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Behavior of Line Pipe Steels under Cathodic Protection

Synopsis :

Komei KasaHARA and Tsuyoshi Isowaxr

Hydrogen stress cracking (HSC) susceptibility of various line pipe steels was evaluated by means of
a slow strain rate technique (SSRT) as well as a conventional static load technique (SLT). Effects of
strain rate, temperature, pH, applied potential, applied cathodic current density and hardness on the
HSC susceptibility were made clear. The results obtained are summarized as follows :

(1) The results obtained by SSRT were quite analogous to, but more quantitative than those
obtained by SLT. SSRT was proved to be quite a pertinent technique to evaluate the HSC suscep-
tibility of line pipe steels being classified into go or no-go categories.

(2) The HSC susceptibility depended on the strain rate with highest in the strain rate region of
10-5 and 10-7 sec~! and decrease in the higher strain rate region.

(3) The HSC susceptibility depended on the applied potential increasing with cathodic polarization.

(4) The HSC susceptibility increased markedly with increasing current density of up to 2mA/cm?,
but was almost constant and highest in the region over 2 mA/cm?,

(5) The HSC susceptibility was not affected by pH in the pH range between 4 and 12, while
increased markedly with decreasing pH values of less than 4.

(6) Hardness was a vital factor ihfluencing the HSC susceptibility of line pipe steels. The criti-
cal value, below which the steel would be free from HSC, for each line pipe steel was Hv=260 for
API Spec 5LX-X65CR and QT, 265 for X60CR, 220 for X42 and 240 for JIS STPY-41.
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Table 1. Chemical compositions of line pipe steels tested.
Spec. Grade Chemical composition (%) Hardness (Ii_lv
C si Mn p S (as-received)
API 5LX X65CR 0.17 0.38 1.32 0.014 0.009 . 180
API 5LX X65QT 0.11 0.29 1.37 0.015 0.003 185
API 5LX X60CR 0.14 0.36 1.19 0.028 0.014 176
API 5LX X42 0.27 0.40 1.22 0.025 0.015 143
J1S STPX-41 0.19 0.31 0.76 0.023 0.019 152
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Fig. 1. Schematic of the test apparatus. a : test
piece. b : Instron-type tensile test ma-

chine, ¢ : Pt auxiliary electrode, d : buffer
solution, e : N, gas, f, g : circulating wa-
ter inlet and outlet, h : thermocouple, i:
to a galvanostat.
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Table 2. Buffer solutions

Solution pH
0.1N H,S80, 1.0
0.3N H,S50,+0.2N CH;COONa 1.8
0.16N C;H;0,+0.08N Na,HPO, 3.0
0.061N C¢H,O,+0.077N Na,HPO, 4.0
0.06N CH4COOH +0.14N CH;COONa 5.0
0.081N Na,HPO,+0.026N KH,PO, 7.0
0.24N Na,C0O;+0.08N NaHCO, 10.0
0.1N Na,HPO,+0.043N NaOH 12.0
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Va AKXy FRERL, ISR INCESLOT, HAROT
T 24 B OFF v+ — O&{TOH. i, BEF»LO
REAR, BROMBHEY B E LT, #ME 99.99% Ol
WRHF A%, BIT 100ml/min TR EXAALL. BRO
BEx, ERAEREBYBLICKE2LDY v v b
AT Ao L xy, £2°C il LC. B, E
v — ATE IR BB L, RABRTHE 20 ¥z 30
kg CHIE L.

3. R B & R

3.1 SSRT & SLT OHE

Fig. 2 3, HSC @ZHom X kfEH%, SSRT ¢
SLT ThRR LB RERLcho T, HSC R3%
tevx, SSRT ofAWiEIAER (LT ROA), SLT o
BEBAIGS (500h) Tt L THs. #EAM X, X
65CR, 3 pH 3 #Ef#jHK +50mg/lAs;Oy, EHEE L
10—t Th%, SSRT oOHf, ZZKPTIHEIIIH
FiZohT 75% b 60% ~&@Benicfd* Re
TWiciid o ROAD, BBERT +— V2T L, £
BEE®T ROAD 10% LT B+ 580 Trl,
Hv 260 fI R BREHOSETHRNABER T3, —7,
SLT cBohicERE R L, Hv260 LITCi12, &S
BRSO SEWAEM I T B LBy ReTuvic

FREGHH, Hv260 % 55 i LW Y LIL U,
Hv400 <X, BEESIERED OBIZ 1/5 Lv-5 L5

fe, B ART EH (Hv180) oFERIEHLLT DG
NOTTHEHI B OT 5., ZD220REBEHER X
STEBORI-EED K »5, SSRT wihBohs
ROA~ FEX0 BfRcEID ROA 0ZFREIDH T
OFFE XK T, AL HSC gz g bR LT
LExwEE2BRS. Ei, Z ORRIT, “SSRT I,

