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C.1 SSRT
C.1.1 SSRT DO=E4H|(1)
Higs - HYDROGENIUS DATABASE / No. A68(Tentative) / 2017 /

Database on Slow Strain Rate Tensile Test (SSRT) Properties of JIS-SNCM439 Nickel
Chromium Molybdenum Steel in 115 MPa Hydrogen Gas

1. MATERIALS

Table C.1.1.1 Details of processing and related data of SNCM439.

Heat Production process Product form Dimensions (mm)
BY Hot-rolled Plate %ﬁ?fﬁﬁeizg Tl;lm Width:130 mm
I e
|| Movforeed Cylinder | e Grameter200 mm - Thickness0 mm

1) Reported by the manufacture.

Table C.1.1.2 Chemical composition of SNCM439.

Heat Element (mass %)
C Si Mn P S Ni Ccr Mo
BY 043 022 082 0012 0002 181 086 025
:r:gﬁ/lg; GY 040 022 080 0014 0002 180 086 026
M 040 027 089 0009 0015 184 092 028
B? 042 022 082 0016 0002 180 086 026
G? 039 022 079 0016 0002 180 084 026
ar';:l‘;'gs D 042 026 080 0010 <0010 191 089 025
Requirements | M| 043 035 090 0030 0030 200 100 030
Min | 036 015 0.60 160 060 0.15

1) Performed by HY DROGENIUS.

2) Reported by the manufacture.

3) After the inspection certificate.

4) JIS G 4053 (2008), “Low-alloyed steels for machine structural use”.

Table C.1.1.3 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
BY Plate 8.50 C/2h, 650 °C/4 h, Air-cooled
Oil-quenched
850 °C/2 h .
1) s o _
Large-sized G Plate Oil-quenched 640 °C/4 h, Air-cooled
material 860 °C, 620 °C, Air-cooled
1) . Water-spray
J Cylinder 850 °C/2 h
) o ire 2)
Oil-quenched? 650 °C/4 h, Air-cooled

1) Reported by the manufactures.
2) A block of / 108 mm, w 320 mm and ¢ 60 mm was heat-treated.
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2. MECHANICAL PROPERTIES

Table C.1.1.4 Mechanical properties of SNCM439.

Tempering Tensile Properties Vickers
Material | Heat | Shape | Temperature 0.2% proof | Tensile Fractur e | Reduction Hardness
°C) stress Strength | elongation | of Area (HV)
g2 (MPa) | o8 (MPa) &t (%) o (%)
BY Plate 650 7382)(739Y) 867 22 66 275
Large-sized | GY Plate 640 7462(7479) 873 23 66 270
material ) 620 9252)(9219) 1025 20 62 318
JY | Cylinder
650 7662)(764%) 881 25 67 263

1) Performed by HY DROGENIUS.
2) Determined from o-¢ curve.
3) Determined from o-stroke curve. See Fig. A1-6 in HYDROGENIUS DATABASE No.68.

3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Table C.1.1.5 Slow strain rate tensile test conditions.

Type and capacity
of testing machine

Servo-hydraulic, 50 kN

Screw type, 50 kN

Loading condition

Uniaxial, Monotonic

Environment

In 115 MPa hydrogen gas at -45 °C
through 120 °C
In 0.1 MPa nitrogen gas at -45 °C
In 115 MPa nitrogen gas at RT
In air at 120 °C

In air at RT

Hydrogen gas : 99.999% (5N)

Gas purity Nitrogen gas : 99.999% (5N)
-3 2) 5 o-1\3)
Test speed ;g : 183 mmgz) E gg : 185 :_1;3) 1.7 x 103 mm/s? (5.7 x 105 s1)
E M10
+ /
./ £ /
Specimen? ;Z /
(dimensions in || ]
mm) P~ ~

1) Surface finishing was performed by circumferential polishing with 600 grade silicon carbide

paper.

