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Abstract

The objective of this work is to construct the potential-pH diagrams of AISI 316L
stainless steel in aqueous solutions containing different contents of chloride and
sulphate. From these diagrams, the effects of solution pH, chloride and sulfate ions on
the predominant regimes in the E-pH diagrams were investigated. The cyclic
potentiodynamic method was applied in this work. It was found that the addition of
sulphate in solution containing chloride tended to positively shift the transpassive-
potential line in the E-pH diagram. However, it tended to negatively shift the protection-
potential line. These resulted in the widening of the imperfect passivation regime. The
future work may be the investigation of shape of pits and the precipitation of compounds

inside pits or in the vicinity of pits. This may be done by using electron microscope.

Keywords: Potential-pH diagram, chloride, sulphate, and polarisation curve.
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. A Aa v a6 a . . 3 u/ 1 o o A U &V
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dl & a et 1 ] 1 k% v v =S v ad v
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e glih-farldsunsawat wunasousn lag M. Pourbaix 1uil 1938 [1] Tawiu
mMIadaa  (plot) szwindndlWiuundunauld  (reversible  potential) pa3UfnAaEnTne
(Electrode potential) taz@1 pH °11a\‘lmiazmﬂuuﬁug’mmadawmwadLLuuﬁ (Nernst’'s equation) [6]
lutl 1977 E.D. Verink [4] letauaiasnsunvnndnd Win-maslasdTwan lsistuuuuinnay (cyclic
polarization) 37a4nan7lathanldaisununindns lWA-Alesaaanannan iafiuinsa 316L (18 wt.%
Cr, 8 Ni) lull 1983 [5] uazinsa 316L (18 wt.% Cr, 8 Ni, 2.0 Mo) 1ul 2001 [2,3] uwAINANS IWH-A
rlagdsnan lsituiuinnaesuaniuauiauastsdnd i o e drag Alansliifiants
fiansan (immunity) LAAMINANSaULLLEINLENE (uniform corrosion) Lﬁ@m’]iﬁ%’mﬂﬁmmNﬁW‘ﬁla&lH‘ifﬁ
(perfect passivation) Lﬁ@m’]iﬁ%’]d‘ﬂﬁ&JLLWﬂaWﬁVL&iﬁNHiEﬁ (imperfect passivation) WaziiamINansan

LLiJ‘iJgL“‘fJ&I (pitting corrosion) [4]
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%ﬁ@maa"laaauﬁa:mﬂa%ﬂumiazmﬂ "laaauﬁﬁ@Lnﬂﬁﬁowa@iamiﬁ‘@ﬂiaumﬁﬂﬂﬁ’fﬁaﬁwasha‘gw,m
folosaunaalsa [6] "l,aaau@Taﬂammminwuvl,@’i’luﬁ’]mmalmwm;amwumumuaz%’mi‘mlnﬁlﬁm
luszau 5 fi9 10,000 Hadnsuaedas [7]  luwmsansusuandns id-Aleraasnannan afiuinsa
316L nauyn naenasduazame [2,3] la@nunaninavaslosanasalsdluasazanafisudidioie
aandlauananme wamsmaaawmﬂaaauﬂaa"h@i’dawaa@Lmul,@iumaamsa%oﬂé’uLLW&%WﬁauHSfﬁ
I@slmwwﬂunstﬁﬁmm:maﬁmwmﬂum@gd lmmzﬁvl,&iddwaaﬂﬂaﬁﬁfaﬁwﬁzy@iamame@iumaamsﬁ'@
N3EULULAINLEND WamInasasilnatdosiwldsumsnenulay EA. Abd El Meguid uszami [8]
NUAINEMANIINGANTINAIAANIAUIUTAN (crevice corrosion) BILARNNAN BRANLATA 254 SMO
(19.7 wt% Cr, 17.9 Ni, 6.0 Mo, 0.7 Cu, 0.195 N) lusiazaefifianalsd 0-4 luadadias wan1sfnm
aensnanuirdngndnistianseuluman (crevice corrosion potential)  Rendnasidaanuitutunss
"Lsei’ga%manﬁamiazmﬂﬁann:m’mlﬂuﬂmu’mﬁu daRansondenalnmsianion K. Varka uaz
anz [9] lepauindagiunaimseen (adsorb) lesaussalsduniunsnndl$afiuluasazano i
losaunnalsaandn aouuieduwlldinsduia (nitation) AensauuuuLanizd (localised corrosion)
Lﬁumsﬁ'@miammuglﬁmmmmLﬁ@"l,@i”mﬂ%mﬁmﬁﬂuﬁ'umtﬁ"uaavl,aaauﬁuﬁﬁé’@muﬂ’mmzé”muﬁa
mﬁﬂﬂﬁwvﬁaﬁuﬁgaﬂ’h fasuRemsnaniouuda Jiduazanuan  (propagate) VLjJ@TwﬂavLﬂﬁiﬁ'ﬂﬁ'u
Taomluiudunalnmusad§Asodnauias (autocatalytic mechanism) [10] nanfalanzazazaiee
sanudwlasauuinlugida waﬁmumﬁa"l,aaauﬂaa%@i‘azgﬂﬁammhgﬁmﬁa@;aﬂs:ﬁgvl,w#\h lany

& o aaa s . ' v a = = A a oA
ana lidlugiduaziujiseusnin (hydrolysis) sanaliifalalandioulessulugdadozifivdfias
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1 a I 6 6 A o = a

atmanpTia LT losauanfuaiua lesauluasuaiua wielesaudaa [7, 11] MIANINGANTIY

mMInanTawadnanna ISaiunaldzsazanund leeauriaduwuINNINaAe aThaLaL2 Vb
=y Q 1 =1 v v =Y dl v A v a QI J v
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mqﬂi:aamwagwmmla'uLﬂn@miﬂﬂmmmﬁaLqumWﬂmﬂWﬁw-wLamﬂuaamaﬂﬂm"haumﬂm

