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Effects of Rolling Processes and Heat Treatments for
Linepipe Steels on Hydrogen Induced Cracking
H.Y. Liou, C.M. Liao, and J.L. Lee
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ABSTRACT

In environments containing sour gas, hydrogen induced cracking (HIC) was one of the
most frequent fracture problems of a linepipe. Candidate steels for linepipes must have good
corrosion resistance for HIC in addition to excellent mechanical property. The effects of
different rolling processes and heat treatments for linepipe steels on HIC were investigated in
this study. The experimental methods were performed including immersion test, hydrogen
permeation test, and microstructure analysis. Results showed that the HIC resistant ability of
steel from various manufractural processes was decreased by the following sequence : high
temperature temper after quench, normalization, normal rolling, low temperature temper after
quench, control rolling, and quench after normal rolling. The main reason was the variation of
initiation sizes for HIC. According to the data of diffusivity, permeation rate, trapping density,
and MnS inclusion aspect ratio, it is possible to predict the occurrence of hydrogen
embrittlement.

Key words: HIC, Rolling process, Heat treatment, Inclusion aspect ratio, Hydrogen trapping
density
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RIBEE - PR S A BREZH,S » Bt
M EReME , RHE S FEHM LS5 (Hy-
drogen Induced Cracking, HIC)FIHR /LY FE /1 /8
EHAE 2 (Sulfide Stress Corrosion Cracking,
SSCO)F EMERIE™ - AW EMRAMKR T EEM
ERCEBEEES , REFMFAHICHSSCCEE
R AT B -

WM EEE AR , RETRRME - B
RGHERR ) BREETREMABRES -
—HRME, AHAHEBERRT 2R ERFELE
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Table 1 The rolling processes and heat treatment conditions of the experimental materials.

A5 gifE RT (°C) HT (t) FT(°C) wal AR b
Al i #HL AT 1150 3 770 2y

A2 EHEL I 1050 3 770 =5

A3 i EL 4T 1250 3 770 2.

Bl Bl ELE 1150 2.5 770 =

B2 EHIELE 1150 3.5 770 Eate

Cl BT 1150 720 2%

C2 BHlELE 1150 3 820 =g

R EREE 72 _

N EEHEE Z2y EH{CRE
M ERE KB -

T EEHE A 450°C * 1hr
T1 EEELEE I 550°C * 1hr
T2 IEH HLE pi @0 650°C * 1hr
T3 IEFELAE A 750°C * thr

#:RT=Fle#iZ & > HT=FEEE  FT= %85
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Fig. 1 The rolling processes and heat treatments of the experimental material
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Table 2 Experimental conditions of HIC immersion corrosion test.
H val
Solution pr e Stress Test | Time | Temperature H.S . H.S
~ | Befote Test | After Test Concentration | Flow Rate
BP 8.2 4.8-5.4 None 96h 25+3°C Saturated 10cc/min. /!
NACE 3 4.0-4.5 None 96h 25+3°C Saturated 10cc/min. /!
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TM-02-84 B #E , FHIEBMH.SE A L#E
& ( BPYAWE ) B5%NaCl+0.5%CH,COOH
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Table 3 HIC test results of different process specimens in BP solution
Specimen CLR(%) CTR(%) CSR(%) Degree of Dimension Number of
Number (1) (2) (3) Blstering of Blister Sections Cracked
(4) (mm) (5)
Al 0 0 0 N-VVL 0-0.8 0/9
A2 0 0 0 N - 0/9
A3 0 0 0 N - 0/9
B1 0 0 0 N-VVL 0-1.0 0/9
B2 0 0 0 N-VVL 0-1.0 0/9
C1 0 0 0 N --- 0/9
C2 0 0 0 "N -- 0/9
M 31.58 13.33 2.00 VVL-L 0-14 9/9
N 0 0 0 N - 0/9
R 0 0 0 N - 0/9
T 0 0 0 N-VVL 0-0.8 0/9
T1 0 0 0 N - 0/9
T2 0 0 0 N am 0/9
T3 0 0 0 N - 0/9
Note : (1} CLR = crack length ratio