2) Stroke speed or cross head speed.
3) Determined on the basis of 30-mm parallel length of specimen. 5.0 x 10 s is given
by (1.5 x 10 mm/s) / 30 mm. 5.7 x 10 st is given by (1.7 x 107 mm/s) / 30 mm. 6.7 x 10° s
is given by (2.0 x 103 mm/s) / 30 mm.
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Mominal stress (MPa)

Mominal stress (MPa)

4. EXPERIMENTAL RESULTS
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(a-2) RT, 115 MPa H,

(a) Heat B tempered at 650 °C (op=867MPa)

Fig. C.1.1.1 Stress - stroke curves of large-sized SNCM439 in 106 and 115 MPa hydrogen gas.

(Figure continued on next page.)
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(Continued)

Stress - stroke curves of large-sized SNCM439 in 106 and 115 MPa hydrogen gas.

(Figure continued on next page.)
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16

Stress - stroke curves of large-sized SNCM439 in 106 and 115 MPa hydrogen gas.
(Continued)




C.1.2 SSRT OEHI(2)
Hit . #HIXE&1 AR
NEDO /KF=F AT AR B X R B

1. MATERIALS

Table C.1.2.1 Details of processing and related data of SNCM439.
Heat Production process Product form Dimensions (mm)
Length:950mm  Width:130 mm
A Hot-forged Plate Thickness:30 mm
B Hot-forged Round bar Outer diameter:430 mm
C Hot-rolled Round bar Outer diameter:300 mm
D Hot-rolled Round bar Outer diameter:300 mm
Table C.1.2.2 Chemical composition of SNCM439.
Heat Element (mass %)
C Si Mn P S Ni Cr Mo  O(ppm)
A 042 022 081 0.017 0002 181 085 0.26 6
Product B 040 0.26 080 0.005 0.004 190 0.84 0.25 35
analysis C 040 0.27 080 0.012 0.014 174 0.4 0.23 12
D 041 026 082 0.022 0010 160 0.79 0.15 15
Requirement! Max | 043 035 090 0.030 0.030 200 100 0.30 -
q Min | 0.36 0.15 0.60 - - 160 0.60 0.15 -
1) JIS G 4053 (2008), “Low-alloyed steels for machine structural use”.
Table C.1.2.3 Heat treatment conditions of SNCM439.
Heat Direction Heat-treated shape Quenching Tempering
A Axial Length:160mm  Width:130 mm 850 °C/2 h, 650 °C/4 h,
Width Thickness:30 mm Oil-quenched Air-cooled
B Axial Length:160mm  Width:100 mm 850 °C/2 h, 645 °C/4 h,
Circumferential Thickness:30 mm Oil-quenched Air-cooled
c Axial Length:160mm  Width:100 mm 850 °C/2 h, 645 °C/4 h,
Circumferential Thickness:30 mm Oil-quenched Air-cooled
D Axial Length:160mm Width:100 mm 850 °C/2 h, 630 °C/4 h,
Circumferential Thickness:30 mm Oil-quenched Air-cooled
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2. MECHANICAL PROPERTIES

Table C.1.2.4 Mechanical properties of SNCM439.

Tensile Properties?

Heat Direction 0.2 % proof Tensile Fractu_re Reduction of

stress Strength elongation Area

002 (MPa) os (MPa) &t (%) o (%)
Axial 739 885 22 61
° Circumferential 737 881 17 44
Axial 744 880 22 63
¢ Circumferential 765 892 16 37
Axial 762 894 20 59
° Circumferential 781 899 19 53

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.1.2.5 Mechanical properties of SNCM439.

Tensile Properties?

Heat Direction 0.2 % proof Tensile Fractu_re Reduction of

stress Strength elongation Area

002 (MPa) os (MPa) et (%) o (%)
Axial 739 885 22 61
° Circumferential 737 881 17 44
Axial 744 880 22 63
¢ Circumferential 765 892 16 37
Axial 762 894 20 59
° Circumferential 781 899 19 53

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Table C.1.2.6 Slow strain rate tensile test conditions.