316L "L‘]Jﬂ'amiazmﬂﬁﬁvlaaauﬂaavhﬁua:vlaaawﬁ'aLWm:mﬂagﬁis’wﬁ'u

Juiinsnanulasnalinlesaudamaduw liudussseaanmsnanian  (corrosion  inhibitor)
6] ‘L{wmmﬂummngamwwmuamax%’wi’miﬂﬁlﬁmﬁ"Laaawmemxmﬂa%ﬂuﬁN 1§14 300 Raansw
AORAT LL@iuwaﬁuﬁluIaﬂﬁ"Laaausﬁ'aL‘Nmzmﬂagﬂum{wmmaqaﬁo 3000 HaanIudadas  [11]
uanmﬂf:ﬂ’%mmsﬁ'aLW@]maqa%ﬂumtﬁ'ﬁ'Lﬂm{n?mmnkamu wuanlsenunannis  wialssnu
nazans [11] lull 2005 diaualassnsuazame [12] IeianananisAnsiganuaninavaslensn
Fanalussarasiddenganssunsiansonveanannilafivinie 316 NsudanusIazaed]
Suddeandananame  wamnaaaswuinlasandaafidanudutu 30 ppm lussazans
ﬁmm‘ﬁ'uLmul,@iwuaaﬂﬁa%“wﬂﬁuLLW&%Wﬁawyitﬁ I(ﬂm‘iﬂﬁnﬁ@n’mﬁauﬁumamﬁumiﬁ'@m’ammug
dululudamefiiuoin  egelsianunanmsisaaonanilunaninesasdlizsns  (empirical
results) igasnisnisAnsIANGL Wdsefilnaifosdvefdeiianinavasdaiadanganssunisna
niauvasmanna alulussszasasa lsduazdaina Usngarfiluniséinsnves MH. Moayed uaz
R.C. Newman [13] Ma9ueinana lddnsiafissniwiisgmngiivasgiduzasninna iaiiuinia 904L
(20.1 wt.% Cr, 25.0 Ni, 4.32 Mo, 1.41 Mn) Agudanuasazaoasslsauastana lagRansonaine
qmwgﬁ’iﬂqamaamﬂﬁ@gﬁw (critical pitting temperature; CPT) @1 @Taﬂmameﬁaqmwgﬁmﬂﬁﬁﬂﬁ
Lﬁ@glﬁﬁuﬁmﬁm (stable pit) a4 AANTIWHILAUNATY (intermediate potential) naIABYIZANDL 600
mV (Ag/AgCl) HaNIINARBINLIN ﬁqrvmgﬁgmn:haqmvxgﬁ%ﬂqamaamnﬁ@ﬁ‘@niammugﬁw fnel Lwdn
miﬁ'@ﬂiaml,uugtﬁmuﬁwﬁmi‘iammLiwﬁumaavlaaau%mﬂmslummzmﬂgﬁu vaftenatiiesnnann
mianaznauvedinfelanznaguyida wonannit T. Laitinen [14] ldfnwnsianiaunuuziines
mannan13afainia UNS 30403 ( 18.18 wt%Cr, 8.23 Ni, 1.70 Mn, 0.40 Mo, 0.34 Cu, 0.13 Co) 1u
gIazanafdnasliduszdanainiuiafies 5 laedilnm st nammasasdansanuin e

du'losaudawaluasazanafierin1800 ppm luansazananilasaunaalss 300 ppm ardng AT
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nauaslugidy mi@ﬂm:ﬂamaam@ﬁandnluglﬁua'mLﬂuﬁﬁmﬁ'ummﬁﬁumumiﬁ'@ﬂiammug
du agslsfiony swdspasnandldlddeiuienginssumananseniienfiiondng giu  mydnm
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3.1 Yaqfily

m@ml“ﬁ’lumsmaadﬁa LAANNA ISERNLNTA AISI 316L FIWNFNNIILATLEAIAIA1TI9N 3.1

a3199 3.1 FunFumMaadvasnannan l3afiuinsa AISI 316L (wt%)

C Si Mn P Ni Cr Mo N

0.03% 0.002% 1.62% 0.023% 11.05% 17.44% 2.09% 0.032%

Tunsiarandwns vnsaaswnwialWiuiisuiaiuasazaty 78 mm’ %umuﬁé’@m;‘]ﬂ
ildadnszanunseanisanuaziBoadi 1200 nda (grid) ann suinuldvenuszaiale
mmzmuﬁgﬂ&uﬁaUﬂfﬁ;ué'amﬂﬁﬁﬁﬂ i Sedsinauuddasludluannma ntuinguam
é‘andn"lmﬁulﬂng@m’m%u (desiccator) uian 24 alug walwiRansairefsuunadn (passive

film) NLaties
- ) o . .
3.2 nnaaadiiantdwlnan lsosu (polarisation curve)

syazanpiidasmsans leun ssazansladsuaaslss (Nacl) (0, 3550, 7100, 10650 ppm)
Gongunulafoudang (Na,S0,) (0, 1000, 2000, 3000 ppm) msazmaé’oﬂﬁmgﬂﬁﬂﬁéuﬁaﬁw
214 (aerated) W3aLUAIMNBINA (de-aerated) aza1Lat Tumsrldssazasduddiname as
wuamaad lWlussazansduna 30w lunvideansazasdnaanenma  azvimsnuie
Tulasiauaslulussazaaiine laanmenduwnm 30 wift lumnasssléinisudsen pH w3, 5, 7,
9 uaz 11 M3UTue pH nzvihlaslsnialalasaaasn (HCI) wazlodonlaasanlad (NaOH)

manasasnawlnan laotunssvilaglfieseslnmuilosuan  (potentiostat)  lwnsde
wwadlwiuadl asldmannafafiufidasnsdnwniudaiunm (working electrode) 1947 Wi a9
Tl saturated calomel electrode (SCE) wazldan lWinianszumiuaiaunadisu lunminasasasyinms
Fadndlnidgsannisuanuendndlwin - 01 mwis  wsaslwinudlesuanaziananauauas
(response) tduaNURIILURNTILE WA (current density) aratnaidulnan bsistuvasnanna l3adia
\N3@ AISI 316L lumsa:mﬂﬁﬁIGﬁLawﬂaa"Lsﬁwaua%i 7100 ppm uazdiladundaiWanauag 0, 1000,

2000, 3000 ppm 7id1 pH VavENTAzasLn 7 LLamﬁagﬂﬁ 1




1200

oo ] 3000-ppm Na,SO, 7100-ppm NaCl, deaeration by N,
—— 2000-ppm Na,SO,

800 1| —— 1000-ppm Na,SO,

so0dl — 0-ppm Na,SO,

400

200 A

E (MVgp)

-200 -

-400 -

-600 T T T

log i (A.cm?)

37 1 iR Ina T wluy e anuadnanna ISafiunia AISI 316L Tuaisazanundlaaauasalsa

Wauag 7100 ppm wazdlmasudananauat 0, 1000, 2000 uaz 3000 ppm 7l pH 7 sz 27 °C.

gl bt naglddndluinmanansan (corrosion potential; Eq,y) fing Wi fiSuri
TAnadsuunadn (primary passivation potential; E,) ane Wi dlasnu (protection potential; E,) Wae
dndlWinnudunadn (transpassive potential; E) tiaihdndluidananannaaaluieiduves pH
wazvhmssniiudendns i siad o 7 pH 199 1w azldununIw E-pH é’aua@ﬂugﬂﬁ 2

2000 o—
3550ppm-NaCl =

1500 4 (saturated by laboratory air) —0— Epr
— 1000 -
o
[=2]
<
[=2]
< 500 -
g
; -
£ — = Perfett passivation ~
£ 0 [%_ - — - — = Perfect passivation i
£ p /General corrosion

_ R R T g
____________________ P Immunity
-500 - P R
- e
6/ -------------------
-1000 ; ; ‘ ‘ ‘ w ‘ ‘ —
2 3 4 5 6 7 8 9 10 11 12
pH

31N 2 MoIuNwnW E-pH



WHWATN E-pH LUduALAY (predominant regime) haiunIwadgia Ll

- Audldauandlwilinnsnansen davsiiailans laiiianisnansas (immunity area)

- Aufisznaduan g WimInansauuazidudns e smsSuieRsuunadn AauSiiud
TanstiansNaANTauLULRILENE (uniform corrosion area)

- Aunsznadudnd izasn S iadsuunadnuaziduang Iihiasnunsnansan @e

a A Aa %3 Al 6 = A 6 . .
‘UimmﬂIamLﬂ@ﬂﬁmmﬁdWauLLwaaWﬂaquﬁm (perfect passivation area)
d‘y d' 1 U Q U U Qs Qs 1 U Qs Qs 0 ~ A =y

- Aunznhadudnd Wi dasiunsnaniesuazidudnd i nsnanseuuuugdu Aeusiom

nlanzifianamasaflsuunadni ldauysnl (imperfect passivation area)
A A A o @ o i It A A A a o \ = Lo
- duimilaidudndlwinsnanesuungidn Aevinaiiiansianieusuugdy  (pitting

area)

