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Corrosion Resistance of High Ni Alloys in High Temperature
Chloride Solutions Containing H,S

Katsumi MASAMURA , Yoshiichi IsHIZAWA , Toru INAZUMI ,
Shuji HASHIZUME and Jwao MATSUSHIMA

Synopsis :

Effects of environmental and material factors, such as temperature, partial pressures of hydrogen sulfide
and carbon dioxide and alloy composition on corrosion resistance of Ni-Cr-Fe alloys in H,S-CO5,-Cl~ en-
vironments simulating sour oil and gas wells are discussed. Main factor controlling the resistance to stress
corrosion cracking (SCC) of high Ni alloys in Ni content as far as the results in the present work are con-
cerned. Higher Ni content gives higher resistance to SCC. For a certain content of Ni in an alloy, there are
optimum content of Cr and Mo to improve SCC resistance. When A is determined by the following formula :

A =Ni—(Cr+1.5Mo—20)?/12
SCC was not observed in alloys that had composition range of A >19 in 20% NaCl solution saturated with
1 atm. H,S at 230°C. Higher Ni content gave higher critical temperature for the occurrence of SCC in
H,S-CO,-Cl ™ environment. While the presence of hydrogen sulfide in itself does not affect corrosion re-
sistance of Ni-Cr-Fe alloys, hydrogen sulfide coexisting with chloride ions increases the detrimental effect
of chloride ions for passivating metals. Cold working in Ni-Cr-Fe alloys increases the susceptibility to
SCC in sour environment.

Key words : corrosion ; high Ni alloy ; oil country tubular goods ; hydrogen sulfide ; stress corrosion
cracking ; cold work ; sodium chloride ; carbon dioxide.
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s L—=TAN, REHFE* AN ICELHD, 2%
T1hEBRR LD B ICKEEY 2-THbLKFEORE W
ZEREDENITAH— 27 L—7HIZEAL, 24h &
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Table 1. Chemistory of alloys tested (% ).

Alloy C Si Mn P S Cr Ni Mo Cu Ti Others
A 0.01 0.26 0.39 0.005 0.001 21.7 24.8 2.91 — — N=0.14
B 0.02 0.31 0.44 0.011 0.001 22.0 31.5 4.67 — — —
C 0.01 0.37 0.21 0.011 0.001 21.8 42.1 2.88 1.67 0.77
D 0.01 0.21 0.50 0.002 0.001 21.4 41.6 6.08 1.59 0.87 —
E 0.01 0.27 0.67 0.003 0.002 24.6 51.4 7.02 0.95 1.18 —
Tl 0.002 0.29 0.41 0.001 0.001 22.4 16.9 3.25 — — —
T2 0.002 0.28 0.41 0.001 0.001 22.1 17.2 3.16 — — —
T3 0.003 0.33 0.41 0.003 0.001 22.4 22.0 3.09 — — —

T4 0.003 0.34 0.41 0.002 0.001 22.4 22.0 3.13 — — —

T5 0.003 0.33 0.42 0.003 0.001 22.5 26.5 3.11 — — —

T6 0.003 0.32 0.42 0.001 0.001 27.4 26.6 3.14 — — —
T7 0.003 0.29 0.41 0.001 0.001 22.4 30.9 4.50 — — —
T8 0.003 0.32 0.42 0.001 0.001 22.6 31.0 5.94 — — —
T9 0.005 0.22 0.42 0.001 0.001 27.3 30.9 3.09 — — —
T10 0.006 0.30 0.42 0.001 0.001 27.5 30.7 4.46 — — —
T1l 0.004 0.36 0.43 0.002 0.001 27.5 30.7 5.86 — — —
Ti2 0.023 0.30 0.42 0.002 0.001 33.0 30.7 4.47 — — —
T13 0.003 0.32 0.70 0.002 0.001 21.9 40.0 3.05 1.41 1.51 —
Ti4 0.003 0.32 0.71 0.001 0.001 22.2 41.2 3.25 tr 0.83 —
T15 0.003 0.33 0.70 0.001 0.001 22.0 40.7 3.24 1.14 0.80 —
T16 0.005 0.31 0.69 0.002 0.001 21.4 39.7 3.12 3.82 0.76 —

