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Hydrogen Induced Cracking of Steel Pipes due to Long Duration
Exposure in Wet Hydrogen Sulfide Environment

Akio TIKEDA, Fukunaga TERASAKI, and Masamichi Kowaka

Synopsis:

In order to investigate the hydrogen induced cracking (HIC) susceptibility of pipe sample in sour gas
service ,the container type specimen was used, of which body was made from the pipe tested. Three kinds
of commercial large size line pipes of API 5LX-60 and X-65 grades were examined for this study. After
the half of the volume was filled with test solutions, pure H,S gas or mixture of N, and H,S was bubbled.
The test solutions were synthetic sea water, pure water and synthetic sea water mixed with crude oil. After
controlling the concentration of H,S, the containers were kept for about one year as they were. In order to
know the development of cracking during the test, ultrasonic testing was used.

As the results of this investigation, it was clarified that the development of HIC was due to the environment,
steels, mill scale and so on. It was also obtained that HIC susceptibility of steels evaluated by the standard
HIC test method which was recently developed by Kowaka et al''®, correlated wtih that evaluated by this
long duration exposure test, although the investigation of environmental factors was important for the pre-

vention of HIC.
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Table 1. Materials used.

Mark | Grade Size |Longitu Flinal o . Chemical composition (wi%)
pxtxl|  welding |20C l | si M| P | s [ Cul| cr | Nb | V [Sol Al
301" x Mother| g 9| 0.32 1.5 0.023 0.009] 0.02 0.03/0.020 — |0.034
A X-6010.750"" x SAW Weld
800 mm Weld 19 09 0.37 1.43\ 0.021} 0.009} 0.04} 0.031 0.010, — \ —
34" % Mother ( { k t - ‘
. <65 0.397"" o metal 0.13] 0.29 1.34] 0.016 0.00? 7770.13 0.31 (1_05}(3 B E)VO:Q):?
s Pe St X LYY Y Weld T
950 mm Weld f 0.09 0.36 1.52 0.016 0.010{ 0.14 0.19[ 0.020] — ' -
20" x
1
¢ | x-60|%2" grw  Mother) 0.1 0.03 1.06 0.027, 0.012 — | — | 0.040 0.02 0.045
1000 mm
Tensile test* Charpy inmpact | Maximum hard- .
Mark | Grad Size |Longitudinal |"y .S, | T.S. El test** ness of weld HIC})’?I?:;CE’;_)
ark|Gradel gxext|  welding |(kg/ |(kg/ |00y TxlvE—z0 (kg m/ (Hv10 kg) ) ?
mm?2)| mm?2)|*"?/|(G°)|cm?) Weld metal | HAZ | Edge | Center
30" X
=0
A |X-60 ‘;790 SAW#*t| 42.5 | 55.6 42.0—42] 4.8 219 212| 0 | 51.0
800 mm
34_'l><
1 X}
B | x-65 93 SAW 46.3 | 58.1[31.71—30 6.5 235 235 | 67.0 | 107.0
900 mm
20" X
1
c |x-60| 020 ERW#++ 43.0 | 60.1(26.3|—64 3.1 205 197 | 15.0 | 62.0
1000 mm
*  API Specimen (38.1 mm¥ X50 mm G. L., as wall thickness)
** 2 mmV-notch (Steels A & B : Full size, Steel G: Half size)
#x%  SAW : Submerged Arc Welding
##k%  ERW : Electric Resistant Welding J
Table 2. Experimental conditions of solutions 5 I {RIBZEBBAIRNE, 1T & A EED BRhviah DT, .
and materials tested. 2.2 =B
e — \M‘-Mﬁf‘flals | Fig. | =R F kv R, RpiEcagR®oEs 0 ¢
Environment — A B I i
Solution H,S concent- | B E ARS., A7 Vik V, ERELT Ny & 24h
ration a WR LB, SHiE HS FiBA YA (HS+N,y)
Synthetic sea | > Sgooppm | AZ1 BI Gl wypd piEo HS gLk, Vi Vs #HL
water 100 Alt B2 G2 AERIBRINCEET 5. Fig. 2 Rt X 5, A A,
B ALy )3 4 (e s FRIBELE
Pure water = 3000ppm | A3¥ B3| c3 PBOHmAKES 2 77T, HERM CTik LT, MR EERR ‘
S N %, 5% ] = N iva 18)
Synthetic sea™* ~ 3000ppm at| B4| c4 DREMUOED, Vi b HIC EZHEDEALE D
water 4 crude oil bp Wiz 754 v &—ClRIPEL, Ay — (mil
Amount of solution (1) 180 | 250 90 s
Specific volume of solution to Vi <—H:S |
surface area of materials 18.8 | 21.7 | 12.5 ] %V’ ¥ ,
(cc/cm?)
. B -Material tested v
* Ingot location : Bottom
#%  Crude oil : Arabian special (8 :2%)
HIC Rl g 1. gtk C o B SR Sotution
(ERW) g Edinguc X v Jeg Shie. Bads ol
Gt 7 . b =T P THDID, WMEA L BIC . 1 Sehematic di  lome durai
) _ _ . R Fig. 1. Schematic diagram of long duration expo-
i, 37 rEAERC AT AR FRAEAA FA TS sure test using line pipes of large size by i