3.3. mi‘nﬂaaum‘laaau‘lumiaxmﬂ

luminesas lali3slwnudleauafin (potentiostatic method) lumsnaassasnan lasne
andinnldganidndiWlmausunadu 200 mv ialfifanisnansouvaslans (dissolution of
metal) WFEIAzA1E 1NL Thansazas iWnasaum lasaunazavaglaslinuadngunanis

a a
Ll]ﬂ&l‘%ﬁ‘ﬂ 2IRIINSAY
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UNN 4

AaNIINaaag

[3 a & Ao o
4.1 LHWAN E-pH wﬂﬂlﬁaﬂﬂg']\l%ﬂuﬂlﬂﬁﬂ AISI 316L sl%%"lﬁﬂ']ﬁ]ﬂvlaaa%

2000
Deicnised water

== EL =i || == E1
[saturated by Mg} ot o

1500 1

Transpassive area

1000 1

500

E (mVvs. AglagCly

500

-1000 T T T T T T T T T

pH

o

JUN 4.1 UKW E-pH yaauannan ISafuinsa AlsI 316L lushiifialeaauuastsiaannanme

2000
Deionised water =l Eporr == Epp
(saturated by labnmtury. air) =tr=E1 == Epr
1500 4 : Transpassive area
Pitting :
[0
o 1000 X
2 Imperfect passivaton
E -
< S——
£ 500 A )
> I
-3 Perfect passivation
= H O
D -
2.
500 - B
H: Irmumity __ )
000 T T T T T T T T T
2 3 4 5 6 T ] ] 10 11 12

pH

JUN 42 uwwnw E-pH aamanna I$aiuinia AlsI 316L lwihniialessuiazduaidisania



-10-

20040
IN00-ppm MaS0, — Ecom ——Epp ——E
5 aturated by M;)
1500 Transpassive area
—_— o ——— s
= 1000 - =
o S
m '_.l--.__-.-.._
L
o e T
:, " LI -
z Perfect  passivation ,
|: '[_l-:_!1'-:_!1,'_|| NI SR
ﬂ -4
f
500 -
10040 L -
2 3 4 5 & 7 8 g 10 11 12

gﬂﬁ 43 WHWAW E-pH waamrannan aiuinse AlS 316L luansavanadulaidsugaing

3000 ppm Lazd3@anainie

2000
000 -ppm Na, S0, ——Egow ——Epp ——Et
[saturaled by laboratory air)

1500 -

Transpassive area
Oy
= 1000 1 \
[ Rtiema,,
=:]
2
=] LECEPRN
< 500 B
w - B EETT
» Perfect  passivaton
=
E :
: 0 {_I-:_.'I'-:_!L'_Il CETTON ST TR
HO - #’ _
=500 - = .
- --....__I_'I]_‘I_1_I_1_I,.1' ity
'1[”:“] T T T T T T T T T
2 3 4 5 E 8 9 10 11 12

gﬂﬁ 44 WHWAW E-pH vaamrannan aiunse AlS 316L luansavanadulaidsugaing

3000 ppm LaZANAIAILBINA
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4.2 WHWNIN E-pH 2a9tuannan lsanainya AISI 316L Tuansazatanifaloifauaaalsa 3550

ppm uaztAngatna lwdSaoane g N

2000
3550 ppm-NaCl —o—Ecorr ——Epp

(saturated by nitrogen) Epr Et

1500 +

1000 +

500 +

E (mV)Vs. SCE

-500 +

-1000 T T T T T T T T T

pH
JUN 45  uWWAW E-pH aamanna ISaiiuinsa Alsl 316L lusnsazansidsaanaimanidy

lmidsunaalsa 3550 ppm

2000
3550 ppm-NaCl+1000 ppm-Na,SO, —o—Ecorr —o—Epp
(saturated by nitrogen) —o—Epr ——Et
1500 -
1000 -
L .
O
n
g
~ 500
>
£
i
0 -
-500 +
-1000 : : : : : : : : —
2 3 4 5 6 7 8 9 10 11 12

JUN 46  uWwnW E-pH Yaananna ISaiuinia Alsl 316L lusnsazansfidsiaanainmaniey

lmdsuaaalsd 3550 ppm wazianloi@auaaine 1000 ppm



-12-

2000
3550 ppm-NaCl+2000 ppm-Na2S04 o—Ecorr o—Epp
(saturated by nitrogen)
—o—Epr ——Et
1500 -
1000 -
uJ .
O
)
g
~ 500 -
>
S
w
04
-500 -
-1000 \ \ \ \ \ \ \ \ \ -
2 3 4 5 6 7 8 9 10 11 12
pH
Eﬂ‘ﬁ 4.7 WNWNIN E-pH mﬂdL%gﬂﬂﬁ’]vﬁﬁﬁ&lLﬂiﬂ AISI 316L Iuﬁ’lifﬂza’]Elﬁﬂi’]ﬂ’i]"lﬂﬂ’]ﬂ’]ﬂﬁ@&l
ladsuaaa 136 3550 ppm wazifnlodsudaing 2000 ppm
2000
3550 ppm-NaCl+3000 ppm-Na,SO, —o—Ecorr —0—Epp
(saturated by nitrogen) o— Epr r—Et
1500 -
1000 +
L
Q
n
‘2
2 500 -
>
1S
w
0
-500 A
-1000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 3 4 5 6 7 8 9 10 11 12
pH

3UN 4.8 uWwAW E-pH Yadnannan ISafiuinia AlSI 316L luasazasndsaannanmanid

lmdsuaaa 136 3550 ppm wazifinlodsudaing 3000 ppm




3N 4.9 uwwnw E-pH Yaanannan 3afiuinga AISI 316L luansazanunduaInrsa1naniLGau

E (mV)Vs. SCE

31N 410 UWHWAW E-pH Yaanannan 3afiuinsa AISI 316L luansazansnduaInrsa1naniG

2000

-13-

1500 -

500 -

E(mV)Vs. SCE

o
|

-500 -

-1000

1000 -

3550 ppm-NaCl
(saturated by laboratory air)

—0o—Ecorr
——Epr

——Epp
—A—Et

laduuaaa lsa 3550 ppm

10

11

12

2000

1500 ~

1000 +

500 -

-500 - 1

3550 ppm-NaCl+1000 ppm-Na,SO,
(saturated by laboratory air)

—0— Ecorr
—o—Epr

——Epp
—A—Et

-1000

lmdsuaaalsa 3550 ppm wazianloi@auaaine 1000 ppm

12
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2000

1500

500

E (mV)Vs. SCE

-500

1000 ~

3550 ppm-NaCl+2000 ppm-Na,SO,
(saturated by laboratory air)

—o—Ecorr

—o—Epr

——Epp

—A—Et

-1000

gﬂﬁ 411 UNWAW E-pH 2adtnannan lafiuina AISI 316L luasazanaNdudisuanmeaniéa

pH

lmdsunaaa 136 3550 ppm wazifinloldsudaing 2000 ppm

12

2000
3550 ppm-NaCl+3000 ppm-Na,SO, —o—Ecorr —o—Epp
(saturated by laboratory air) —o—Epr ——Et
1500 +
O L
n T e
~500 -
>
S
w 0. N
——
o
5001
'1000 T T T T T T T T T .
2 3 4 5 6 8 9 10 11
pH

3UN 412 unwn W E-pH Yadnannan I3afiuinsa AISI 316L luansazasndualInlsa nanGa

lamduuaaa 136 3550 ppm wazidnlodaugamwe 3000 ppm

12



15.