A~E : Used for oil country tubular goods T1~T 16 : Test alloys
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b) 4 point bent beam specimen

a) c-ring specimen

Fig. 1. Shape of specimen for SCC test.
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Fig. 2. Shape of SSRT specimen.
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COWAEL C-) v REREFERRIZ0.2% A7y b
OWMIEXMZ 7. KWFE T E ofEi& LT 20000
kgf/mm® % §~XTOMEHIE L THW 7.

2-4 EEHREHR (SSRT)

BN EEN ORI S 2 AWK EDO LB LR~
L7222 0 SSRT 1L X BB T2 7. T ORERIC
B\ 724 ¥HiE Alloy B(op, : 86.3 kgf/mm?, 56.3% &
), Alloy Clay,: 94.9 kgf/mm?, 65.4% & HIINT)
B X O HEREMM T10( 0y, : 35.8 kgf/mm?, AL ELIL
M3 3)03METHD. Fig 2 17T HRERS % A7
70 ANy FHEEE 0.5~1um/min & L7z, ZThidE
HREEEITHE T H L 0.83~1.67X10 s ! THBH. H
Wo BRI A T AL 600 FNBRND L2 1.51
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Bchs, HILKESFEIRXO0.1 25 6atm TTE L,
SHEOHEZRSG T AL L27, WHRBEENICHT S
A O SEAM 1 IREE I B A BETEER % [F U IR
DFAKF I BT AHBWTIEE (TTF) THE-O -8R E 0
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Fig. 3. Effect of temperature and partial pressure
of hydrogen sulfide on corrosion rate of Alloy C in
20% NaCl solution at high temperatures.
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WEICRILEOEAEFRO O, BEEEZ 0.1 mm/y
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Table 2 (ZHRILAKFESDIE 1atm (2B 5, Alloy B %
EUBEMBOENEECG ZAABREE L 0, OF
A IRT. 0op #% 50 kgf/mm? LLTF O3 B H L0
BE4To7b DT, Alloy A Tit 230°C £ T Alloy B,
C Tid 250°C FCEIRFAL TV AW, GRNI*%
FEMEREREELRL T, NiFHEOKEVHE
BEEANERET A TROBENEL 25 E080Hh
5. 25%Ni 24t Alloy A Tid 170°C £ ClR&EMI
IR AR B EAUZAE L 2 vas, 200°C LLETIRG
BMLEMAZ7-bDICEROREENREDSNS. Alloy
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Table 2. Results of C-ring test in 20% NaCl
solution saturated with 1 atm. Hydrogen sulfide at
high temperatures.

Table 3. Results of C-ring test in 20% NaCl
solution saturated with 10 atm. Hydrogen sulfide at
high temperatures.

Temperature (°C)

Temperature (°C)

Alloy CW(%) YS (kgf/mmz) Alloy CW (%) YS (kgf/mmz)
170 200 230 250 270 300 200 250 275 300
0 34.4 NC NC NC A 9.5 67.6 C C — —
A 9.5 70.0 NC NC C — — — 59.7 97.6 C C — —
45 97.6 NC C C —
B 12.0 61.6 NC C — —
0 28.4 — NC NC NC — — 65.4 83.8 C C — -
12.0 61.6 — NC NC NC — —
B 21.3 86.3 NC NC NC — — 0 30.2 NC NC — NC
45.0 79.0 — NC NC C — — C 56 87.0 NC NC C —
65.4 83.8 — NC C C — — 64 88.5 NC C C —
0 30.2 — NC NC NC — — 25 90.5 NC NC C —
c 22 79.1 NC NC NC — — D 35 102.3 NC NC C —
39.1 82.1 — — — NC C — 62 95.3 NC NC C
45.7 89.1 NC NC — —
22 93.9 — NC NC C
25.0 95.0 - NC NC NC E 32.7 106.1 — NC NC C
D 35.0 102.3 - - — NC — NC “ 42.7 93.7 — NC NC C
54 92.0 NC — NC 51.9 97.9 — NC NC C
62 95.3 NC — NC
NC : Not cracked C: Cracked — : Not tested
| L ¥ Ll
NCC
O ® 1atm H,S-19atm CO,
O M 10atm H,S -10atm CO,
300} a o -
e /
o & /o
2 250 {
g "/ 10atm H,S
o
£ 1atm H,S
2 200f - 20%NaCl 1
4weeks
1 1 i L
10 20 30 40 50
] Ni %
Photo. 1. Morphorogy of crack found in Alloy B
tested in 20% NaCl solution with 1 atm. Hydrogen Fig. 4. Critical temperature for the occurrence of