C RSB AR LS. @G T, €O X wet hydrogen sulfide (H,S) environment.
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Fig. 2. UST checked position of HIC susceptibility
during exposure test. A part of mill scale
of inner surface of materials tested is re—
movd with the grinder. The HIC susce-
ptibilities of such portions as (a) gas phase
with mill scale, (b) gas phase without mill
scale, (c¢) solution phase without mill scale
and (d) solution phase with mill scale are
estimated by means of ultrasonic testing on
the outer surface.

scale) XA Br <. FW7EBRWE L Table 2 2R X
5T SEETHS. ATHBKEEHMOBIISRECRS &
S, ZoE, FEledkfT L<Ah, KWTAL
WAREZ ARTclcdie, WhoMEsEmEL, FEihcWEx
Nl EFERBEOREBI o5, Z0ZRDOWHE, b
DEME, ATEKE, EcBEHOKIY IRBEY M
BUTWA. K, 30k 2 BREB DR & CHER
LCw5. i, 754 v & —BREEIRO B35,
TEMIFEWBCD B, EE, RBRWMEoFECRE
h (d/4cc/cm?, d : A FEER), 12.5~21.7cc/cm? ¢
B5. Ao pH, H,S g%, RBROBWK, 3+ A
FE et L OB TRICHIGE L., a v EBlEE
IoT HeS BERME L.
2.3 HIC OHliE

HIC oZ4:, BEOREL L5010, B,
R 2HOBEWRHEE XA, HIC O&H&EYHEL
7o, HRHECE, Fig. 2 Kpid X o5, #E oI
IefLE R AT 23R, BERESECL ST, bh
LK FHE U, BB 285 L. REGT L,
Thxh 18 goBERREELX T, ZETOBRRDOK
fan k& %, BRHMEED 60% 1wics k5o —
I (dB) TER L, ToOBRF%E &0 CHH L. #BE
BREBEBIC X AWHHLIE IR L1x, LWisd R
B IcBEHREEHE, Kraut-Kramer 2814 — x 7 1
BEH, UM-2 RICh5. Fi, BT 2558k

FIgRfhT, MSEB 6, MSEB 4 %\ 7=, Wi, &H
#MB, CoflZicHY, BFHEIERMAD HIC g2
HECH IS, Toks, BT OBMEAMEY LOTE
D (KEEDINE), 72, BAERYC X AM M H D
7o, BEANEEM & Ui, BEAEE 5000 BEOHY S
FvERHAG, BEIZ 72 vTRIRUCEE L.
FERF L OB ERANC R T 5 bz, ARG 4
F, 286, 17H, 37HARI0 1378 (BT H)
BRB N FRIE L.

BRI T &, BEREG LY, SHEObLIHEE T
Dfctg, MR L, WE L.

3. R B W R
3-1 RBERH

3-1-1 Ao pH X H,S By
Fig. 3 BRI h B © pH, H,S R o 4h % i
T H,S BEE, BRI 3 ADEMNK XL, Folk,
INHEOREB S & bic, RACBRIT 2. 1 rEofk
T, FNREE DX T 5. —F, pH it H,S jpr,
VRRLBL e S I oC R D, B H,S JpEsd 1200 ppm
LIFCit, B@o3 7 AT 5.5~5.7 b, 7.5~8.51C
BT a0 L, ATEKD HS fafnsgd ezt
7o, iAo HyS EIfIp:<cd 4.5 25 5.2 BE

(A) Synthetic sea water +H,S
(PPMY.