AN3197 4.1 losauNasranwunasanaudang AN +200 mV iWgunuan g AT uaunaan s

syazanafitaanlsd 3550 ppm uazdgaalulSunm 0 uaz 3000 ppm

FIRZRUNFNA L

NaCl (ppm) Na,SO, (ppm)

FIRZANLDNAIN L

pH

lasaunasrany

3550

laboratory air

Fe?* Fe*" Cr* Ni*

Fe3* Ni?*

Fe3* Ni%*

=

11

Fed*

nitrogen

Fe?* Fe®*" Cr* Ni®*

Fe3* Ni*

Fe3* Ni?*

=

11

Fed*

3000

laboratory air

Fe?* Fe* Cr* Ni*

Fe3* Ni?*

Fe3* Ni?*

Fed*

11

Fed*

nitrogen

Fe?* Fe®* Cr* Ni*

Fe3* Ni?*

Fe3* Ni?*

Fed*

11

Fed*
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4.3 WHWNIN E-pH 2a9tuannan lsanainsa AISI 316L Tuasazatanifaloifauaaalsa 7100

ppm uaztAngatna lwdSaoane g N

2000

7100 ppm-NaCl —o—Ecorr ——Epp

1500 | (saturated by nitrogen) —o—Epr —A—Et

1000 +

500 -

E (mV)Vs. SCE

-500 -

-1000 w \ ‘ ‘ ‘
2 3 4 5 6 7 8 9 10 11 12

pH
= = a
Eﬂ‘ﬂ 4.10 BRWSIW C-PH UAILNSITIN T5ISALI3IV AIDI O 10L tWhE 138ze 187113 1v13NNaNIEANLIAN
la@auaaalsa 7100 bom
2000

7100 ppm- NaCl+1000 ppm-Na,SO, —o—Ecorr ——Epp

(saturated by nitrogen)

1500 + —o—Epr ——Et

1000 +

500 +

E(mV)Vs. SCE

-500 4

-1000 \ \ \ \ \ \ \ \ \

3UN 414 unsn W E-pH Yaamanna ISaiuinsa Alsl 316L lusnsazansfidsaanainmaniey

lmdsuaaalsd 7100 ppm wazidnloi@auaaine 1000 ppm



E (mV)Vs. SCE

gﬂﬁ 415 UNWAW E-pH 2adtnannan laiiuina AISI 316L luansazanandsaannanmeaniéu

31N 4.16  unwAW E-pH Yadnannan ISafiuinia AlSI 316L luasazasndsaannanmanid

E(mV)Vs. SCE

17-

2000

1500 -

1000 -

500 +

-500 +

7100 ppm-NaCl+2000 ppm-Na,SO,
(saturated by nitrogen)

—o—Ecorr
——Epr

——Epp
—A—Et

-1000

ladounaaalsa 7100 ppm uazidinlodsudaing 2000 ppm

12

2000

1500 -

500 +

-500 -

-1000

1000 -

7100 ppm-NaCl+3000 ppm-Na,SO,4
(saturated by nitrogen)

—0—Ecorr
—o—Epr

—0—Epp
—A—Et

lmduuaaa 136 7100 ppm wazidnlodsugamwe 3000 ppm



E (mV)Vs. SCE

2000

-18-

1500 +

1000 +

500 +

-500 +

-1000

7100 ppm-NaCl
(saturated by laboratory air)

—o—Ecorr
—O—Epr

——Epp
—A— Et

pH

o @ P

gﬂﬁ 417 UNWAW E-pH 2adnannan lafiuinga AlSI 316L luansazanafdualsuannian

E (mV)Vs. SCE

2000

lmidsunaalsa 7100 ppm

1500 +

1000 +

500 ~

-500 +

-1000

7100 ppm-NaCl+1000 ppm-Na,SO,4
(saturated by laboratory air)

—o—Ecorr

—o—Epr

—O0—Epp
——Et

3 4 5 6 7 8 9 10 11 12
pH
31N 4.18  uwwnW E-pH Yaanannan Lafuinsa AISI 316L luansazanandualsniuainmean

lamduuaaa 136 7100 ppm wazidnlodsugawe 1000 ppm

LA

LA



2000

-19-

1500 A

500 4

E (mV)Vs. SCE

-500 ~

1000 A

7100 ppm-NaCl+2000 ppm-Na,SO,
(saturated by laboratory air)

—0o—Ecorr
——Epr

—3—Epp
—A—Et

-1000

pH

11 12

1 '
Aa o @ a

gﬂﬁ 419 UNWAW E-pH 2adinannan lafiuinga AISI 316L luasazanandudisuanmaniéa

ladsuaaalsa 7100 ppm uazifnlodsudaing 2000 ppm

2000

1500 -

500 -

E(mV)Vs. SCE

-500 -

1000 -

7100 ppm-NaCl+3000 ppm-Na,SO,
(saturated by laboratory air)

—o—Ecorr
——Epr

—3—Epp
——Et

-1000

10 11 12

Kl '
Aa o @ A

gﬂ‘ﬁ 420 WHWAN E-pH waarannan aiuinsa AlSI 316L luasazanaNduaidisanmania

lamduuaaa 136 7100 ppm wazidnlodsugamwe 3000 ppm
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AN3197 4.2 losaunasranwunasanaudang AT +200 mV iWgunuang AT waunaan s

syazaafiiaaslsd 7100 ppm uazdgamalugSunm 0 uaz 3000 ppm

FIRZRUNFNA L)

NaCl (ppm) Na,SO, (ppm)

FIRZANLDNAIN L

pH

lasaunasrany

laboratory air

Fe?* Fe*" Cr* Ni*

Fe3* Cr¥* Ni?*

Fe3* Ni%*

Fe3* Ni?*

11

Fed*

nitrogen

Fe?* Fe®*" Cr* Ni®*

Fe3* Cr¥* Ni?*

Fe* Ni%*

Fe3* Ni?*

11

Fed*

7100

3000

laboratory air

Fe?* Fe* Cr* Ni*

Fe3* Cr¥" Ni?*

Fe* Ni%*

Fe®* Ni?*

11

Fed*

nitrogen

Fe?* Fe®* Cr* Ni*

Fe3* Cr¥" Ni?*

Fe3* Ni%*

Fe®* Ni?*

11

Fed*
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4.4 WHWNIN E-pH 2a9tuannan lsanansa AlSl 316L Tuasazanananlsifusaaalse 10650

ppm uaztAngatna lwdSaoane g N

2000
10650 ppm-NaCl —o—Ecorr ——Epp
(saturated by nitrogen) — Epr Et
1500 -
1000 -
Ly
) .
n
g
~ 500 -
>
1S
w
0 4
-500 -
-1000 : : : : : : : : —
2 3 4 5 6 7 8 9 10 11 12
pH

31N 4.21  uWWAW E-pH aamanna ISaiuinsa Alsl 316L lussazansidsaanaimanidy
lmduuaaalsa 10650 ppm

2000

10650 ppm-NaCl + 1000 ppm-Na,SO, —o—Ecorr —0—Epp
(saturated by nitrogen) —o— Epr —A—Et
1500 +
1000 +
L .
O
n
"
= 500 1
>
IS
w
O -
-500 +
'1000 T T T T T T T T T o
2 3 4 5 6 7 8 9 10 11 12
pH

3UN 422 unwn W E-pH Yaananna ISaiiuinia Alsl 316L lusnsazansidsaanainmaniey

lm@suaaalsa 10650 ppm waztdxlofonsaing 1000 ppm



22

2000

10650 ppm-NaCl+ 2000 ppm-Na,SO,
(saturated by nitrogen)

1500 4

1000 4

500 +

E (mV)Vs. SCE

-500 +

-1000 \ \ \ \ \

—0—Ecorr
—o—Epr

——Epp
—A— Et

pH

31N 4.23  unwn W E-pH Paananna ISaiuinsa Alsl 316L lusnsazansidsaanainmanidy

12

lmdsuaaalsa 10650 ppm waztAxlao@ousaing 2000 ppm

2000
16500 ppm-NaCl+3000 ppm-Na,SO,
(saturated by laboratory nitrogen)