Type and capacity Servo-hydraulic, 100 kN
of testing machine
Loading condition Uniaxial, Monotonic
Environment In 90 MPa hydrogen gas at RT Inairat RT
Gas purity Hydrogen gas : 99.99999% (7N)
Test speed 3.0 x 10 mm/s (1.0 x 10 s1)
N
P M10 X 1.5
+
Q
Specimen® b3
(dimensions in
mm)
(18.0) | | 30.0 | | (18.0)
76.2 h

1) Stroke speed.
2) Determined on the basis of 30-mm parallel length of specimen.
1.0 x 10* s is given by (3.0 x 107 mm/s) / 30 mm.
3) Surface finishing was performed by axial polishing with 800 grade silicon carbide paper.
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4. EXPERIMENTAL RESULTS
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Fig. C.1.2.1
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Stress - stroke curves of SNCM439.

(Figure continued on next page.)
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C.1.3 SSRT MEHI(3)

HiBL

JFE ZF—L =4t

NEDO k3= F AE M AR B R RBEF

1. MATERIALS

Table C.1.3.1 Details of processing and related data of SNCM439.
Heat Production process Product form Dimensions (mm)
Length:6000
A Hot-rolled Cylinder Outer diameter:356
Thickness:62
Table C.1.3.2 Chemical compositions of SNCM439.
Element (mass %)
H
el C Si_ Mn P S Ni Cr Mo
Product A 040 024 073 0007 <0.0010 177 074 022
analysis
Table C.1.3.3 Heat treatment conditions of SNCM439.
Material Heat Shape Quenching Tempering
Seamless line A Cylinder 870 °C-80min, 635 °C-160min, Air-cooling
pipe Oil-quench

2. MECHANICAL PROPERTIES

Table C.1.3.4 Mechanical properties of SNCM439.

Tensile Properties
Tempering Tensile ] Vickers
Material | Heat | Shape | Temperature | 0.2 % proof Strength Fracture | Reduction | Hardness
(°C) stress on elongation | of Area (HV10)
0 0,
002 (MPa) (MPa) er (%) » (%)
787 928 21.2 71.3
?.eam'.ess A | Cylinder 635 280
IN€ pipe 787 928 21.7 69.4
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Table C.1.3.5 Slow strain rate test conditions.

Type a_md capacity Servo-hydraulic, 50 kN
of testing machine
Loading condition Uniaxial, Monotonic

85°C: Air, 105 MPa hydrogen gas
RT: Air, 105 MPa hydrogen gas
0°C : 0.1 MPa nitrogen gas, 105 MPa hydrogen gas
-30 °C: 0.1 MPa nitrogen gas, 105 MPa hydrogen gas

Environment

Hydrogen gas : 99.999-99.9999% (5-6N)

Gas purity Nitrogen gas : 99.999% (5N)
Test speed 2.0 x 10 mm/s? ( 6.7 x 10 s1)?
E M10
+ /
o/ 8 /
Specimen? — ! x
(dimensions in ~H
mm) i P

30.0

75%0.25

Y
Y

1) Surface finishing was performed by circumferential polishing.

2) Crosshead speed.

3) Determined on the basis of 30-mm parallel length of specimen: 6.7 x 10° s is given by 2.0 x 103
mm/s / 30 mm.
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4. EXPERIMENTAL RESULTS
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Fig. C.1.3.1 Stress - stroke curves of SNCM439.
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C.1.4 SSRT DOEHI(4)
HE : ESXHRBAREEATIRILY— - EERFTR SIS NED0) . BEEKFRA 7 SR B ERBEMHE

FS SR/ EARHEIELICBEH S E AR/ F -G KR FEHHEEDORACEY SHRMAR

1. MATERIALS

Table C.1.4.1 Details of processing and related data of SNCM439.

Heat Production process Product form Dimensions (mm)
- Hot-forged Plate Length:%i(i)cll?nn;ss:zii?;mo o
: Hotforged Plate Length:%i?c?nn;ss:%iﬁﬁmo m

Table C.1.4.2 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
L Plate 8.50 °Cl2 h, 640 °C/4 h, Air-cooled
Oil-quenched
Hot-forged E Plate 850 °C/2 h, 650 °C/4 h, Air-cooled
material Oil-quenched
R Plate 850 °C/2 h, 640 °C/6 h, Aiir-cooled
Oil-quenched

Table C.1.4.3 Chemical composition of SNCM439.