4000} Saturation 6 l Saturation
30001 :H—,//I
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1000} | SF  3Months 1Year
g ! I 1 1 1 '1 1 1 L1
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© 1500} oL
5 1000-‘\,\ Jf
= L
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) or lu 1 L ‘1 Skl JI 1 L 1
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200- ol 00 PPM
Kﬁ\\___ ol
100}~ L
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Fig. 3. Change in pH value and H,S concentration
of solutions during exposure test. They are
measured at the beginning, three months
passed and the end of exposure test.
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5 4 (1979) 53 %

BT BT . B E H,S BET i, HIG B
L OB tbh stk KEOWIN L&, pH 6 Lk
TIETT A LRI bR TR V202D, = D L
5 e BTy, HS BEORGE 1200ppm PUFT
i3, 3 BULERE LA, WHBI LT, ARk
GEOBIRMILE/ NS W EEZ B S, —TJ, fRNEM
DBEIE, VERBHBCTH, HIC OREED STk, i
Bl R B S,

3.-1-2 FABATRE

BRI B 5 BELEE —7°C, Al 45
°C HRLTWw5S., EHERETC I HWUEDHR, h
1, REMSHESOBECEVSDERLT WA, K
WOREETI NI Y SETHDWEELDNRD. &
7=, B R OEEZL KM T L < AT Tk
PtEZONRD.
3.2 RET(RESERCHIIBERREER

HIC 04, ([BIRO%EE Y %% lodic, WBE Bk
X, BREGFCKT S bhE SRONHN AR
2t L7e. H,S ps 100 ppm & A T#AK+F+ HeS &
Bl L, A, B, C3#fELbIc, F=v 7
sy, i oFRENIshote., FOMOBREESHCE
L, FREFRDOEHED L, WTFERT. ok,
141 r ARBBORRKIET, IMEORECIDF =
v 7 BIFTOM 2 T3 B Uik, Mgk T lamn 21,

Synthetic sea water
(H2S concentration : saturation)

® Solution phase

A2l Solution phase with scale
O Gas phase

O Gas phase with scale

A Solution phase
g1 | & Solution phase with scale
A Gas phase
& Gas phase with scale
¢ Solution phase
c1 | @ Solutionphase with scale
100 ¢ Gas phase
& Gas phase with scaie

Ratio of crack length to specimen width (%)

0 100 200 300 400
Test duration (Days)

Fig. 4. Development of HIC at checked location
during exposure test( )
(Synthetic sea water, H,S concentration
>3 000 ppm)

3-2-1 AT#/K+H,S #afn

Fig. 4 i AT¥K+H,S fafng e 2 bhk X
DL R TRT. ARy —LOREDH D I LT,
bhEIROBILOEENTIRS. i, #fEA, BLC
L CRIBZEMOZEENIRD.

A, BzoTiE, § VA — kL B, WA
W, SR BB L D, 1~38 , oM, IR
EARGI & & g s, ke, Fudocikl s A,
BLboT3 , BXb, bhRoOMEINTILE 3 HEHACS
B. INVAF—ADH DY, BB T3
y AUEDRBEOMEMARE . A LTS, #
HECRH D05 bk 3 » JLUREHROEAEEZTT,

CHie oW TIE— R hEZEAMELS, A —
AOEFEC L BTA, BHiclkbhExEl, o
N3 » ARBBAN X SIS,

3.2.2 AT¥/K+H,S 1000 ppm

Fig. 5 iwbhhEBOFEHE L RmT. M ArounT
A LavEBR L Oy, WARES X 0 & AR chh
RS, Sk, Fig.3 TREhA X 51, &0

o)
o Synthetic sea water
£ e (H2S concentration: 1000 ppm )
g\z ® Solution phase
L = 50 A5 | ©Gas phase
~ 2 o Gas phase with scale
U 3
o
b
0w
« £
© 5
o &
‘5 [0} O ® —®
22 by J ] ] |

0 100 200 300 400

Test duration (Days)
Fig. 5. Development of HIC at checked location

during exposure test (II)
(Synthetic sea water, H,S concentration
=1 000ppm)

Pure water .
(H2S concentration : saturation )

@ Solution phase

A3 & Solutionphase with scale
A v | © Gas phase

/ O Gas phase with scale

A Solution phase
/ B3 | & Sotution phase with scale
/ b Gas phase
,‘s AGas phase with scale
50—4‘
|

¢ Solution phase

c3 | € Solution phase with scale
¢ Gas phase
p .