1500 4

1000 +

—o—Ecorr
——Epr

——Epp
—A—Et

500 +

E(mV)Vs. SCE

-500 +

-1000 \ T \ \ \

pH

gﬂﬁ 424 UNWAWN E-pH 2adinannan laiiuinsa AISI 316L luasazanandsaananmeaniéa

10 11

12

lmasunnalsa 10650 ppm waziduloduugaina 3000 ppm



E (mV)Vs. SCE

gﬂﬁ 425 UNWAW E-pH 2adinannan baiiuinsa AISI 316L luansazananau

E (mV)Vs. SCE

23-

2000
10650 ppm-NaCl —o—Ecorr ——Epp
(saturated by laboratory air) ~—Epr Et
1500 -
1000 -
500 - T
A—
0 4
—0
-500 -
'1000 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH

2000

o @

lzidsunna bsa 10650 ppm

1500 +

1000 +

500 -

-500 -

-1000

10650 ppm-NaCl+ 1000 ppm-Na,SO,4 —o—Ecorr —O—Epp
(saturated by laboratory air) —o—Epr ——Et

]
=

AINILDINIFN

3 4 5 6 7 8 9 10 11 12
pH
31N 4.26  unwAW E-pH Yadnannan Lafuinsa AISI 316L luansazanaNdualaniuainmean

lmduuaaa l3a 10650 ppm waziauladsuaaine 1000 ppm

LA

LA



2000

24.

10650 ppm-NaCl+2000 ppm-Na,SO,

(saturated by laboratory air)
1500 -

1000 ~

500 4

E (mV)Vs. SCE

—o—Ecorr

——Epr

-500 -

——Epp
—A—Et

-1000 T T T T

pH

11 12

Rl '
Aa @ v =

gﬂ‘ﬁ 427 WHWAW E-pH 28dnannan aiiuinsa AISI 316L luansazanafiduaicmsenniai

lm@suaaalsa 10650 ppm waztdAnlofonsaing 2000 ppm

2000

10650 ppm-NaCl+ 3000 ppm-Na,SO,4

(saturated by laboratory air)
1500 +

1000 -

500 A

E(mV)Vs. SCE

—0— Ecorr
—o—Epr

-500

——Epp
—— Et

-1000 T T T T

11 12

[ '
Aa o a

gﬂﬁ 428 UNWAW E-pH 2adtnannan liafiuinsa AISI 316L luansazanafdualsiuainian

lmdsunanalsa 10650 ppm wazidulodausaina 3000 ppm

LA

LAY
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AN3197 4.3 loaaunasranunasanaudang AN +200 mV iWgunuang AT wsunaFn s

ssaanafidanslsd 10650 ppm wasiidanalulSunm 0 uaz 3000 ppm

FIRZAUNFNA L

NaCl (ppm) Na,SO, (ppm)

FIRZANLDNAIN L

pH

lasaunasrany

laboratory air

Fe?* Fe*" Cr* Ni*

Fe3* Cr¥* Ni?*

Fe3* Cr¥* Ni?*

Fe3* Ni?*

11

Fe3* Ni?*

nitrogen

Fe?* Fe®*" Cr* Ni®*

Fe3* Cr¥* Ni?*

Fe3* Cr¥* Ni*

Fe3* Ni?*

11

Fe3* Ni?*

10650

3000

laboratory air

Fe?* Fe* Cr* Ni*

Fe3* Cr¥" Ni?*

Fe3* Cr¥* Ni?*

Fe®* Ni?*

11

Fe3* Ni?*

nitrogen

Fe?* Fe®* Cr* Ni*

Fe3* Cr¥" Ni?*

Fe3* Cr¥" Ni?*

Fe®* Ni?*

11

Fe3* Ni*
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UNN 5

mﬁmﬁxﬁwamsﬂﬂaaa

5.1 aNSNaITaANAAaNANITNNITNANTOWLASUHAIN E-pH

gﬂ‘ﬁ' 41 - 4.4 UEAIUHHINW E-pH voaminnarl$afiuinsa AlSI 316L luinfimndalassuus:
13N@3NaanGak (de-aerated deionised water) luﬁﬁﬁﬁﬁ@"l,aaauuazﬁwéﬁﬁwaaﬂ%wu (aerated
deionised water) luﬁfwﬁﬁﬁ@vlaaamm:ﬂﬁﬂﬁnﬂaaﬂ%LauﬁﬁImLﬁﬂusﬁ'aLW@wauag 3000 ppm uazluiin
ﬁﬁﬁ'@"laaama:ﬁué’aﬁaamﬂmﬁﬁimﬁﬁwﬁhlﬂmwauag 3000 ppm GNRIAL  INNTINAINETD
FLna ladn sl,u‘qﬂama:msmaaavlajﬁﬁuﬁmmmnﬁ@ﬁlﬁuLLW&%Wﬁ"lajauHstﬁ (imperfect passivation
area) £nUIwlWUE®AIN E-pH °11aa%umuﬁﬁjwluﬁﬁﬁﬁﬁﬂvlaaauua:éuﬁaﬁmaaﬂ%muﬁ@h pH 3 31N
gﬂﬁ' 41 Udz 4.4 ENIIDRILNG LGN sﬁaLWmﬂizwqaﬁ’aLﬂumiﬂ‘uﬁ”‘amiﬁ'@niau luﬁm%qw%(ﬁﬁ
aaﬂ%muazmaa%iﬁama:mﬂmﬂum@ eH  3)  lesmadowdudndlwihilasiuluruiuds

Qs { a J 4 { a /a { ] { 1 ¥
dndlnhnmudunadn uafifialude Aunmafeflauunadnnlisuysaimelufen pH &

LN DNTRING BNTNAVDITALNG LA LLANIZLINZ D lunInaaadlaninaadntwavadaandian
aan llagnvinlwzisazansduaials lulasian UN 5.1 LRAILFUANS WA NINANIT o UV ITUINUN
1 1 :' t—‘-ll o s a :‘ t:ll o s a d'd a s
apJaglum‘nmwvl,aaamm:ﬂﬁﬂmﬂaaﬂmﬁm iNNi9a leaaniazlsAanaangawni lsaaudaine
WEwag 3000 ppm ANIUAINE1IWLIN TanadszwgdanduasiugsnmanansanlasnIiaawla
andlnfimsnansewldgifanisniiuuin ndnssuasnanAuletalaui pH 7 uae 9 NaaInavin

Q/d‘v lﬂllﬂl T Aa Qs 1 v J
TR AW litAanIINaNTaWA 9%

400

Ecorr —o— Deionised water
200 1 (saturated by Nj) - - - Deionised water + 3000-ppm Na2S04

0
-200

4004

E (mV vs.Ag/AgCl)

-600

-800 A

-1000 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH
d. v Qs Q 1 =1 v a :’ dl (] =
U 5.1 LA INHMINanIantaLnannan aghutnIa AISI 316L luwiinninaa laaauuas

UsaneanLani HFNTALN QLA HNENTALWA LS4 3000 ppm
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snsnavastanadarnd Wi nImsunainuazdng Indh s lmRedsuunasn lismansn
Faunaiunnulssuudssfiaudald agrelsiauiilsRansoneanusandissznindndlwiinmug
unasruasAng Wi Asumlmfefsaunsdd  wudn  madugamassluluasazanariliaaing
LANGIGINENIRARS TAELANIZatNIBIReN pH 7, 9 uaz 11 é’mamlugﬂﬁ 5.2 AANUUANGIIVUD
ﬁ'ﬂﬂﬂﬂﬁé’aﬂdnﬁa“ﬁwﬁﬂﬂWﬁﬁmaaﬂﬂsLﬁﬂﬂﬁuLLW&%WﬁauHitﬁ WWAneau maugaass