sulfide at 230°C for 720 h.

HHEN, wFhy, JLARFESE LTELERAELT
W7z, Alloy C L E L 42%Ni 54T Mo DEHEDE
v Alloy D i, T 0BT, 300°C ThE b &
INILAEBAELZ V. Alloy E & FEEEIC 300°C $TD 1
atm BALAELMAETIRE R, JLEL LIEL RV 28
AZbHh DT 5. Photo. 112 45% DE ML %Nz
7 Alloy BICRAE LR NBEShOEELRT. #
nANENRTH), JLETESE LT,

Table 3 i fbAKFE 10 atm OFEHIZBITLEFR TR
T. WALKE 1atm OLM & ZIZFEBOKRTH 555,
latm £HOHBALNENEHEAETAHTROEEI R R
K Z2Twa, FFI2 Ni FHEOL R WHRHCEHE T
bAH. GEMILEME7 Alloy C TREh % REAETS
MR 250°C T o7z, Alloy D Tl 275°C, Alloy E
2BV TH 300°C TENOREENEDLNID, 2O

stress corrosion cracking in cold worked high
alloys in 20% NaCl solution saturated with 1 and
10 atm. Hydrogen sulfide as a function of Ni con-
tent.

“ooMETcEEhoREICILERBED SR DT,
Alloy C OB LB 12 D v Tid 300°C 12 BT
bEINRBEREDLR DT,

CHREDF—2IZb ST, Alloy A~E OB LY
BN TEO & ViREEH (Alloy C & 39.1% &EIINIA)
DENETEETLHTIROBEEL Ni 2L OBEY
Fig. 4 {Z7R3. Ni EHFEXENT 5L nEh%
RETATHRBE RIS 25, 72, BILKESEDSS
K BN ERETHTRIBENIEKLS 2. 2ozt
P, WALKESEFEL b tENERELR T2
BT EWFDL. ’

230°C IS BT A RBRBEM (T1~T16) @ 4 mhiFic
LHWICNBESENAEE R % Fig. 5 \ORT. Elh%
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20%NacCl
H2S 1atm

230°C
20p L

SCC
o

10

A
20 30 40
Cr+1.5Mo %

Fig. 5. Effect of alloy composition on susceptibil-
ity to stress corrosion cracking in 20% NaCl solu-
tion saturated with 1 atm. Hydrogen sulfide at
230°C (as annealed at 1100°C X 30 min and
quenched).

HEL7z0E TI~T3, T6, Tl BLU TI2Z DAODOEE
THhofz. HEMIZ Ni(%), #H#iZ Cr+1.5Mo(%) %
LD EBRMEBIE T T OMEBOZIN % B4 L & Vi
i,

A=Ni—(Cr+15Mo—20)/12 - (3)
THWT A1) O#PHATREINDL., 22T AWRF—2R
FF+ A4 FEEEY 55 Cr, Ni, Mo UL OIE & EHIE %
HEBELLOTHDH, Thid, —FED NilZxfL T
Cr,Mo # MMz BX2 LILBEFNSELR T 2D,
—%F®D Cr, Mo (23F LT3 Ni B2 5 LI HEAES
NI BEREEIERTTLIE 2R LT WA, Sakal
5%, 45% b= 7 22 Y AHh0E Ni BE20IHE
HEREH IOV THBOER LB TV 22%
Cr-42%Ni-3% Mo » AHME L $H5H8E8THE CuDa
% 0~3.8% DHEPHTEZ TH, IWHEEENIIT 5
M C A bR v 2 LA TI3~T16 DRSPS b D
27:. %72, Cr,Mo §HEN%\», T6, T8, T10~TI12
DEEIZ o HOWHHEBD SN 7258, o O &
EEHNORERRBRE LT,

