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Abstract : In this study, the fracture toughness of API X65 pipeline steel was predicted using the small punch
(SP) test. The SP tests for conventional and sour-resistant steels were conducted in air and in hydrogen gas
environments. In air, the load-displacement curves of both steels show a gradual load drop after reaching the
maximum load. In contrast, under hydrogen gas environments, the load—displacement response exhibits
intermittent load decreases and load-holding behavior after the peak load. The fracture mechanisms observed in
the tested specimens indicated ductile fracture in air, whereas a combined ductile-brittle fracture occurred in
hydrogen gas environments. Fracture toughness was estimated using an energy-based theoretical equation. The
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required input data for the equation include the SP test results and the tensile properties of the materials. The
tensile properties were determined through finite element simulation of the SP test and validated against
platetensile test data. In air, the sour-resistant steel exhibits lower fracture toughness than the conventional
steel, while in hydrogen gas environments, it shows superior resistance to fracture.

Key Words : In-situ Small Punch Test, Sour-resistant Steel, Hydrogen Gas Environment, Fracture Toughness
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AA EARTE oty 549 FAAA Wte] 2 HASSIh AFHer 37 &4 diH a4
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Zlge| map gekxn, 7|& Ao A= API X42 A3o] AFgE B API X65 73 A=,
2 X70 dH AAE HFeR paddel o et A (conventional  steel)@}  Ujsour A
FHAdE Feta, EF O AF AR (sourresistant steel)7} xqggoaq Wsour 744
Hlaskel 1 Bl HS skt ol ZFAol| Hla| Xo Po} SO AL molth
& AFolA= SP AldE &85t APL X65 = gyao ﬂil—}_/\ég Table 10] Sokx|oich.
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of w2 wHAAY Hass AFH2RE FUISL our s Ak Ao vl we FERpES
2 ARG Aol Z4A Fig. 12 SP Al woir}
o 76k B39l of|& AXE vERd Aot SP SP AL T A 7FE 10 mm, A2 10 mm,
A 57 8743 5 MPa B 10 MPa2] A2 31 =z 05 mmz 9folo] #E WAooz shEE9]
oF ool sYEH o, IS5 S5 o Fig 25 insitu 22AA S AL 7153 SP A
Aot vhd WEe S8 A" 23E & 719 g2 g Zolth A8AHS AR tho|o}
g BAstch AR A A VellA At Hum o] Aolo] nAEM, FA =3 dx @
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—| Small Punch (SP) test in air and hydrogen environment |- 0.2 mm/min&, 28704 = 0.004 mm/min & =
- Air and hydrogen environment (5 MPa, 10 MPa) AAE T AE7] WEE 3087 0.05 torr ©|35)
o~ displacementcurie o AF AR FASt] BF SpAae} $EE @

- Fracture pattern (mechanism) —

'| Determination of tensile properties using FE analysis |'

"p - Yield strength: o
_ . 14 g
oc=0,+ K p (5 p) ) y
- Material constants: X,,, n,

- Validation: experimental load-displacement curve vs FE results

A4

'I Prediction of fracture toughness using theoretical equation |—

r 7 . N2
g, = w . ) ol PE{ry+ig )
Ie = 2*77L

2zt e (1)+H 2
- SP test data: SP energy ()), deflection (H)
- SP test apparatus data: ball radius (r,), die radius (), thickness (r)

- Tensile properties: stress coefficient (o), hardening component (1)

Fig. 1 Flowchart summarizing the procedure for

predicting fracture toughness
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Table 1 Chemical composition for test steel (wt%) 3] AAsACE o]F AlF AlF A 308 Fot
Steel C Si Mn P S

99.99%9] $=A47FAo] =E2A7] T AFS £}
A<
T

Conventional | 0058 | 0247 | 1343 | 00094 | 00009 | - S =S AR AR Akl A APIE
Sourresistant | 0.040 | 0250 | 1250 | 00050 | 00005 | A=l @&l wlAA ghe Aztolch Y
Fig. 32 37 9 5ol S48 P A
o2 T&% API X65 4yl 7ot YWsour 73A <]
S5y HEE gehd Aolth. F/1BAeA