VLi.]ﬁ]Zﬁ']lﬁ“ﬁ'Nﬂ'ﬁLﬁ(ﬂWﬁﬁJLLWﬁ%WﬁﬁNUitﬁﬂ@ad I@UL%W’]Zl%ﬁﬂ’YJ&ﬁ’ﬁﬂxﬂﬂ adwnansuaziduius
U

2000
Saturation by N —o— Deionised water

1800 A - -0- - Deionised water + 3000-ppm Na2S0O4

1600 +

1400 +

Et-Epp (mV)

1200 +

1000 +

800 -

600 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH
U7 5.2 danuuandssznindnd Wl mmusunsdnuazdnd lnihnsaididedsuuwadn
(ErE,p) vaaiannan I3afiuinsa AISI 316L lwinfifaalasauuazdsiaainaandiaun ingudsaina

uaznanTatNalulSunm 3000 ppm
a A 6 1 a [ 1
5.2 ANSNAVDIARD LIAABNYANITINNIINANITDWUALLNIAIN E-pH

gﬂ‘ﬁ' 4.9 URAIWHWANW E-pH °uaﬁmmﬁﬁjﬂummzmaﬁﬁué’aﬁwmmma:mmﬁsmﬂaa-
laduanag 3550 ppm dndlndnmudunanueaninndrlSafinnia AISI 316L Tuansazanefis)
ladvunaaldnanat 3550 ppm fendnnandlinrusunasaasnsnna l$afivinie  AISI
316L Twihitnialosauuadudidrsaandian annissanssutsred [3] wuin msidueaslssaslule
USunaw 50 ppm Vl,ajf&awasl,ﬁl,ﬁ@ﬁvuﬁﬁLﬁ@ﬂ&?&lLLWﬁﬁWﬁMauHsd Aufesnanezdananufienanie
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— —A- — 7100 ppm-NaCl+3000 ppm-Na2S0O4
W 8004 /,,——}‘ ——————————— ‘;\\
) e -
%] - - ~<_
; o P
- A —— — — - = {__,,.__'é
z S R é - =
I 600 - ——
] — SN —_—— — =
_—— -
7~
-
-
400 = -
Z
b4
200 . . . . . . . . .
2 3 4 5 6 7 8 9 10 11 12
pH

Eﬂﬁ 5.6 LEWANE TN UFLNIENVAILRANNR ITaRunTa AISI 316L Tuansazanufitsaainannea
niilmduuaaeliduauag 7100 ppm uazldainanauagludSanmeing 9 fu

1600
Et
(saturated by nitrogen) —o— 10650 ppm-NacCl
1400 - 10650 ppm-NaCl+1000 ppm-Na2S04
—o— 10650 ppm-NaCl+2000 ppm-Na2S04

1200 - —A— 10650 ppm-NaCl+3000 ppm-Na2S04
g 1000 -
g Se
,z\ 800
£ Tt -
~ Trees — i e
w J —_—_——_— - R — — e ey —— — — — & == %

600 b3 =R ===
-
400 - -~
-~
-
-
200 %
[0} T T T T T T
2 3 4 5 6 7 8 9 10 11 12

pH
Eﬂﬁ 5.7 L&WANE AN UFLNIEN DRI RANNR I3aRiuinTa AISI 316L Tuaisazanufitsaainaine

ﬁﬁismawﬂaa"hﬁwauag 10650 ppm LLaxﬁfﬁ'aLW@Naua%ﬂuﬂ%mm@m 9 Nb



-31-

wananit Watinysunmeas biaad bl lusnsazanoidu 7100 ppm HaNITNARBITIAINLI AT
fdanalussazmosinaaadnd lnidesiu duaaslugy 5.8 adelsfiow Wadnlsnnmaaslidas
luluasazanoidu 10650 ppm madndaiaaz lidsnadedndlnidasiu dauaaslugy 5.9

1400

Epr —0— 7100 ppm-NaCl
1200 { (saturated by nitrogen) 7100 ppm-NaCl+1000 ppm-Na2S04
—¢— 7100 ppm-NaCl+2000 ppm-Na2S0O4

1000 — A— 7100 ppm-NaCl+3000 ppm-Na2S0O4
w800
3
Z. 600 1 77
> Vi
E e 77
w RN 74

400 - N

77/
7/
200 + 4 /
e ———— o ——— &
— ===
== = e - — = <= - A/
04 T m—m—— f—_———_—— —%“—
-200 T T
2 3 4 5 6 7 8 9 10 11 12

pH

gﬂﬁ 5.8 AN AN aInuuaIRANNA IS8HNLNTa AISI 316L luaisazananilsnaainainiani

laduunaalsduauag 7100 ppm uazldnnanauagludianmedng 9 fu

1200
Epr —0— 10650 ppm-NaCl
1000 {4  (saturated by laboratory air) 10650 ppm-NaCl+1000 ppm-Na2S0O4
—0— 10650 ppm-NaCl+2000 ppm-Na2S04
800 - —A— 10650 ppm-NaCl+3000 ppm-Na2S04
o4
600 -
w
O
%)
s 400 -
>
Z 200 1
o -
0 - W—'P B, —
-200 4
-400 4
'600 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH

3N 5.9 AN e A ilasnuaasranna l3afiuinsa AISI 316L luansazananlsiaainanmens
ladvunnaliduauar 10650 ppm uazldaanauagludianmedng g fu



-32-

wadnysuminanseslussazanefidudidmoamenilofouanelsdnauay 3550 ppm  SHuwalsiu

WA EINUNI T WRITAZAN N DNAITILBONTLW é’oLLa@aiugﬂﬁ 510 W8y 511 nande LuaLdw
~ ) £ o o A A, a £ o o oy o

T faudanNauInTw ane IWHINTIUTLNIRWTAANTY wazang WA aINwan s

1600
Et —0— 3550 ppm-NaCl
1400 - (saturated by laboratory air) 3550ppm-NaCl+1000 ppm-Na2S04
—o—3550ppm-NaCl+2000 ppm-Na2S04
1200 A —A— 3550ppm-NaCl+3000 ppm-Na2S04
L
@)
“ 1000 |
w
>
z 800
o
600
400 -
200 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
pH

gﬂ‘ﬁ 5.10 LERANT INFAINTwALWaRNTaRANNE B aRuinIa AISI 316L luansazaanauaeag

mmﬂﬁﬁimﬁmmaa%ﬁwaua%} 3550 ppm mesfi'am@waua%ﬂuﬂ%mm@m 9 N

1200

Epr —0— 3550 ppm-NaCl
1000 - (saturated by laboratory air) 3550ppm-NaCl+1000 ppm-Na2S04
800 d el —o— 3550ppm-NaCl+2000 ppm-Na2SO4
..... —#A— 3550ppm-NaCl+3000 ppm-Na2SO4
& 600 -
a
g
~ 400 -
>
Sy
o 200 -
0 4
-200 A
-400 +- :
2 3 4 5 6 7 8 9 10 11 12