Heat Element (mass %)
C Si Mn P S Ni Cr Mo
L 039 022 080 0016 0002 180 084 0.26
Product E 042 022 082 0016 0002 181 08 026
analysis
R 039 022 082 0015 00024 181 085 026
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2. MECHANICAL PROPERTIES

Forging Direction

v

A

.............

-

{ i) {

Longitudinal

.............. g

Fig. C.1.4.1

Schematic of specimen direction.

Table C.1.4.4 Tensile properties of SNCM439.

Tensile Properties?
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
002 (MPa) os (MPa) et (%) o (%)
L Transverse 755 874 21 59
Longitudinal 749 874 18 62
: Transverse 767 889 25 58
Longitudinal 748 870 22 65
R Transverse 762 875 24 64

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.1.4.5 Charpy impact properties of SNCM439.

. . Charpy Absorbed Energy at 20 °C (J) Charpy Absorbed Energy at -60 °C (J)
Heat Direction — -
Individual Average Individual Average
Longitudinal 147 143 138 143 112 122 116 117
R
Transverse 123 126 125 125 104 103 105 104
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

[
»

A

______

Longitudinal

Fig. C.1.4.2 Schematic of specimen direction.

Table C.1.4.6 Slow strain rate tensile test conditions.

Applied standard ASTM G142-98(2016)"

Type gnd capacity Servo-hydraulic, 50 kN
of testing machine

Loading condition Uniaxial, Monotonic

In 106 MPa or 115 MPa hydrogen gas at RT through 200 °C
In 0.1 MPa nitrogen gas at RT

Environment
In air at RT or 200 °C

Hydrogen gas : 99.999% (5N)

Gas purity
Test speed 2.0 x 10 mm/s® (6.7 x 105 s1)4
N

B 1/

J | /
Specimen? ~ 1 _ - —

(dimensions in mm) ‘ ‘
18 30 18
/b

1) Excluding test specimen shape
2) Surface finishing was performed by circumferential polishing with 600 grade silicon carbide

paper.
3) Stroke speed or cross head speed.
4) Determined on the basis of 30-mm parallel length of specimen. 6.7 x 10 s is given by (2.0 x

1073 mm/s) / 30 mm.
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4. EXPERIMENTAL RESULTS

Table C.1.4.7 SSRT properties of SNCM439 Heat L.

Heat | Direction Test condition og(MPa) | RTSY | § (%) | REL? | ¢ (%) | RRAY
Air 880 - 24 - 69 -
Longitudinal RT 879 1.00 20 0.83 48 0.70
L 115MPa Hz 903 1.03 | 19 | 079 | 40 0.58
Air 879 - 22 - 65 -
Longitudinal | 200 °C 886 1.01 18 0.82 43 0.66
115MPa Hz 890 1.01 | 18 | 0.82 | 44 0.68

1) FEXISIIRFRE (RTS) = /KB H ABREE D 5 | RS/ A TG M ABRE DO 5| HRIRE
2) FEXHHONREL) = K8 A ABREE O OV ATEPET ZBRBED R TR
3) FEXHZY (RRA) = 7K ABREE DAL/ ATENEAT ABREE DALY

Nominal stress (MPa)

14007'\‘\'|“|"|“|' 14007-\'|‘\‘|"'|‘
| SNCM439, L . | SNCM439, L
1200 | In 115 MPaH, at RT . 1200 [ In 115 MPa H, at 200 °C
| Strain rate: 6.7x107° ™! (CHS: 0.002 mm/s) s: | Strain rate: 6.7x107° 57! (CHS: 0.002 mm/s)
1000 [ . = 1000 [-
S’
N °7]
| wn |
800 . & 800
[ = [
— wn
[ 1 = [
600 i E 600 i
[ ] g [
400 ] S 400
[ } z, [
200 | . 200 |
0 | 1 ! 1 ! 1 ! 1 0 l l | l |
0 2 4 6 8 10 0 2 4 6 8
Stroke displacement (mm) Stroke displacement (mm)
a) RT b) 200 °C

Fig. C.1.4.3 Stress - stroke curves of SNCM439 Heat L.
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Table C.1.4.8 SSRT properties of SNCM439 Heat E.