3-3 SSRT

Alloy B,C BL U Cr B % #~<5 72912 Alloy B
@ Cr &3 L7 Alloy T10 @ 250°C 12815 SSRT K
BOBKREELICS 2 5WRIEKESEOZE Y Fig. 6
IZR$. 42%Ni O ¥ (Alloy C) i3 0.6 atm DEHT
HEESR YL vt L, 32%Ni O E

« L L L
\g\ SSRT TEST
100'—\- —————————— S mm——————
W ~o
Q-\\‘O ° 8\
o ..
fé L ]
w
-
Fost 4
© Alloy C €=5x10*mm”
O Alloy B 250°C
® Alloy T10 20%NaCl
o ). A A A
T 0.1 1 10
PH,S atm

Fig. 6. Effect of partial pressure of hydrogen
sulfide on susceptibility to stress corrosion crack-
ing of Alloy B, C and T10 determined by SSRT.

(Alloy B 3 & U Alloy T10) Tt Cr Bi2 & 53 0.1
atm REC BV THENOFEENBHONE. Lo,
WibAkZEEr ST hvEEcrEREEL LY. Z0X)
2, Ni oZWHEIHICHBEEAEICER TS Z
L SSRT i &> THbHREh T/, Crid
SSRT L LA I B EENKBRER I CEEL S 20
S ERGMAH. SSRT 12L& % & 300°C Tit, 0.06 atm
ALK FESRMEIZBVTH Alloy C IZE M DOFADED
bhi. Zhb, SSRT KB %iTo 2RABRA ICILE
BELTHWARLDT:.

4. % &

41 WEHBREBhHICEZ 268208

1 BXU 10atm R L KF- KRBT X -1GEILYRTICE
FAEBML%E5% 0728 Ni 820oWIsHEES it
FIRELTWAHDIE Ni EHETHA. Fig. 4 1R
L&), »ABRECEHN R AT L TRIEEZIZIZ
Ni OGHBIHFILTEL 25, BRI LRE
FOMEIZBVTYH, —FD Cr, Mo 2 THNiE, Ni
EHBOEZVHLDIFEEINIZ W, SSRT I2L2TH
Ni ZBBEDEZVEGEOHFEHNIIL W LRSI
A

C-) v FREER T 270°C LLEO 1 atm B bk E
BRIETIZ 42%Ni THH Alloy C i3fLE* &AL LT3
HLTwiz. Mo OFEMED% v Alloy D Ti[E U 4&4
TILEOREA D LK NTBEELOFELELBRD O NE
V. 150°C @ 1 atm HoS & 3% NaCl B2 B
LILEEBMOBEERIZ LS P, JLAEMIE Cr, Mo
DEVENE 2B, £72, Fig. 5 ORI LT,
—ED Ni B2 ThhiX, Mo DEFWVHAE NI T 5K
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FHEHETTHDE, LD ELLEZLLE,
Mo Fhd WL % h b 24, #h ok %)
HLTSCC 2Rl dnho2ibntELLRD,
Muravama 5%, L KRREDICBTL5E Ni &0
i D RO % Cr Mo DFEMAATITH
HEHNLTWAAY, 32%Ni 444:9 SSRT O#EHIZ
£5E Cr 3o ES N ICEEL 52 v, 20
ZEH,5, Crid Mo & MBRICTHILAEM 2 HHET S 2 &
CEhE I EE AR R ET AL L EbhE,.
7z, Alloy D & EidtiRfb K7 10 atm £ TILA %
A LAanEREAELTWS, T hid, Ni B20LbE
MEWDIl T %ED Cr, Mo 2 5H 3852 LT
X OJLARAEEIHILCVwWA LD EEZORL. DX
IS, WRIbARE-REE Y 2 -REBRE I B A EIE,
BEOMM EBESEMC LT, ILELENETHBE
E, LawGadh. %D Ni #i2 LTk, Cr,
Mo e e JLAFHLR T, {LArisE: L
hx4L s, $7, Cr, Mo WE#HXTYH, #lhi4dL
RFL B, ZOFKRE, HALKEREICHEHT A8
(AR e TR A L, B KERBEICER T 4
FHIEHERE A S < 2 H13 & Ni, Cr, Mo i 2 55 <
THLENSH .