pH

A o o Aa

Eﬂﬁ 5.1 L§uﬁﬂﬂﬂﬁ’]ﬂadﬁ’uﬂﬂdLﬁgﬂﬂﬁ’]vﬁﬁﬁ&lLﬂiﬂ AISI 316L Iuawsazawyﬁa AINILINIFAN

ladvunaelidnanat 3550 ppm uazdainanauaglutTunmdng 9 i



-33-

INMIIATITH baaawlurITaza 8N AAINMTIwan s INHILINAIAN S IHN I UFLNIEN
200 mV Wuin @%ﬁ%%'umsazmUﬁﬂiﬂﬂmﬂaaﬂ%muﬁﬁisﬁ@mmaavl,s@imziémaﬂuﬁﬁ'awxlemauayj 7100
= ' 3 A &,
ppm ImmmJazmﬂaaﬂmﬂiamgmia:mﬂlugﬂ crwmzluaanznasazaisiiunsa (pH 3 waz 5)
P | 2 ! o A = \
uﬂmaa:mmmnhmgmm:mmlugﬂ Ni~ lunnen pH snLiun pH 11 maﬂazmUmniamgmia:my
3 { ' ¥ A & o ' 2+ o
Iugﬂ Fe fnnd1 pH wanand 7 pH 3 manmmmmazmmmﬂiamqmmzmﬂlugﬂ Fe  ¢n8 91N
A o ' ' a P e v o
MINARAUMIAANAINGNINLTI Thavadlessunazaisluasazarnaaa lsaninnuiduds 7100 ppm
A =1 =} Qs [l =) = Qo & =Y = 0/
muimwmm%lmazmﬂag 3000 ppm LLa:VLaJaJIGmmaanaLWsmzmmagLﬂmu@mmnu

5.4 ANENAVDI20NBLARIBEITALAIINANIINNTNANTORUALUHATN E-pH

3N 512 ugasunuAIW E-pH vasnanndliafiuinsa AISI 3161 luasazapfidlodow
Gﬁ'aLW@maua%i 3000 ppm lugnzidnannasacaslsaanaimeauazdnaiaiuanme N3y
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Abstract. The cyclic polarisation technique was applied to determine the corrosion, primary-
passivation, transpassive, and protection potential of AISI 316L stainless steels immersed in 3550-
ppm NaCl solution containing sulfate in the content up to 3000 ppm. The solutions were kept constant
at 27 °C and saturated by laboratory air. The solution pH was varied from 3 to 11. Each type of
potentials was plotted in function of pH and linked as lines to determine the different zones in the
constructed potential-pH diagram. The predominant regimes of the immunity, general corrosion,
perfect passivation, imperfect passivation, and pitting corrosion were determined based on those lines
of potentials. Comparing to the potential-pH diagram of specimens immersed in the aerated and
deaerated 3550-ppm NaCl solutions, the addition of 3000-ppm Na,SO, to these solutions increased
the overall, perfect and imperfect, passivation regime by shifting the transpassive-potential line to the
noble direction. However, it also widened the imperfect passivation area. The addition of Na,SO, did
not significantly affect the corrosion potential. It was found that the dissolved oxygen tends to
negatively shift the transpassive-potential and protection-potential lines at all studied pH. The
considerable effect of dissolved oxygen on corrosion and primary-passivation potentials could not be

observed.

Keywords: Potential-pH diagram, AISI 316L stainless steel, and sodium sulfate
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1. INTRODUCTION

The potential-pH diagram was first constructed by M. Pourbaix by using thermodynamic data based
on the equilibrium of electrochemical system [1]. In the aqueous corrosion aspect, it can be applied to
determine the regime of immunity, passivation and corrosion of metals at different solution pH and
reversible potentials [2]. However, there are some limitations of the construction of this
thermodynamic potential-pH diagram, especially when the metal is alloy and the solution is dissolved
by various ions. The construction of the potential-pH diagram by potentiokinetic polarisation method
has then alternatively been proposed [3]. The potential-pH diagram of AISI 304 stainless steel was
constructed. [4] This technique has recently been applied to establish the potential-pH diagram of AISI
316L stainless steel in the simulated underground water by considering only the effect of chloride ion
in solution. [5,6] However, the presence of various ions, such as the sulfate one, in natural water or
water from factories were also reported. According to the field report [7], sulfate ions are dissolved in
the underground water in Bangkok and peripheral provinces with the content of 1 up to 300 milligrams
per litre. In some areas in the world, the sulfate content can be up to 3000 milligram per litre. [7] The
content of sulfate can be higher in the case of waste water from the factories. Not only the effect of
dissolved ions, the dissolved gases in solution especially oxygen from air also play the role on the
corrosion behaviour of the alloy contacted with solution. The objectives of this work are then to
investigate the role of dissolved ions, particularly the sulfate one in chloride-containing aqueous
solution, and dissolved oxygen on the corrosion behaviour of stainless steels. The cyclic polarisation
method is primarily performed in order to obtain data to construct the potential — pH diagram. The
effect of dissolved ions and gases on the corrosion behaviour will further be discussed based on the

established potential-pH diagrams.

2. EXPERIMENTAL

A material used in this experiment was an AISI 316L stainless steel. The chemical composition is
given in Table 1. Specimens were cut as disk with the area contacted to solution of 78 mm'. They
were polished by SiC paper from 180 to 1200 grid. Then, they were ultrasonically cleaned with

distilled water and kept in air for 24 hours before the potentiodynamic measurement.

Table 1: Chemical composition of type 316L specimens (wt. %)
C Si Mn P Ni Cr Mo N
0.03% 0.002% 1.62% 0.023% 11.05% 17.44% 2.09% 0.032%
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The solutions were prepared by the addition of 3550-ppm sodium chloride (NaCl), 3000-ppm sodium
sulfate (Na,S0O,), 3550-ppm NaCl mixed with 300-ppm Na,SO, , 3550-ppm NaCl mixed with 3000-
ppm Na,SO, , to de-ionised water. Each solution was saturated by laboratory air and nitrogen to
investigate the role of dissolved oxygen. The solution pH was varied as 3, 5, 7, 9, and 11, which was

adjusted by hydrochloric acid and sodium hydroxide.

The cyclic potentiodynamic experiment was carried out using potentionstat model 352/252. The scan
rate was 0.1 mV/sec. Reference and counter electrodes were Ag/AgCl and platinum respectively. The
cyclic polarisation curves illustrating the polarized potential as a function of current density were
obtained. The corrosion potential (E..), primary passivation potential (E,,), protection potential (E),
and transpassive potential (E;) were further determined by methods previously described elsewhere.
[6,6] Each type of potentials was plotted in function of pH and linked as lines to determine the
different zones in the constructed potential-pH diagram. The predominant regimes of immunity
corresponds to the area under the corrosion-potential line. The regime of general corrosion is
bounded by the corrosion-potential and primary-passivation-potential lines. The perfect passivation
regime is bounded by the primary-passivation-potential and protection-potential lines. The imperfect
passivation regime is bounded by the protection-potential and transpassive-potential lines. The
transpassive regime, or pitting one in the case that chloride ion is contained in solution, corresponds

to the area upper the transpassive-potential line.