Table 2 Material properties for test steel

Elastic limit[YS (02 %)

ot | E p . EL | RA | »n T ARE AEHHoR 5o TUistdon, H
tecl o 3 i}
(GPal | [MPa] | [MPal | (% | [ sts olFole FAAAQ st At o]F mpEo]
2} %] o 2 5= o]3
comer | mp| 4 s | 465 | 60 |ons| HEES W, eafF AN A5t ofF
o o | % o) SAEAY RRA Fash e,
rssan : b2 e EEE)0] AR
Fig. 4@)¢t (b)= 571 % 10 MPa =2 H7 o]
2500 : : k : A = 7R o] SP AW wHe H|m3t AHolth &
X65, RT, Conventional steel o I = = N ; ;r
AR BE 37 FolAE A4 vheo] B4 o
200 Air (0 MPa) F e ol waAHUch SAT 10 MPa 524
A ARelAE AH-AY B eom 8 4F
= ekEnh ofyet whg WeF dEo] A AR
S 1000} SMPaH, 1 ok 2FHA] AloA YEtde W W 42
Sz o 22 Agtuoly e 2L A4 ARH B
500r 1
10 MPa H,
0 . . . . Sour:resistant
0.0 0.5 1.0 1.5 2.0 2.5
Displacement [mm]
(a)
2500 : : . .
X65, RT, Sour-resistant steel [
2000¢ Al (0 MPa) 1 ik @ircumferentiall
Z, 1500}
=
<
S}
— 1000f
500r
0 1 L L L
0.0 0.5 1.0 1.5 2.0 2.5
Displacement [mm] s P ?
b) @:&dk €ircumferentialicrackd
Fig. 3 Experimental load-displacement results in (b)
small punch test: (a) conventional, and (b) Fig. 4 Fracture surface after SP test: (a) air, and (b)
sour-resistant steel 10 MPa hydrogen environment
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— 3000,
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= m 520000 & ]
el 80% P, 2 .
— 0 X %0 15001 W, inH,
Fracture 5 (Fig.5(b))
i § 1000¢
Small punch energyy % 500 5 6
() , = 0.
Hy o o 0 2 4 6 8 10
Deflection, A Partial pressure of H, [MPa]
(a) (@)
A Major crack growth &3 T X65. RT
ol Py / %%H’ A5 Conventional |
"g" = 24 (Fig.5(a)) [A Sour-resistance]
S| 80%P, Gas leak % s
=
(o S 0 i s
aximum 5] i B
\ A f
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(Ww)\_iH,, (Fig 5(b)
> 0.04— : : : . '
. 0 2 4 6 8 10
Deflection, A Partial pressure of H, [MPa]
(b (b)
Fig. 5 Definition of SP energy: (a) air condition Fig. 6 Comparison of small punch test results: (a)
showing ductile behavior, and (b) hydrogen calculation of small punch energy and (b)
condition exhibiting ductile-brittle behavior deflection
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Table 3 Summary of the results of small punch test

Prp W W H H,
Steel

[MPa] | [N | e | [ | [
2378 1754 | 1961 | 1.598

0
) 2426 1833 | 204 | 1.675

(Air)
Conventional 2355 1822 | 1979 | 1.677
5 - 499 - 0.931
10 - 547 - 0.998
0 2286 1746 | 2000 | 1.677
(Air) | 2236 1602 | 2113 | 1.704

Sour-resistant

5 - 637 - 1.112
10 - 588 - 1.030

Bk Fig. 6b)y= ¥7] 2 F4FHA API
X65 7ZAA e HustE 80% A WHYH)S M
sta Al WHRAUH)E AR ZAolth URE A
o} Wsour Aol ZthelE 80% a4 W19}k X
Hots A Hele F 34 25 FARSAT &
7] B b oA o x| et M9 AXE Table
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3.1 SP AlE BAIE E3t Q2N 55
Fig. 7 SP AW RALE 918 FE ajHmae
Uehd Aolth. FE sjde g mmawel
ABAQUSE o] §3to] 43} 3
A EUH AR A7 QACAXSRIE

i)
32
=
72}
=0
>,
r’l
rlo
o0

i Punch ball
(r5=1.5 mm) 2D axisymmetric
Load :
i Upper die (ZS:pOecgllll;emn)

> Lowerdie

: 2 mm

Fig. 7 2D axisymmetric FE mesh of SP test
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Fig. 8 Comparison of small punch test analysis and

experimental results for conventional and

sour-resistant steel under air condition
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Table 4 Experimental and predicted tensile strengths
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