Heat Direction Test condition os(MPa) | RTS | 56 (%) | REL | ¢ (%) | RRA
Air 856 - 23 - 65 -
Longitudinal RT 870 1.02 16 0.70 35 0.54
115MPa H
c ? 855 100 18 {078 | 37 | 057
Air 861 - 21 - 60 -
Longitudinal | 200 °C 861 1.00 17 0.82 40 0.67
115MPa H
? 884 103 17 {080 | 39 | 065
1400 ' 1 ' 1 ' 1 ' 1 1 ' 1 1400 1 1 1 1 1
| SNCM439, E | SNCM439, E ]
1200 | In115MPa H, at RT _ 1200 | In 115 MPa H; at 200 °C ]
E | Strain rate: 6.7x107° 57! (CHS: 0.002 mm/s) f‘ | Strain rate: 6.7x107° s~ (CHS: 0.002 mm/s)
= 1000 [ = 1000 [ ]
wn |- wn |
& 800 & 800 ]
.E 600 f E 600 | §
§ 400 [ § 400 | ]
Z - rd - ]
200 |- 200 [ ]
0 P R P T P I 0 L L L L ! I !

2

4 6

8

Stroke displacement (mm)

a) RT

2

4

6

8

Stroke displacement (mm)

b) 200 °C

Fig. C.1.4.4 Stress - stroke curves of SNCM439 Heat E.
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Table C.1.4.9 SSRT properties of SNCM439 Heat R.

Heat | Direction Test condition os(MPa) | RTS | § (%) | REL | ¢ (%) | RRA
Air 851 - 24 - 68 -
Longitudinal RT 872 1.02 20 0.81 43 0.63
115MPaH
. ? 849 100 19 {078 | 41 | 060
Air 859 - 21 - 60 -

Longitudinal | 200 °C 855 1.00 18 0.86 42 0.70

115MPa H, 875 1.02 17 0.82 38 0.63

1400 — 1 1 T T T 1400 L L T T
| SNCM439, R ] [ SNCMA439, R ]
1200 |- In115 MPa H, at RT ] 1200 |- In 115 MPa H, at 200 °C ]
£ [ Strain rate: 6.7x107 s~ (CHS: 0.002 mm/s) ] £ | Strain rate: 6.7x107° 57! (CHS: 0.002 mm/s)
= 1000 | i % 1000 [ ]
£ s00f 1 £ so00 i
- B : ] @ I .
E 600 [- : ] TE= 600 | i
§ 400 i ] § 400 | :
N 1 7 ]
200 ] 200 [, ]

0 PR I RN T U R N SR R . 0 L P I IR N P I R
0 2 4 6 8 10 0 2 4 6 8

Stroke displacement (mm)

a) RT

Stroke displacement (mm)

b) 200 °C

Fig. C.1.4.5 Stress - stroke curves of SNCM439 Heat R.
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HE : ESXHRBAREEATIRILY— - EERFTR SIS NED0) . BEEKFRA 7 SR B ERBEMHE

FS SR/ EARHEIELICBEH S E AR/ F -G KR FEHHEEDORACEY SHRMAR

1. MATERIALS

Table C.1.5.1 Details of processing and related data of SNCM439.

Heat Production process Product form Dimensions (mm)
Length: 834 mm  Width: 130 mm
G Hot-forged Plate Thickness: 30 mm
Table C.1.5.2 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
Hot-forged G Plate 850 °C/2 h, 640 °C/4 h, Aiir-cooled

material Oil-quenched

Table C.1.5.3 Chemical composition of SNCM439.
Element (mass %)
Heat C S Mn_ P S Ni  Cr Mo
Product G 039 022 079 0016 0002 180 084 0.26
analysis
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2. MECHANICAL PROPERTIES
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Fig. C.1.5.1 Schematic of specimen direction.

Table C.1.5.4 Tensile properties of SNCM439.