] o 20
Slow strain rate test (10°€ sec™)
<4
70 9
g of g
g °
s s
° .l 3
8 s -Lo§
§ -4
&
o}
150k Static load test
/4
uTS in air,
’/
//' _-o
= 100} »
E -~ ‘p’/’YS in qir
~ -
> -
& o«
o 500h critical " stress
o Lo . . , .
%0 200 250 300 350 400 450
Hardness Hv
Fig. 2. Comparison of the results obtained by
SSRT with those by SLT. Solid lines
stand for results obtained by cathodical
charge at 20 mA /cm?, pH 3 and 50 mg/1
As,O4 as cathodic poison.
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Fig. 3. Effect of strain rate on the HSC suscep-
tibility of X65CR as-received and as-
quenched materials at 10 mA/cm?.
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Fig. 4. Effect of concentration of poison on the
HSC susceptibility of X65CR as-quench-
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Fig. 5. Effect of hardness on the HSC suscep-
tibility of X65CR in the solutions with
and without poison at pH 3, 20 mA/cm?
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200 mA /cm2 and 10-6 s-1,
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Fig. 7. Effect of temperature on the HSC suscep-

tibility of X65CR as a function of hard-

ness at pH 7, 200 mA/cm? and 10-6s-1,
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Fig. 8. Effect of cathodic current density on the
HSGC susceptibility of X65CR as-quench-
ed material as a function of pH of solu-
tions at 10-6 s-1,
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Fig. 9. Effect of polarization potential on the
HSC susceptibility of X63CR as-quench-
ed material at 10-6 s-1 as well as on the
current density at pH 7,
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10. Eﬁ'ect‘ of hardness on the HSGC suscep-

tibility of various line pipe steels at pH
7, 200 mA/cm? and 10-6 s-1.
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Effect of strain rate on fractograph of HSC-tested X65CR as-quenched material, at

pH 3 and 20 mA/cm?2.
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Photo. 2, Effect of hardness on fractograph of HSC-tested X42, at pH 7,20 mA/cm? and 10-6 S-1.
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Photo. 3. Microfractographs of X42 as-received material as well as Hv 360 material HSC
tested at pH 7, 20 mA/cm? and 10-6 s-1,
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Photo 4 Rows of microcracks on and along the
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Table 3. Maximum allowable hardness for HSC
of various line pipe steels.

Max. allowable hardness
Spec. Grade for HSC (Hv)
API 5LX X65CR 260
API 5LX X65QT 260
API 5LX X60CR 265
API 5LX X42 220
JIs STPY-41 240

Fig. 10 2"B885 1 v -2 7HEOX HSC HEE
REX KDL, Table 30X 50k, 54 v.i4q
THRETCC DX SR L BTN O D BT,
—F 2Ry rBIOCBEHTHLEND, ThHOFX
OB Tz i, HSC BBiExhsiz¥Th
5.
SERD b e B D FAEBAE X1, Hv 220~
265 O EchH B, “hbix, AGA BREIEHELTW3
BHN 360(Hv 380) X niza»ic{E<, TtL A NACE
PEALHIE B REN TR T HHEAMAES L LTHE
LT3 Hge 22(Hv 247)'2 ZEF LT 5. = U3,
SEORBEMED, TLHIG B RSN EZ MO M4
e & hdTEL, BEFREINCTEIER S 1 v
ATREIPNTOAEEC L N3 &, B U 3B
ENTVWBZEICIDOTWBEEEL LD, EBEET
Tk, f4x OFRFOMEEDE,I B TRLTEMA
T e, WThofEd, Hy 330 i@ S |EBRIK s\,
BEOSFH TERLER EFERTVWELDELELLAL
Lo e BEBKRESEYE TS, ZELVHIA—AF+4
FRREINWESER R LD E, O2A%EL R L, &
EE bR ALY FARBRESL LTHEATS AR, Lok
LflofEEs 512 5o titich 5. Toks, AGA, NACE
WA OEEI T, B0, E—MBRAEEHN
RES R TWch 0, KOKERTE, MESLCE
FELODTHTRTHS Ei, EHEERARETS.

4.2.2 4#Eh HSC & 28 HSC

4E® SSRT k% HSC M oM, BER
LRBOEEFETHS, IHVHBEREEDOT TiIbh
b DTHBHIdD, TITHLhDESHIL, HMTER
FAVARATHREELEEL, BEBHAEIATVIRED
TTHNTEKDLEZUE TR DTV LAEEREN LS
B, TOEEEEELTHRS.

37, LEPTREBHAEIRTWIREES 1 V31
7 LT, HSC MBI 5 AkRIRTHBKENEDOE
EEEINDINEVCSBTHLHY, BRFA V347D
BefEpi &Y, off-potential (43EER) & —1.0V vs.

