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ABSTRACT 316L stainless steel is widely used in the sulfur-containing natural gas purification equip-
ment and pipelines. But, its welded seam and heat-affected zone may pose a higher risk of corrosion, be-
cause of their lower resistance of corrosion refer to base material. Therefore, the corrosion resistance of
316L stainless steel in welded joints is crucial to guaranteeing the safe operation of the relevant equip-
ment and pipelines. Herein, the corrosion behavior of the substrate, welded seam, and heat-affected
zone of 316L stainless steel in a simulated service condition was investigated using weight loss method,
ultra-depth three-dimensional scanning microscopy, and X-ray photoelectron spectroscopy (XPS). The
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composition and semiconductor properties of the formed passive films were characterized using XPS and
the Mott-Schottky method. The results show that, when H.,S is free, the steel exhibit very light corrosion,
with a general corrosion rate of only 0.001~0.004 mm/a. The content of H,S correlates with the corrosion
rate, as the H,S content increases, the corrosion rate also rises; for example, in conditions of 0.1 MPa
H,S at 120 °C, the general corrosion rate of the welded seam, base material, and heat-affected zone is
0.316, 0.472, and 0.551 mm/a, respectively, and the localized corrosion rates is 86.590, 42.757, and
60.861 mm/a. At 90 °C and 1 MPa H,S, the general corrosion rate of them is 1.136, 1.001, and 0.861 mm/a,
and the localized corrosion rateis 125.595, 90.297, and 124.291 mm/a. These results indicate that the
welded seam is a high-risk area for localized corrosion, with the localized corrosion rate is approximately
1.4 to 2 times that of the base material. XPS results revealed that the main corrosion products were iron
sulfides, iron oxides, and Cr(OH),. The analysis of the semiconductor properties of the formed passive
films showed that the welded seam had the highest carrier concentration, making the passive film in this

region more susceptible to damage, leading to an increased risk of localized corrosion.

KEYWORDS welded joints, 316L stainless steel, XPS, localized corrosion, elemental sulfur

b8 SRR S T AR BRI S
I 4% (1) IRAR A B AR ARk w7 2 fEid 2220 %
o ST B S R E S — EH &5 S
T IR AR P R R AR R R PR DG ) Y, 7RSO
RiLFET , SBEHE H,S.CO, %5 i M Hh 2 1 15717 22 3
T R G0, HAEWE AL IR S SR AT, Ut
FULE B T8 1, X — P AR B 1 1) A8 43 4 0 1) £
A5 X I N H I o TTE H,S  CO, 25 J it I A i 1)
HAEFTR S B P LB SE N 2% .

HAT, % T HS Bt e E 5. v
W 7E S S I h PR 85 1, HLS A CO, 1 73 & LA
T FE T B N AN AN A 1) JE b AT R 3 s e e
ZA B GR T R e R S . — TS
JE3 e = AN A o 22 PR kAL S R 4 SR AL P L R
(190 BRERA G PRI RATL 1) R0 225 46 75 AN [] 35 FE A
R EENZERY, XM EHERSH
HELE FeS Rk B LRI I, i o Ath 2 8L 1K) FeS
AT RE IR Pl R 7R S A R ok ]
W, JUF BT & @ R 22 18 52 B 2 R JE el
BEHELS S WA LLFERD, T AEH IR
BB SR, R A S B 2 — R WL H
PRI A . BR T H,S AIICO,, RARS 1Ak B 4% Al
T A REIBAEAE DU S, AR, 124 ik, KT S
DURBRLS& AT B i it T T8 220, XFT 2 Fhobd RLE
S YRR AEAE N 13 F M B R = AT 32 1 2 bR
TG TRNHITFE S 1 J63 L3 , o 1) 2 B ) 316L AN 45
BTE S SHABE R @ B , BT BB

316L B AR AN AN HL A AR 4 i i ik v e, 78
A AT b A TR HLS AR PR L2 A,
T8 STl H P EE A A, 3161 AN B B
A AR B PR T sk e, L % DX R R i X 10 ol 2

A AR , A7 TR i B ol UR 7 PRt , AR SO
T 316L AN SRR Sk 1) 3B SR AE S PR R I
PRAT B FC . I O HE Y, SR = YR R
HIXPS &1 73 T B AR 9T 1 316L A5 BEAE L 7
B B X 3 PR R AE AR T T R AT N, 48
TN T IR S T R A . AR TR Il 2 R
PR A 8 XPS HR F1 Mott-Schottky J7 724
3T B A B 1) R 43 D 2 SRR I AT 4T o
1 K T5E