Tensile Properties”
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
002 (MPa) os (MPa) &t (%) o (%)
G Transverse 755 874 21 59

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

[
»

A

_____

Longitudinal

Fig. C.1.5.2 Schematic of specimen direction.

Table C.1.5.5 Slow strain rate tensile test conditions.

Applied standard ASTM G142-98 (2016)Y

Type and capacity Servo-hydraulic, 50 kN Screw type, 50 kN

of testing machine

Uniaxial, Monotonic

Loading condition
Inairat RT

In 115 MPa hydrogen gas at RT
Hydrogen gas : 99.999% (5N)

Environment

Gas purity
Test speed 2.0 x 10 mm/s® (6.7 x 105 s1)4 1.7 x 103 mm/s? (5.7 x 10-° sH)¥
N

B /1

J N
Specimen? 7 _ _ - T

(dimensions in mm) ‘ ‘
18 M /8
/b

1) Excluding test specimen shape
2) Surface finishing was performed by circumferential polishing with 600 grade silicon carbide

paper.
3) Stroke speed or cross head speed.
4) Determined on the basis of 30-mm parallel length of specimen. 5.7 x 10 s is given by (1.7 x

10 mm/s) / 30 mm. 6.7 x 10° s is given by (2.0 x 10~ mm/s) / 30 mm.
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Fig. C.1.5.3 Schematic of hydrogen charging before SSRT.
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4. EXPERIMENTAL RESULTS

Table C.1.5.6  SSRT properties of SNCM439 Heat G.

Heat Direction Test condition os(MPa) | RTS | 8(%) | REL | ¢ (%) | RRA
Longitudinal RT Air 873 - 26 - 67 -
Longitudinal RT | 115MPaH; 845 0.97 21 0.81 35 0.52

G
115MPa H>
Longitudinal RT (AfterH 841 0.96 21 0.81 34 0.51
charging)
1200 —
| SNCM439, G ]
= 1000 | In 1_15 MPa H, at RST 1 A
a - Strain rate: 6.7x107 s™ (CHS: 0.002 mm/s)
P
~ 800 -
[72]
(7]
q_) —]
b |
» 600 |
- i
= I )
E 400 |
(@] |
Z ]
200 -
0 P I B 7 L P .
2 4 6 8 10

Stroke displacement (mm)

Fig. C.1.5.4 Stress - stroke curves of SNCM439.
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C.1.6 SSRT DEH(6)
HE : ESXHRBAREEATIRILY— - EERFTR SIS NED0) . BEEKFRA 7 SR B ERBEMHE

FS SR/ EARHEIELICBEH S E AR/ F -G KR FEHHEEDORACEY SHRMAR

1. MATERIALS

Table C.1.6.1 Details of processing and related data of SNCM439.
Heat Production process Product form Dimensions (mm)
Length:573 mm Width:130 mm
SN23 Hot-forged Thickness:33 mm
Table C.1.6.2 Heat treatment conditions of SNCM439.
Material Heat Shape Quenching Tempering
Hot-forged | g3 Plate 850 °C/2 h, 640 °C/6 h, Air-cooled
material Oil-quenched
Table C.1.6.3 Chemical composition of SNCM439.
Element (mass %)
Heat ¢ Si_ Mn P S Ni Cr Mo
Product | g\p3 | 040 022 083 0015 00026 181 085  0.26
analysis
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2. MECHANICAL PROPERTIES

Forging Direction

A
v

-----------------

[ T~ i

Longitudinal

Fig. C.1.6.1 Schematic of specimen direction.

Table C.1.6.4 Tensile properties of SNCM439.

Tensile Properties?)
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
o0.2 (MPa) os (MPa) er (%) o (%)
Longitudinal 751 873 24 66
SN23
Transverse 742 869 21 60

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.1.6.5 Charpy impact properties of SNCM439.

. . Charpy Absorbed Energy at 20 °C (J) Charpy Absorbed Energy at -60 °C (J)
Heat Direction — -
Individual Average Individual Average
Longitudinal | 149 143 139 144 124 127 123 125
SN23
Transverse 122 125 124 124 102 107 105 105
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

A
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Fig. C.1.6.2 Schematic of specimen direction.