4-2 WEHEEEICHICS5EZ 25BN IORE

C-V v 7VREBICEDEHMMT 2 MA 226 EHE, &
RILBWE T FOME LN I BRI AL R T
Vo AU B, REBRERBIIC L S v, ZORfRT
BEICC-Y v TR 2V g, XS LWEMIL %
T T, TOH, BRI T 2B o fafi
ICIS BRI L 22 L D b iE Ak E& v, EH
P id, SRR OREHIC R S, FRI
WMHBEOBGE g 5 LVISHE 22D bDE LT
FHENLOT, GHINTLLAMETL A 0.2%
W) & AR L 2R CoFiirEETH ), WHEL L
TEEHML A S 2B oI DB REI R K &
WEEEERL Ty, L L, ZOERSSIZGEIMIH
WER LT LORAFEHIE VD ICEHRL T RD
TwhEDHSLTE, EROILIEAEENFEEORR
IS B LA & A b S vwod, REEHZDD
DHLETFTLTOVDLZDO2ESH, 6 %, GRNLAASRD
WALKFRREIC B 2EH DI NBEENEE X H =
XL EDEIHIIIEHE L TwWELEHLNIITAIE
i3, SRS IEETHS.

4-3 BHEEHEhRELECEZ 2MBERFOEE

IS EENDORAEILL D E bNELEEL S LR
ER T RFHRECHSH. Fig SICRLAZLIEES

KHEOHZBIHNOBERE CEMTE S, HHREN
B Ao TERE NS Ni, Cr, Mo DFME RS

D, LAoT, M EETHHEI, T3
HBE*HETLLENSH L. 2O s, O
Ay, HLRBIIBITAENOREREY /5 4 —
y— b LTERFT I ENTES.

ALK FESIHE % 1atm A5 10 atm (2 Z4LT 5 & ¥ 8
OFHBREEIMET A, LrL, £0%{bidvih
DODMFEIZBWTH 10°C BETHAH. Vavenn & id ik
KFEREZ BT B0 DB EE N ORA IR O fF1E
FU[RTHBHEHRELTHBD. FRMENKEREIZL S
LM OmOBRIE T, B{bKEE3 AT L AEED
AREEOLEWICH T DEBELH 2 2w, Fig 6 (2
R L7 SSRT DR L5H 5 L) LW To
BRI Lo amAEtE A L T AHEHC L, B
fbRFEFEFT L LICHEREERSELS. ZoZ Ep
LEZDLE, MILKEREIIBILE NI A&
HENOZA X = X LFFERIIIIEED I X B0
WRENEFL E#E260, RILKEOHFLE LY E
NORAYRELTVLLDEEZ NS,

CDOE) ERANS 20%NaCl P IcH55 C-Y
> kB, SSRT BB LUORERBOERIIE SV
TR L 72, Alloy C OB AEM % RE & AL KFEHED
ML LTRLELD%E Fig. 71277, ZOMETIE
ILEDOREAEIFHALKFEOFKAF T Tt 250°C LI L TED
bihh. BAEEGHILKEZESTEORIMIEES T 58
JLEDRET S FTROBE IHILKEDEO LR L ST
v, 250°C DRFEESAET, WAL KESIEA 1 atm X

L L]
Pitting &
300F A a ® scc
\\TEE\\<\\\ .
e » P ) a o
L
é <@ o o)
e
]
% 200p (o] < o < -
13
d
Alloy C
20%NaCl
100 I A 4
0.1 1 10
H.S atm

& : Not cracked by C -ring test
A : Not cracked by SSRT A : Cracked by SSRT O : No
pitting corrosion found @ : Pitting corrosion found

Fig. 7. Corrosion map for Alloy C in 20% NaCl
solution as a function of temperature and partial
pressure of hydrogen sulfide.