& Gas phase with scale

100

specimen width (%, )

Ratio of crack (ength to

%{

0 100 200 300 400
Test duration (Days)
Fig. 6. Development of HIG at checked location
during exposure test (II[)
(Pure water, H,S concentration >3 000
ppm)
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FHTE, BHID3 » 3l pH 0Aa#s LR U,
Dl HIC BENMEFT LicdDLEr bR b1,

KM BT % 3 v 2 r — O, H,S RIS
D& EFERR, bhoRENERAEEESS. 3 » A
BABIL, IAVAr—10h58E LB Lbh
KITITHE LL ot

3-2.3 fiAK+H,S f3fn

HORROFER S Fig. 6 wRd. AL, HiRW
HIEZ DK Bottom #Ch 57, 17 ALUKEOH
NROBERIT I BHIcB LTz, HRIZEHEE Tk
L<, 3, AFCk bh &30 #BinER 2320 bh
D WHHED 3 VA — i3 S BE Th RIS 5
Nighotedy, Ziuk, YIMAECEER, 7« » 7 HiF
MINAr = AREIE DD L PR e L 5.
CMx, bIIEEZEDIEEG2S, 3, BRA% I L
A= V%I HIC ORAENRED Bhb.

BlbEo X5 7e, &G O bhROBRBWZELIT AR D
rowFEEdpohs.

(1) H,S fafmEE oBaciy, bhoBils3 » B
FBEGE e s 5. WA LTE 21T, Wik
RNV HEEIRIERE—FT 5.

(2) H,SE» 1000 ppm DOBE, KM CiL, 3
r AUEE S bk R DA ED B s,

(3) fHEMA, Bo i rrsr— ik BTkt 5
Lo, bhEEZEDOEGCEEE, bR rEHE
T DMEABADBIRED, ZHIIPNEDEF = v 7
T E LTED, T DbhRORIFECEE LT
HIDT, FE L TUMNEGDOIHLAREICE LTSS
LizrdEEZOND.

(4) IRy —ADFEBD D IERAMCD LS
<, Wb < bWibkhbTi, BER(3) EBm,
BRERMDPEBOKREDORALRE LI D42 FEDT
WA, b HREME LT 5. i, 1 Aar—a
ik, bR FBELEDLEDEAD B0, IVAr—
MEBOLNER Y HRT B 700E, 3, AU EOR
A RIRA VA i

(5) BERMALCLDOHETRED LR Lo, &
EFRBRTED BRI cbhEE, 00Xk Tcobh
R & CHERT AR BEMEA B 5. S LTIE, bh
BRI 52 KREEIBEL T30 EE2 bR
5.

3.3 TERBEHFREZR

SHBEFIRGERONREH %L Phot. 1, 2 wRT. B
Hep “%” Bk, bhall LB ch 5. HRHB
%, TXTobh?, BIEEERRECE TS, i

R AR LTL, biudPific i\ B i 228,
BOEFT L PRI T, 58RI Fig. 7 0 X 510
TELOORA. Thbb,

Ultra sonic test (UST) results of HIC
after exposure test of commercial large
size line pipes under wet H,S environ-
ment I (Synthetic sea water, H,S con—
centration >3 000 ppm). The white
cross mark “X” indicates HIC defect
detected by UST. Pipes are cut with
gas arc along the longitudinal axis.

“Gas” and “solution” mean the gas
phase and the liquid phase, respectively.

Photo. 1.

