 | 7.05 | 28.15 | 0.1100 | 0.0039 | 0.014
K3 [ 0007 | 0.040 | 0.01 | 0.002 | 0.0008 | 7.05 | 28.16 | 0.2300 | 0.0026 | 0.022
K4 | 0010 | 0.050 | 0.02 | 0.002 | 0.0010 | 7.04 | 2824 | 0.3400 | 0.0035 | 0.015
Wicroduplex | Si_| 0.008 | 0.010 | <0.01 | 0003 | 0.0007 | 7.09 | 28.17 | 0.0020 | 0.0057 | 0.023
S2 1 0.005 | 0.020 | 001 ] 0.002 | 00008 | 7.05 | 28.15 | 0.0920 | 0.0039 | 0.014
53 [ 0.007 | 0.040 | 001 | 0,002 | 0.0008 | 7.05 | 28.16 | 0.1800 | 0.0026 | 0.022
S4 [ 0,010 | 0,050 | 0.02 | 0.002 | 0.0010 | 7.04 | 2824 | 0.0440  0.0035 | 0.015

Table 2 Heat treatment condition and austenite content and grain size of the tested alloys

Alloys Ferntization Heat treament Austenite
No- 1 egy ;{2:) TEC) | Time(h) | Vol% Gr?::n 5)'2‘3
Duplex K1 - - 900 24 45 5.96*
K2 - - 900 24 50 10.52*
K3 - - 1050 24 51 14.50*
K4 - - 1100 24 64 18.80*
Microduplex S1 1200 60 900 24 45 5.36
S2 1250 60 900 24 59 5.73
53 1275 60 1050 24 58 8.08
S4 1300 60 1100 24 35 15.75

*observed in the transverse direction
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Fig. 2 Corrosion potentials of alloy K1-K4 having different nitrogen contents
Test solution: air-saturated 3.5 wt% NaCl, pH 2, 7 and 10, 27°C
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Fig. 3 Corrosion potentials of alloy S1-S4 having different nitrogen contents
Test solution: air-saturated 3.5 wi% NaCl, pH 2, 7 and 10, 27°C
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Fig. 4 Corrosion rates at corrosion potentials of alloy K1-K4 having different nitrogen contents
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Fig. 5 Corrosion rates at corrosion potentials of alloy S1-S4 having different nitrogen contents
Test solution: air-saturated 3.5 wt% NaCl, pH 2, 7 and 10, 27°C
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Fig. 7 Average passive current densities of alloy $1-84 having different nitrogen contents
Test solution: air-saturated 3.5 wt% NaCl, pH 2, 7 and 10, 27°C
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Fig. 8 Pitting potentials of alloy K1-K4 having different nitrogen contents
Test solution: air-saturated 3.5 wt% NaCl, pH 2, 7 and 10, 27°C
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Fig. 9 Pitting potentials of alloy S1-S4 having different nitrogen contents
Test solution: air-saturated 3.5 wt% NaCl, pH 2, 7 and 10, 27°C
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Fig. 12 Chromium and nickel contents in austenite (A) and ferrite (F)
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Fig. 13 The adsortion mechanism with nitrogen enrichment beneath the film [12]
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