2) CTR =crack thickness ratio
3) CSR =crack sensitivity ratio
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Fig. 2 Schematic diagram of apparatus for hydrogen
permeation measurement
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5) X/N =X sectioned faces out of a total of N sectioned faces examined showing cracking
6) The pH of the synthetic sea water is 8.2 before test and 5.3 after test

7) Before exposure, each specimen is degreased and cleaned with detergent and acetone

8) Test method as per NACE standard TM-02-84
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Fig. 3 Appearance of conventional and Cu-bearing
steels after 96 hours immersion test in BP
solution, (a) surface blister, (b) side surface
crack
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Table 3 HIC test resulis of different process specimens in NACE solution .

Specimen CLR(%) | CTR(%) | CSR(%) Degree of Dimension Number of
Number (1) (2) (3) Blstering of Blister Sections
(4} {mm) Cracked (5)
Al 26.65 6.71 207 VL-L 0-2.2 6/9
A2 26.32 9.92 3.15 VL-L 0-6.8 6/9
A3 35.47 11.67 2.62 VVL-VL 0-2.0 7/9
B1 44.67 13.65 4.41 YVL-VL 0-3.0 8/9
B2 86.4 18.56 8.77 VVL-VL 0-2.0 9/9
Cl 63.25 14.29 4.82 VVL-VL 0-1.7 9/9
C2 46.13 11.03 4.37 VVL-VL 0-1.7 8/9
M 83.89 28.07 6.71 H 0-4.1 9/9
N 7.41 3 0.77 L 0-1.8 1/9
R 14.28 3.58 0.73 N-VVL 0-1.4 4/9
T 17.9 3.18 0.51 L 0-6.3 6/9
TI 0 0 0 N-VVL 0-3.2 0/9
T2 4.66 0.82 0.13 VVL 0-2.2 1/9
T3 1.86 0.37 0.06 N-VVL 0-0.9 1/9

Note : (1) CLR = crack length ratio
(2) CTR = crack thickness ratio
(3) CSR =crack sensitivity ratio
(4) N=none, VVL = very very light, L= light and H= heavy
[5) X/N =X sectioned faces out of a total of N sectioned faces examined showing cracking
(6] The pH of the NACE solution (5%NaCl+0.5% CHsCOOH) is 3.0 before test and 4.3 after test
(7) Before exposure, each specimen is degreased and cleaned with detergent and acetone
(8) Test method as per NACE standard TM-02-84

Cu-bearing Steel in BP Solution
— i : Cu-bearing Steel in BP Solution

Cu-beariné Stee"l- . in NACE Solution Cu-bearing Steel in NACE Solution

(a) (b) lem
& 4 InSEFMAEBP B NACE G Hi2 906/ B 2 3t B 4188 (a) RIS » (b)fH 24k

Fig. 4 Appearance of Cu-bearing steel after 96 hours immersion lest in BP and NACE solutions, (a) surface blister, (b) side
surface crack
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Fig. 5 Effect of reheating temperature on HIC
resistance of a steel in NACE solution
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Fig. 7 Effect of finishing rolling temperature on HIC
resistance of a steel in NACE solution
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Fig. 9 Effect of temper temperature on HIC resistance
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Table 5 MnS aspect ratio and ferrite grain size of
different process specimens .

A REL ASTM No.
Al 17.11 11.1
A2 29.43 11
A3 17.22 103
Bl 22.04 10.5
B2 30.81 10.6
C1 23.06 10.7
C2 25.2 10.3
M 26.41 -
N 14.91 9.5
R 22.15 9.4
T 14.31

TI 12.95

T2 14.71

T3 12,39
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Fig. 12 Schematic diagrams of effects of (a) reheating
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Fig. 15 Hydrogen permeation curves of control rolling
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Table 6 Relationship between hydrogen parameter and hydrogen embrittlement of different process
specimens.
2 B ZHELE EFEIE KB P K% 8K

D.r x 10° (1) (cm®/sec) 6.34 1.81 1.37 4.4
D.yx 108 (I} (cm?/sec) . 6.01 6.42 1.32 3.83
Jx L x 10" (1) (mole/cm x sec) 14.32 16.14 8.88 11.57