@ : Cracked by C -ring test
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DRV T, LEREET LB EEINTE F
TIZREL RV, BALKEDED 1atm £ SWHEEET
BILEEZENE LUSHBREANSHEET S, SSRT
OFEFIZ XD E, 300°C Tit 0.1 atm OF{LAKEBIE T
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ALV, —E0 Ni 828 L CEmbic B aEsinto
KW Cr,Mo #4035,
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Wbl Ko 5N BEFE I, Fig A-1 IIR”T 454
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Fig. A-1 Effect of plastic deformation on loading
stress of constant strain SCC test specimen.

Fig. A-2 Schematic
C-ring specimen.

illustration for bending
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Omax = Ay (oo + €) (A-1)
L [n . i}
r=——= P dA (A-2)
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24, N:P(x, y) \MEH T 5871, M: P(x, y) 2
T AHTE— 2 v b, E: BEERKTH L. (A-3)
A2 N=Lcos¢y M=Lcos¢g LA L, z=p,(1—
cos ¢), y=ppsin ¢ DHEELE %175 (dx= 0y sin ¢ d¢)
b

’

T Lo ) _ nLp
— EAx COS dd¢ =— AEAx

Ehh. C-) VB OLbA, THbLLTEAD
HNELIEZ S ETHE, 6=24y THHNS, (A-1)
A HOVWTA-DRITEAD LI ICEL LN TES,

5= oot e)
- 2E,00 Omax

HZC-Y) » B OBEAONEE r=(0te), B
E t=2e x HW 2 &,

S=nmr(r—1/2a/E)/ 1 - (A-6)
Thh.
(A-6)IZHMEROFPHANT C-V » YH BRA DO/
bAELEIGHOBBRE G Z BN, gpex DIRF OB R %
DYPICBALICIIGEST LT TCEREMALELT
b, MULEELETOIE Fig. A-2 © A SIEEOHEN
ISR BT, REEF&RIL F ZEENEE 2R
TEEZT, KFFETHE, FHMEHEELE) L5 2
W ol hamich(A-6)R 2k L T, (A-6)x
DE» e=0,,./EDRbYIZ, BELTS0.2% WH
Opp WHIET HER 2=02/E+0.002 b b\, R
RiCEAbis LBV,

=1-r(r— t/2)( 002/ E + 0.002)/ ¢ --- (A-7)
Appendix B 4 sHHT B OAFHEHEHAR
Fig. A-3 [IRT X )12 4 s FRERR (CHE L 2
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Ay =

T, L:WEHNIIBIANE, ... xRN0, I:
REROWMHE 2KEA b, t: REBROAETH A,

COEIBREMBIIBIALABBIIARTELSON
615).

Fig. A-3 Schematic illustration for bending 4
point bent beam specimen.

_L 2 a2 _L _ 3 3
y 6E1[ﬂ11 #) = [(H— AP + A"z
+H(z—A)(x2—AP+H@E—-—A+h) X
(H—A*—h)zj ................................. (A-9)
1 x>0
H@={ 7
0 x=<0

ZC2TC, H: WX HB O, » 3EMOXEA»5D
g, A=(H—h)/2 ThsH. KBHFPROEMES X
(A-8)R & x=H/2 2 (A-9)NIAAAT B LiIzd K
ANTHzoNA5.

0= (3H*— 4A%)(0s,/ E )/ 121

ST, opp MBDIES & BT BHEOMMERI X
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e=0,,/EDhbyICBEL T HAMEHICHIET S
EADIHE, e2=00,/E+0.002 #H T, XFXITLH
bArBEERREL.
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