Table C.1.6.6 Slow strain rate tensile test conditions.

Applied standard

ASTM G142-98 (2016)

Type and capacity
of testing machine

Servo-hydraulic, 100 kN

Servo-hydraulic, 500 kN

Loading condition

Uniaxial, Monotonic

Environment

In 99 MPa hydrogen gas at RT
through 85 °C

In air at RT through 85 °C

Gas purity Hydrogen gas : 99.99999% (7N)

3 2) 5 <1y3) (~Y.S.): 1.6 x 102 mm/s? (2.8 x 10 s%)?
Test speed 2.8 x 10° mm/s? (5.0 x 10 s1) (Y.S) 2 36.7 x 102 mm/s? ( 6.5 x 103 s:1)9)

S ® 8+0.02 %’/
Specimen? - B =
(dimensions in -~
mm) _12.75 56+0.2 i 12.75
96

JIS Z 2201 (1998) 14A =

1) Surface finishing was performed by circumferential polishing with 800 grade silicon carbide

paper.

2) Stroke speed or cross head speed.
3) Determined on the basis of 56-mm parallel length of specimen. Measured value.
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4. EXPERIMENTAL RESULTS

Table C.1.6.7 SSRT properties of SNCM439.

Heat Direction Test condition os(MPa) | § (%)Y i REL | ¢ (%) | RRA
RT Air 853 18 - 67 -
N 99 MPa H; 856 11 0.61 25 0.37
SN23 | Longitudinal 55 Air 821 15 . 64 .
99 MPa H> 820 13 0.87 39 0.61
RT Air 851 18 - 60 -
SN23 | Transverse 99 MPa H> 853 11 0.61 26 0.43
85 °C Air 817 14 - 64 -
99 MPa H; 819 13 0.93 44 0.69
DA br—27 O 5 HE
——SN-JI(EEKXR) —— SN-J3(85°CK %)
|—— SN-J2(=899MPa7K ) |—— SN-J4(85°C99MPa7k %)
1000 T T T T 1000 T T T T
=R 85°C
800 - 800 -
g 600 - i'zf 600 - \
R R
= %
E a0 |- z 400 -
200 | 200
O Il 1 Il Il 1 O 1 1 Il L 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
HEBMRFA—% (mm) SRR FO—% (mm)
a) Longitudinal specimens at RT b) Longitudinal specimens at 85 °C
EAR e AR e
=R 85°C
800 800 -
g 600 |- g 600 |- w
R &
“ 400 % 400 -
200 | 200
O L 1 | 1 U | 1 | | 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12

HEEArA—S (mm)

c¢) Transverse specimens at RT

HEBE#EXFO—2 (mm)

d) Transverse specimens at 85 °C

Fig. C.1.6.3  Stress - stroke curves of SNSM439.
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1. MATERIALS

Table C.1.7.1 Details of processing and related data of SCM435.
Heat | Production process Product form Dimensions (mm)
J Hot-forged Plate -
K Hot-forged Cylinder -
Table C.1.7.2 Heat treatment conditions of SCM435.
Material Heat Shape Quenching Tempering
900 °C / 60 min, o L
Hot-forged J Plate Oil-quenched 600 °C / 100 min, Air-cooled
ial ° .
materia K Cylinder 860 °C, 630 °C, Air-cooled
Water-spray
Table C.1.7.3 Chemical composition of SCM435.
Element (mass %)
H
et C Si Mn S cr Mo
Product J 0.36 0.18 0.78  0.013 0.005 1.04 0.20
analysis K 037 022 084 0012 0005 115 024

40



2. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

[
»

A

Longitudinal

Fig. C.1.7.1 Schematic of specimen direction.

Table C.1.7.4 Slow strain rate tensile test conditions.