SIEEG T PR RE A 316L ANEBANE 1 , AL 2 il o
(Jfi & 7 ¥ ,%) A : C 0.025, Si 0.542, Mn 1.67, P
0.033,Cr 17.3,Ni 11.2, Mo 2.17. Sz i F 1) 15 2
ek, R F TR NI &, 28I 1830 C Vv
A R M R H ER316L AN 850 3k 47 R 15 L E316-16 i3t
ITH IR 90 AL HLE L 12 V, JE 218 i 4
5.3 cm/min. 1, ER316L . E316-16 A4 4N I il /5
I CroNi Mo & 0% = 1 316L AE5EN . il %
FEBOREAL B ARE RS 77 20, 38l ialee 7 B
— X3k P HURE o 316L A5 A9 15 48 (WS) BEAF (BM)
EZ I X (HAZ) 1) 2k B AR A8 H 0 — 1) T 20 IME,
RFEM R~ 430 mm x 10 mm x 3 mm. 50 T4
(BRAE TN TG 7K 20 Hh e 25 3 T ¥ 3 » B Ji5 FH 400~
1500 H MIRb AR LT BE R R 1T, FH £ 1 B 1 3
Peik v 5, e a I NGRR T & H . AL 2
TR L em? I A, 60RE B R4S 3161 A 5549
JRG%E BEM ARG X o FH RS i 2 s il , R 2
P B 3 2 T T R T AR AR . RN
W22 1 800~2000 H W AR IR L AT BE APl G AL 2, S8
JE BT 1 g/L (1) NaOH I (43 Hral) iz 4 h, LN
AL . SHMH TR E T 4455, 2%
AW AR 1. 2 E S i F I 6 ik 5T A& HH NaCl



6 44 ZF BHEE  316L MEMIR B KAL) S-H S BT A I E AT Hy 1727

(3 M 4 AN 25 88 5 /K B A i Al 2 28 T P D30 (4
Ty FNLb A A 2 R H LR, B S BN T i B b %
FETR N5 7K 78 45 h A FE 60 min T 75 219 ) R
Fro A CO,BEATRRAALER, FFELMS 18] 8 3 h, KL&
BRI A EAREIIRE T, B ek B R 1 R F
PN ZE N 985 SR AN LR R oA It
DU G i B AR R IR . B ROk, B3R
A, FR kB2 2 N E A CO,, HEAT EAM) 30 min R4
AR, SERER R T IR H,S UK, IR R GUn
AEBE R H AR .

S e R X B BEATIE Ve TR AR .
A 20 LA 2 T 5 L R 0 22 50 T8 e 0 R ) 0 7S et
WA, RRH D3 R E R, H 5 i i R
SR X8, T J=) 0 JER ot 5 U B e KA e L
ST R S50 e B AN TV 5 el s s 2% 1R TR B sk
HARALL .

B 8.76(m0 - ml)
Vcon‘ - Stp (1)
365h
"= Toor @

A, mo R my, 23 3R S T S T R g p AR
B, glem®s S ARAE TR, mm?s t NS BG IS (8], h T
DSBS ], d s Vo, A SF 3 il 22, mm/as V, 2 R
TR E X, mm/a.

HE AL 22 M 7E CST310M H Ak 24 T AR EdkAT,
K = WA &R, H AR R R VR % B H A, A
HIR B (SCE)E NS L H b, DA S SR e M T
VEHM . CIRE 950000 mg/LpH = 4.5 FITEREA
FHEAT IR N E IR . Mott-Schottky 2 (il
ARV N 1000 Hz, 1IESZ IR E 95 mV. FEAR
P TAE AR, AL & 6 Fl 15 2 H—0.6~1.6 V vs.
SCE, HL A [8] [ v 20 mV, & Ff 44 J5 ~F 47 I K 3 1k
Mott-Schottky 4. THREHFIREERCRAUTR .

1 2 KT

?— 880€ND(E_EFB_) (3)
1 2 KT
T (E =B - ) “)

o, €O 3 A 1) 225 8] B AT 2 FLR s 6 NS

H 25 %, HiflH 9 8.85 x 1072 F-cm™; % I T (25 C)
A0 L MR 12,55 N AN, 70 31 D9 it R N 2 2
W E. NPT AL ; K A Boltzmann & %, HH A
1.38 x 107, T NS 2R, Kse AL T HLE, HAH
N1.602 x 10 C.

A58 FH 2k B RRE 1) JG k= Mk R AT X S 2ol vy
THEIEMR (XPS, Thermo Scientific K-Alpha). i3]
HiEFES 2p.Fe 2p.Cr 2p.Ni 2p.C 1s, MR Bk & U5 K
Al Ka 28 (hv = 1486.6 eV), A% 41 1% 31 4 fr 18 RE A
50 eV, K 0.1 eV, TAEHIE 12 kV. {5 FH 5 FRIE 1l
7 ) L P 2R B S 0 R AT R R A R U R AE
(SEM, DSX 510).