S 1Gas phase | SOMNON  lseveriy of
Solution concen— phase ¢ Note
xo tration [A B T clAalB|C eQV}ronment
>3000 | xx |y |xx | xx o] e
ppm
Synthetic 1000 | gy | — t— | xx | =1 =
sea water | PP™

100
opm |©@ @O |@ @0

3000 " o ngot
>pprn XCLxX | XX {O*| X | X e bo?rom

theti
%’r‘eﬁ"&ﬁ%‘é 730001 o |le|alolo
[

Pure water

:Non crackin : Cracking less than 5 points
Mark of evaluation %:Smcll .crock?ngo X:Crcck? at the scale
XX : Cracking ground” location

Severity of environment : mild severe
-

Fig. 7. Result of one year exposure test of large
size line pipes under wet H,S environment.

— 109 —



438 & & S 465 4 (1979) ®3F

(1) H,S i 1000 ppm (K H,S 4} 0.35bar)
P bz, HIC 11, NEABOKRERADLTLERS
wHEETD.

(2) BEmca—5 4 v/ 3hicEar, HIC i
R Lic OWEBI D D, Fio, KMETH, @AKEOL
BB ANE D, Koy D ESR B SEL T, HIC 3%
AL .

(3) H,S j&Ee 170ppm LIF (KAH H,S HEK
0.06 bar) <1z, HIC 13,13 & A EFE LinL.

(4) axr—no HIC FEHREIAD DRD.
L, EflcbhicaRr L i, BESGFCID
THOF LR ROERTES. ATHEK+HS OB
i, &4, WAEt BRERT 3 & A RO bhis
V. Mk +HLS oBaiiy, WA TEENRN S B D5,
SH IR,

(5) MFHEGIT X 5bIVHEHR? D, bihU&x
PEDAESRBRALE L, SO MME T 1/3~1/8 W
W : SR OIE) LB TIV. ik, BEHEKER
FrebhhaEr®® 1 1o T, FEEAHN o HIC &3z
PRt LSRR E X —&T 5.

Photo. 2. UST results of HIC after exposure test (6) @ERHA, B, CGHfo HIC it
of commercial large size line pipes under 3 I R — o HIC 2 =0, A
wet H,S environment [[ (pure water H,S BHOR S, sy ‘\/ ?_ . BIEAR bR AN
concentration >3 000ppm). L CH & BT, AECR~IRER SRR bh

AT EERBER EWIR LT 5.

Table 3. X-ray diffraction analysis of corrosion products.

- Sampling . Identified materials(®W
i Environment Durat =
Test| phase of af]t-lg :g;: Fe.0.|aFe.0 Fe.O FeS Unknown diffraction
! Solution Concentration | €orrosion finishing Fe, O, FeO fz]—]f 02 3 1'91_ PN .T C(z) s | (Macki- FesS, S line -’
| =ou of H,S (ppm)} products 2 2 2 nawite) d(A) Intensity 5
Gas m |None/m| w/m [None/m w l m ‘ w/m w,im — ‘
Saturation  |[——— ;
Solution s None/m| w/m {None/m w | — 1 w/m w/m — )
» | Synthetic Gas s — m ww —_ ‘ — — } — _ |
ol 1000 E— -
) sea water Solution s — s w — i —_ — —_ —_ )
2 one |
-3 Gas s s [None/m s m w ‘ — m m — ‘
P 100 month ; (j
g1 Solution s s |None/m m — W — w w — '
S8 L
o N Gas s s |None/m w — — i w/m m m —
£ Synthetic - |
80 :s:’fd water Saturation | Solution s |[None/m s — — l w/m w None/w —_ >.’
= |
Q - o 1 e o g
3 | crude oil 0il s s | None/s l ww — — None/w - - — A
Gas s None/m] m — |None/m| None/s | None/ss m —
pure water'| Saturation -
v‘ Solution H None/m | ww/m —  |None/w | None/ s l m w — A
| Synthetic Solution | right after — — — — — sss — — —
sea water . .
2 E0.5% Saturation P bt of e
£ ¢! ch.coon olution | right after | www — — —_ s's - — . wwW
B0 . . . . _ _ 1.92 ww
N §< Synthetic . Solution right after ww Sss - folhers(ﬁve) www
| sea water Saturation olutio “Frer one - — — — — s _ " —
week W
Note (1) Intensity of X-ray diffraction line ‘

sss : very very strong, s :very strong, s :strong, m: medium, w:weak, ww :very weak, www :very very weak
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3-4 YHREHER

3-4-1 HNHEHOBEDIRI &GELERY

WEOBERTOBHIIAD I Rt b bh 5,

(1) BEEFEMOEENE  KMEOBERLERYT, W
HOLDIHANEEENEL, 7r— 7Rz Le
T,

(2) Ruh— ATHhAK-H,S BEOEA : KMHOmAL
BN BEEEREETS, FEORR, @Ay
HEUTWiew. L L, BH TS0 RIs 4k U
TED, TOMWHEIL, FLAEVPRDLRS.