3. RESULTS AND DISCUSSION
3.1 Effect of chloride and sulfate

Figure 1 presents the potential-pH diagram of specimen immersed in 3550-ppm NaCl solution. The
transpassive-potential line of AlSI 316L stainless steels immersed in aerated 3550-ppm NaCl solution
obtained in the present work is lower than that of specimens immersed in aerated de-ionised water
reported in literature [6]. Furthermore, it was reported [6] that the imperfect passivation area did not
exist in the potential-pH diagram of specimens contacted to aerated de-ionised water. This area still
did not exist when the slight content, 50 ppm, of NaCl was added to aerated de-ionised water. The
imperfect passivation area was observed only at low solution pH when 500 ppm of NaCl was added
to aerated de-ionised water. In the present work, NaCl was added to aerated de-ionised water up to
3550 ppm. It was found that the imperfect passivation area existed at all studied — low, neutral and
high — solution pH. The decrease of transpassive potential with the decreased solution pH was also

observed.
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When the 3000-ppm Na,SO, was added to aerated 3550-ppm NaCl solution, the predominant areas
in the potential-pH diagram were transformed as shown in Figure 2. It was primarily observed that the
addition of 3000-ppm Na,SO, to aerated 3550-ppm NaCl solution significantly leveled the
transpassive-potential line up to the noble direction. The shift of primary-passivation-potential line
could not be considerably observed. The addition of 3000-ppm Na,SO, to 3550-ppm NaCl solution
then gave rise to the widening of the overall, perfect and imperfect, passivation regime due to the
noble shift of the transpassive-potential line. However, the addition of 3000-ppm Na,SO, slightly
shifted the protection-potential line to the negative direction at the solution pH of 3 to 9. Then the
significantly positive shift of the transpassive-potential line and the slightly negative shift of the

protection-potential line due to the addition of 3000-ppm Na,SO, to aerated 3550-ppm NaCl solution

widened the imperfect passivation regime.
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Figure 1: Potential-pH diagram of AISI 316L stainless steel in 3550-ppm NaCl solution

saturated by laboratory air
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Figure 2: Potential-pH diagram of AISI 316L stainless steel in 3550-ppm NaCl solution

mixed with 3000-ppm Na,SO, saturated by laboratory air

To investigate the role of sulfate in more detail, the polarisation curves of specimens immersed in

3550-ppm NaCl, 3550-ppm NaCl mixed with 300-ppm Na,SO,, 3550-ppm NaCl mixed with 3000-ppm

Na,SO,, and 3000-ppm Na,SO, solutions saturated by laboratory air were investigated at all studied

pH. The transpassive potentials extracted from these curves are shown in Figure 3.
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Figure 3: Transpassive-potential line of AlSI 316L stainless steel in chloride and sulfate solutions

saturated by laboratory air.
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Figure 4: Protection-potential line of AISI 316L stainless steel in chloride and sulfate solutions

saturated by laboratory air.

It was found that the addition of 300-ppm Na,SO, to aerated 3550-ppm NaCl solution slightly
increased the transpassive potential. However, when Na,SO, was added up to 3000 ppm, the
transpassive-potential line significantly shifted to the positive direction as also observed in Figures 1
and 2. Comparing the transpassive-potential line of specimens immersed in aerated 3000-ppm
Na,SO, solution and that of specimens immersed in such solution with the containing of 3550-ppm
NaCl, it was found that the addition of 3550-ppm NaCl in aerated 3000-ppm Na,SO, solution only
slightly shifted the transpassive-potential line to the less noble direction. Figure 4 presents the
protection-potential line of specimens immersed in chloride and sulfate solutions. The addition of 300
and 3000 ppm Na,SO, to aerated 3550-ppm NaCl solution slightly decrease the protection potential at
solution pH of 3 to 9. Comparing to aerated 3000-ppm Na,SO, solution, the addition of 3550-ppm
NaCl to such solution significantly decreased the protection potentials at all studied pH, contradictorily
to the case of the transpassive potential in Figure 3. It is then concluded that sulfate in aerated
solution plays the strong role to withstand the effect of chloride ions by maintaining the pitting
potential, but it cannot withstand the role chloride ions to promote the imperfect passivation regime

caused by the lowering of the protection potential.

The corrosion-potential lines of specimens immersed in chloride and sulfate solutions are further
drawn in Figure 5. It was found that the addition of Na,SO, to aerated 3550-ppm NaCl solution did not
significantly affect the corrosion-potential line. This indicates the similar rate of general corrosion of

specimen immersed in these solutions.
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Figure 5: Corrosion-potential line of AISI 316L stainless steel in chloride and sulfate solutions

saturated by laboratory air.

3.2 Effect of dissolved oxygen

To investigate the role of dissolved oxygen, nitrogen gas was bubled into solution instead of
laboratory air. The potential-pH diagrams of specimens in 3550-ppm NaCl solutions without and with
3000-ppm Na,SO, saturated by nitrogen were superposed on those saturated by laboratory air as in
Figures 6 and 7. It was observed that the dissolved oxygen decreased the transpassive and protection
potentials of specimens immersed in 3550-ppm NaCl solutions without and with 3000-ppm Na,SO,,
obviously at the solution pH of 3 to 9. The effect of dissolved oxygen on corrosion and primary

passivation potentials could not be considerably observed.

As a matter of discussion, the shift of potential lines in different solutions can be from the role of
sulfate and also the dissolved oxygen. In the case that the role of dissolved oxygen was eliminated by
the saturation of nitrogen in solution, it was still found that the transpassive potentials of specimens
immersed in 3550-ppm NaCl solution containing 3000-ppm Na,SO, is higher than that immersed in
3550-ppm NaCl solution. This insists the role of sulfate to promote the positive shift of the
transpassive potentials. However, when the role of dissolved oxygen was eliminated, it was found that
the presence of sulfate in 3550-ppm NaCl solution did not considerably affect the protection potential
at the solution pH of 3 to 9 as declared in Figure 8. It can then be discussed that the decrease of

protection potential due to the addition of Na,SO, in aerated 3550-ppm NaCl solutions (Figure 4) is



48

not purely due to the effect of sulfate. This potential decrease may be due to the different solubilities

of oxygen in each solution or by the synergistic effect of sulfate and dissolved oxygen in solution.
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Figure 6: Potential-pH diagram of AISI 316L stainless steel in 3550-ppm NaCl solution

saturated by laboratory air and nitrogen.
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Figure 7: Potential-pH diagram of AISI 316L stainless steel in 3550-ppm NaCl solution
mixed with 3000-ppm Na,SO, saturated by laboratory air and nitrogen.
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Figure 8: Protection-potential line of AlSI 316L stainless steel in chloride and sulfate solutions

saturated by nitrogen.

4. CONCLUSIONS

The cyclic polarisation technique was applied to determine the corrosion, primary-passivation,
transpassive, and protection potential of AISI 316L stainless steels immersed in 3550-ppm NaCl
solution containing sulfate in the content up to 3000 ppm. The solution pH was varied from 3 to 11
and saturated by laboratory air and nitrogen. Each type of potentials was plotted in function of pH and
linked as lines to determine the different predominant zones in the constructed potential-pH diagram.

The following conclusions can be drawn.

1. The addition of sulfate up to 3000 ppm to aerated and deaerated 3550-ppm NaCl solutions
significantly increased the transpassive potential at all studied solution pH of 3-11. This gave rise to
the widening of the overall passivation regime in the potential-pH diagram.

2. The protection potential slightly decreased with the addition of Na,SO, up to 3000 ppm to
aerated 3550-ppm NaCl solution. However, this addition did not shift the protection potential when
solution was deaearted at solution pH of 3 to 9. In both aerated and deaerated conditions, the
imperfect passivation regime was widened significantly by the positive shift of the transpassive-
potential line previously summarised.

3. The addition of 3000 ppm of sulfate to aerated and deaerated 3550-ppm NaCl solution did
not affect the corrosion potential at all studied pH. This indicates the similar rate of uniform corrosion

independent from the content of sulfate in solution.
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4. The dissolved oxygen decreased the transpassive and protection potentials, whereas it
does not affect the corrosion and primary passivation potentials.

5. In aerated and deaerated 3550-ppm NaCl solution, sulfate behaves as the inhibitor by
shifting the transpassive potential to the noble direction. However, it also helps increase the imperfect

passivation regime, and does not change the rate of uniform corrosion.
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