2 BFR5VE

21 KELR

B LRI A0, sk ge sk i o HS I, 1 4% L B
M Bz X, 3 R I 2R 1 D 5 TG B R ik e
Wi, ¥ 50 JE bl 22 AW A 0.001~0.004 mm/a, /) T
0.076 mm/a, 7 & SY T 0611-2008 (1) F R . 1] 24 52
56 264 B HS B, 3 AR URE B HE I T B 1 S e
Ji dt 3 23t kT 0.076 mm/a, HLJE b s K 6 % H,S
RN T XU H,S X T R
BAEHEER 0B S0 T 138 4 & S A R 1 REUR
AR, B14, 4 HSE M 0.1 MPa £ 1 MPa

2

[180°C pH = 4.5 CI" = 50000 mg/L

[190°C pH = 3.5 CI" = 1000 mg/L

[T 90 °C pH = 3.5 1 MPa H,S CI" = 1000 mgiL

[1120°C pH = 3.5 0.1 MPa H,S CI" = 1000 mg/L
1,136

1.001

-
T

0.861

0.551
0.472

0.361
0.001 0.001 0.004
0.002 0004 | | | 0003

Welded seam Base material Heat affected zone

& 1 AN [F) SE 56 2% £ T 3161 A~ 55 49 45 4% (WS) . BE 44
(BM) PA K #52  [X (HAZ) iU 1135 57 85 sk 22
Fig.1 General corrosion rates of WS, BM and HAZ of
316L stainless steel under different experimental
conditions

Corrosion rate f mm-a~'

R LB LI T B SE50 2%
Table 1 Experimental parameters under simulated working conditions

Temperature / °C pH H,S pressure / MPa Chloride concentration / mg-L™ Time/d
60 45 0 50000 7
90 35 0 1000 7
90 35 1 1000 3
120 35 0.1 1000 3
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Table 2 Localized corrosion rates of WS, BM and HAZ of
316L stainless steel under different experimental

conditions
(mm/a)
Temperature  Welded Base Heat affected
°C seam material zone
90 125.595 90.297 124.291
120 86.590 42.757 60.861
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Fig.2 3D surface morphologies of WS (a, b), BM (c, d) and HAZ (e, f) of 316L stainless steel after corrosion under 90 °C,
pH = 3.5, 1 MPa H,S, 1000 mg/L CI" (a, c, ) and 120 °C, pH = 3.5, 0.1 MPa H,S, 1000 mg/L CI" (b, d, f)
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Fig.3 XPS fine spectra of Fe 2p (a, b), S 2p (c, d) and Cr 2p (e, f) for WS, BM and HAZ of 316L stainless steel after corrosion
under 90 °C, pH = 3.5, 1 MPa H,S, 1000 mg/L CI" (a, ¢, e) and 120 °C, pH = 3.5, 0.1 MPa H,S, 1000 mg/L CI" (b, d, f)
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Table 3 XPS characterization results of the corrosion products

Experirn-ental Spectra Corrosion Peak Experi.rr?ental Spectra Corrosion  Peak
conditions product area/ % conditions product area/%
Welded seam 90 °C Fe 2p FeS 45.72 Welded seam 120 °C Fe 2p FeS 17.86
pH=35 Fe,0, 36.31 pH=35 Fe,0, 25.18
1 MPaH,S FeS, 17.95 0.1 MPaH,S FeS, 56.91
Cl" = 1000 mg/L Cr2p Cr(OH), 100.00 Cl~=1000 mg/L Cr2p Cr(OH), 100.00
S2p Sulfate 15.56 S2p Sulfate
S, 46.93 S, 88.71
FeS 16.46 FeS
FesS, 21.05 FesS, 11.29
Base material 90 °C Fe 2p FeS 31.03 Base material 120 °C Fe 2p FeS 24.30
pH=35 Fe,0, 28.86 pH=35 Fe,0, 34.49
1MPaH,S FeS, 40.11 0.1 MPaH,S FeS, 41.21
Cl" =1000mg/L Cr2p Cr(OH), 100.00 Cl~ = 1000 mg/L Cr2p Cr(OH), 100.00
S2p Sulfate 12.88 S2p Sulfate 3.05
S, 55.52 S, 79.24
FeS 4.94 FeS
FeS, 26.66 FeS, 17.71
Heat affected zone 90°C  Fe 2p FeS 24.30 Heat affected zone 120 °C  Fe 2p FeS 62.74
pH=35 Fe,0, 24.64 pH=35 Fe,0, 14.98
1 MPaH,S FeS, 51.05 0.1 MPaH,S FeS, 20.36
Cl~ = 1000 mg/L Cr2p Cr(OH), 100.00 Cl~=1000 mg/L Cr2p Cr(OH), 100.00
S2p Sulfate 11.77 S2p Sulfate 1.55
S, 40.86 S, 61.58
FeS 28.31 FeS 5.90
FeS, 19.06 FeS, 30.97
. (@) = Work electrode | (b) ©

C2/10" (Fem?)?

o  Work electrode Il
4 Work electrode |lI
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L

L 1

-04

0.0
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Fig.4 Mott-Schottky plots of WS (a), BM (b) and HAZ (c) of 316L stainless steel
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Fig.5 Carrier concentrations of the passive films for
WS, BM and HAZ of 316L stainless steel
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Fig.6 XPS analysis results of the passive films for WS,
BM and HAZ of 316L stainless steel
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