(3) BERE: BReEREgafcik, AREMED
R, 0.1~0.3mm/year OEFAICH .

BRERYWOXEEITE X 5 [MELER%Y, Table3 1=
R, HRODI RN, EBREHREM &
T, RERBRMEBT 2RWBEERY CRIKRES RIS
AU, R U E LT, §iEicit Mackinawite
(FeS) MNADOLNDHDER THLHDE L, HBETWL
Mackinawite zil%, Smythite (Fe,S,) HiEd 5
ZETHhB. FeySy 1z, 70°C Lol Hy,S BT
THEETAZ EDMBAT529, ¥, BRETHERL
7~ Kansite (Fe,;Sg) 7%, 70°C Ll T FesS, w28k
H b HEIRTWABY, ek, C. MiLToN 12 L h
¥, Kanisite |3 Mackinawite rF U CH B3, =Dk
51, FREBRBABRMIC Fe,S, AT Shi-nix, Rk
MEEE ORE LH OFREMIH 525, WA LRD bR
foz &k, BIELRASOZCIRBBNESE . T, 5
HIRTBINIC FesOf & FeO XD B b DI,
BREAr — L OBRERZEWRLTVS. a, B, r-Fe,0;
-H,O BXO'S o@D b 501k, REBRETER, X EH
Priwhn % ¥ OB FcER LIcbo LB bR
5. FeSHmbxh FeOp & SuANTBHZ Lk, 7
KX bambiIT %22, Table3 it 5 EERENZ
ERLICBEERYORBEREO SO L, —BRRAR
DD EHERCEIZ S SR EIRS.

3-4-2 HIC 0k

HE, BSREOBEWHRE CHE Shi, HIC 4
B, HIC BAEDIWEFIE LT, UlRELfTo
TR, MRA, Bobhix, F& LUERZEEHERC
WOTEEL TS, Fi, IVAFr—A7nEDBFIES)
Bickb, bhoRFE LW WEIIELTY, N E
Wk ot RIRAEREEB O BB LTV D2 Lot o
To. BERM G, (ERZERESC B b,
NEWRITC I 5N ETH DD, 7=71 FPRRDb
ez, ffbhiBobhs, ZoEEL, AR
» HIC z2owW, T TrFE LI-L S5, fERMR

o P2 AMTHB LB EELZLNDY®, BT
B CRE oS IRRRGEER, YIRFREE T, bhuke
LA EBE IR DTk,

3-43 ER7VAX—-DFLE

AEO M, B, Co L hfiEC, ATHE
K+H,S A, MK+H,S fafio X 5 It T T,
photo 3, R T X I, BERT VA% =DV 5. B
BEDOKABAD L Sy, 20Xk 7 Y Ax—
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Photo. 3. Large size blister and SSCC due to in-
ternal pressure by hydrogen.

(a) Large size blister of Steel B : pure
water saturated with H,S,

(b) SSCC developed on the top of large
size blister of Steel G : synthetic sea
water saturated with H,S,

(c) Cross sectional view of [b] : SSCC
at the top of blistering and
HIC almost completely penetrating
through thickness direction.

— 111 —




440 $ X W

% 65 4 (1979) %3

Synthetic sea water
(H2S: saturation)

A
10mm
Synthetic sea water
(Ha2S : saturation)
Photo. 4. Propagation of HIC near the longitudinal

welded portion. B-1 is the example of
crack penetrating to inner surface at the
vicinity of the longitudinal welding. B-2
corresponds to the initial stage turning from
the straight crack to the step-wised one.

Photo. 5. Optical micrograph of the cracks near
the weld portion shown in Photo. 4-

B-2. (G.B. : grain boundary).
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