Cu-CuSO, X9 RT3 & TREREREIND X
5ILish, TORBLEL INDHFREBMEER, HARE
WMHrEREBECRATHEHTHD ) FTAROEEEFITE
2T, 0.0lmA/cm? THB®. Z LT, ZOR,+Y T
TEHD T A v FTROBEHEMCHETT DAY — F
RIG, BHFEBREOEITRIG.
2H,0 + O, + 4¢-——4 OH-

TH2T, OH- A%+ v+ 57, pH 2 LEW
TERL, OEECTHTEEEY. ZOBRHFHEDRIT
RIGDBEC P bTKEOERIZS S 2, Thic
HEEINLPRBMZS S HTNT, £RTHKEED
i, BIREYFELRT TR LV ENLLELIE, BAE
MBEIZRE T U Lk, 1mA/em? 2R
Trowiesd s, BEBEFPHEELRL IR TLEY,
KROGEC X BKBOERYEIDH 7 — FRIGE 8D
T<{ %1%, off-potential | —1.35Vvs. Cu-CuSO,,
PH 3z 18redich, BMARKENFEETS I kD
THRBY. ChHhvbd5BHRORIETHS. BHA
DRAEIC LD &, BIRBEE OB LRFEOREI I
¥ 5% &, Fig. 8 T, HSC gZ 232 mA /cm? TR EfE
CHELTVWAZEE2LHHETH, BREMEE R
I mA/em? PUTFOKEK fiFTXETHY, Zhii
SFLTwhE pH dE GBI B KEOE DA v
DT, HSC REZHIRASBEMEIhBLZ Liciss.

LiL, ERRELEEOBHREN, Y FARFEA
LicELTh,

(1) &Y FAoETK HSC BZHEo S, BVW-H
AR LT\ B RERIZEL

(2) Y FA1L, BELI>REIT/Fed, HSC
R TEROAVERChI D TKELNRBE IS Z &
Piges

(3) ERFRABRTE, RBAQEE,» HKEOHLE
S TBN, EEDS A 4 7 TRAE GFHE)
KarbfeShaicsd, #itshskFEoRmL 1/2~
1/3 ey, ChiHRIGELT, BAAFGIT 50% &
EERT 5

EWV S XSRS I B 1, HSC @iy, ©
ITHEWEEMEINhD EELTIv. b, 18P
ik, BFRABHGFRARCREDORYT D, b
DHAEEIHEVEEL TS LT, Bt EdrsE
LETHHBERTT 77V 712X b £5T 5 HsS, FeS
CHWEEBRLTEHETSThE, L, HSC oxs
LB THEBRERLVWSBRE IR TES,

ScHwENK (3, X BFHEHINTHEEI R 54 V-4
Fiewid s HSC 1z, #Kikt#EP T FeS 4R L,
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A d

el EFICRT 5514 vAis 7REO%D 381

pH 234 LIFefes X 5 A +onEiiigax LTw%
BEOLEL 5 E LTWBENY, SEELNCE
A REELST—FKLTEY, B THELLHAR
REI%#HTL, BEAVSALDBREBHARYIEL T3
Ry, HSCHRZ B2 LRV THH S -

5. #%

a5 4 v FHHO HSC gZtk% SSRT ¥
LUt SLT TEHMEi L, kOBRXEL.

(1) SSRT wiv#Ebhs HSC @iy, SLT
THELRLBDE ILSHIELTV50, EEHEORTI
IoERTxH, @ HSC 2 505 nBnEHET
Loy, fEdE, REMEOSTETCERCERFE
Thb.

(2) SSRT wix» HSC REFHRIELEEITKET
LT3kb, 10-8~10"7s7! LITTRIEHL, BLEEN
KELILBEONTEASTS.

(3) HSC RFHIBRBMEEBRBECKELT
B0, BREEENELTY Y — FOEIHETEEAL,
2mA/cm? TERED VA IEET 5.

(4) HSC gaztiy, pH 4~12 Tz pH wind
BIE—ETH A, 4T TIRREBCEL D, ¥,
LA FEET D &, TORRHAILTRTE G o
555, fEEsm Td HSCiigs 5.

(5)@ X2, HSC ReMrRmI NS KETHIERT
TH5.

(6) API Spec. 5LX-X65 CR, QT §fi Hv 260,
X60 CR Bz Hv 265, X42 @iz Hv 220, JIS
STPY-41 §§Ci3 Hv 240 L\ 3 & 5 7cxt HSC &
RAFEISFETS. #AOEI 2 h Tz, HiE
UL OREBBREZBL VAR, HSC 2z 5
BT Etinus,

Bbhi, ARROZETHlch, EHEEF £H
%, AR, RIKE, BEA=SHTFOSELOH 4 $ER

o

HHEHBIWI-Z LRI IREL, B#HOoEXYELET.
Fio, ARXOBERYHT IR, FHRF X ER)HEfTH
RO AEXFRCE S #HLB LET 9.
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