T x L x 102 (1) (mole/cm x sec) 18.36 14.82 15.98 17.17

N x 107 (I) (mole/cm?®) 7.53 29.72 21.61 8.77

N x 107 (I) (mole/cm?®) 10.18 7.69 40.35 14.94
HIC (BP, CLR) 0 0 31.58 0
HIC (NACE, CLR) 26.65 14.28 83.89 4.66
MnS aspect ratio 17.11 22.15 26.41 14.71

SEBBBRREERZ FREE - ABAGRE
WEREARFE  RENEES  BERREE 2B
BETF . BPASTRIRKEAL . HEHER
Al §XEARSETRERFREHATH
o, BHREIDLEEZR ) RIMERMAE
R650°C E XK ZT2HEH » MAIRREF ZDeff
RX, REFEFRR, g AERESERBEBRE
K> T5EEMM R ER > EEMBZD..A
B > BB IESE 2 RIEF iR ATE B2 BB
HEHEEY o

YEZR/N s EE—RCHBBRFAHECH
B, DMEIR/D, BRI RiecketH 584
e, MEZREHAMBRATEZYHE Al 4/
REERTKR, BRtEel , HERSHENL
BRBERM -

FEYERDL I EHNGE , SHEFEL
MHEEKX » T2+ ATRREIE/D » M3 B H &
FBHBEERSNERENE - BREENER
BEMERE -~ RRERAB , IBINESR
{LERAR, REE—-RZBZINER29.72 %
1077 (mole/cm?®) » E_RABNEIRES
7.69x 1077 (mole/cm®) ; RZ » MBI —RAE
ZNfEE21.61 x 1077 (mole/cm®) » 55 = REABAD
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HEINZE40.35% 1077 (mole/cm?) - EXMEZER
ZIEA , RERARF —FIEEEFE W kA #
SHENVE > BRE—REARR , LAY LHE
NERESHER , BERTHARELEFTNESE
&, BEREDeftE I, TINE T - Z—HHE >, M
KIFEZE RS RBIEM , FETEBINE » KT
RERFEENMFBESZHEME (FHM
Crack ) » FERENEREEMN , KL ERARH
S ZBET

()L 8 S 758 T A B BEHT A B e

RBEABBRME > CLREX/NZHEIIIE
FFRQHT ( 550°C A EEA ) <N (IEEL) <
RIEEH L )<QLT(450°C A TEHK)<TCR
(BHELEE ) <M ( [EFELEHRAE) , ARl
BEEENEYERERSESSE , nHRER
SRR EE—FEE (R6) o HEFHTHM
AR ZCLRERS (83.89% ) » fHHHEEHE
FEEREMoSTEYRELNER « EERRHM
PIHICEES) » RIFTHRBENE RMnSREHZE
F o FREBRBYHICZ RIEHE » FIa0insGE
B, ENA] RN EE AT o
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1. EBPHERF » ATERF LIERELEHAKEZ
MEEERECLRIE (31.58% ) » HEREH
CLREEHE » BURIMAMAEBPE R TE &
EZHHICHEE , BEHHEBEMEZRSRRE
B , (MEBREHICZHE -

. ENACEB®RH , BEEMBAREAS »
CLREFEMZES ; HHELLEEE » B3t
holdingZ CLRIERIK ; M REEBEZEE ,
LA770°C e BLEER BIR K2 CLRIE - B = (A%
B2HYT, UhHEAEEEEERL , &
AU RRE - BERBETUMiSHEDE
B R BRSNS B, ERHICKER
iz B BV R ER R o

CEKBEABEAKE  TAIERELCLRIE , 7
BEZ R AEMaSTM EMRELBUN « ZHE Rz
AEERE BB SEabER -

CEREBEHET, SHICK D ZHFIERFS
QHT ( 550°CLA E[EIA) >N ( IEHE1L ) >R
(EFEHLE) >QLT (450°C L FEK)
TCR ( BHIELLE ) >M ( EFELIEHAE)
B ER FEFEREHICZ BIAE
LHEER -
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