Applied standard ASTM G142-98 (2016)

Type and capacity ) .
of testing machine Servo-hydraulic, 50 kN Screw type, 50 kN

Loading condition Uniaxial, Monotonic

In 106 MPa or 115 MPa hydrogen gas
at -45 °C through 200 °C In air at RT through 200 °C

Environment
In 0.1 MPa nitrogen gas at -45 °C

Gas purity Hydrogen gas : 99.999% (5N)
Test speed 1.5 x 10 mm/s® (5.0 x 10° s1)¥ 1.7 x 103 mm/s? (5.7 x 105 s1) 4
N
Y 1/
N @ o’
Specimen? BN - , S
(dimensions in ~ ™~
mm) 18 90" |18
/b

1) Excluding test specimen shape
2) Surface finishing was performed by circumferential polishing with 600 grade silicon carbide

paper.
3) Stroke speed or cross head speed.
4) Determined on the basis of 30-mm parallel length of specimen. 5.0 x 10 s is given by (1.5 x

107 mm/s) / 30 mm. 5.7 x 10° s is given by (1.7 x 10~ mm/s) / 30 mm.
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3. EXPERIMENTAL RESULTS

Table C.1.7.5 SSRT properties of SCM435 Heat J.

Heat | Direction Test condition og(MPa) { RTS | 8(%) i REL | ¢ (%) { RRA
o .1 0.IMPaN; 954 - 27 - 72 -
Longitudinal | -45 °C =560 pa 1, 936 008 | - - 25 | 0.35
N Air 824 - 22 - 72 -
) Longitudinal | RT  —ievpam, [ 840 102 | 16 | 073 | 30 | 042
- o Air 864 - 23 - 70 -
Longitudinal | 120 °C —7evp 829 096 | 17 | 074 | 42 | 0.60
_ o Air 862 - 22 - 70 -
Longitudinal | 200 °C ey T ggg 103 | 15 | 069 | 37 | 053
1200 — ' , — 1200 —
| Large-sized, SCM435, heat J (600 °C T) | Large-sized, SCM435, heat J (600 °C T)
In 0.1 MPa N, or 106 MPa H, at —-45 °C In air or 115 MPa H, at RT
1000 | - 1000 | i
q g
s 800 | 1s 800 | -
? ?
£ 600 4 & 600k i
(7] (%]
IS T
£ c
€ 400 | 4 E 400 -
o (@]
Pz =z
200 - 200 -
o 1 1 " 1 " 1 0 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Stroke (mm) Stroke (mm)
a) -45 °C b) RT
1200 — 71— 1200 . . T
| Large-sized, SCM435, heat J (600 °C T) | Large-sized, SCM435, heat J (600 °C T)
In air or 115 MPa H, at 120 °C In air or 115 MPa H, at 200 °C
1000 } i 1000 | i
< T
o
% 800 12 800 | .
? 7
2 600 4 £ 600} -
7] (7]
T B
£ c
€ 400 4 € 400} -
[e] @]
Pz Pz
200 - 200 -
0 1 1 " 1 1 1 0 ﬂ 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Stroke (mm) Stroke (mm)
c) 120 °C d) 200 °C
Fig. C.1.7.2  Stress - stroke curves of SCM435 Heat J.
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4. EXPERIMENTAL RESULTS

Table C.1.7.6  SSRT properties of SCM435 Heat K.

Heat | Direction Test condition og(MPa) { RTS | (%) i REL | ¢ (%) | RRA
_ o 0.1MPa N, 881 - 28 - 65 -
Longitudinal | -40 °C e, T 886 101 | 21 | 075 | 36 | 055
_ Air 817 - 23 - 70 -
K| Longitudinal | RT  —75vp i T 820 100 | 23 | 1.00 | 47 | 067
L . Air 792 - 23 - 65 -
Longitudinal | 120 °C 75y p 1 T 835 105 | 20 | 087 | 47 | 0.72
1200 — 1200 — — —
| Large-sized, SCM435, heat K (630 °C T) I Large-sized, SCM435, heat K (630 °C T)
1000 LM 0-1MPaN; or 106 MPa H; at -40°C | 1000 | M @ir or 115 MPa Hy at RT
g g
s 800 | 15 800 |
7 ?
£ 600} 4 £ 600}
7] "
T T
£ £
E 400} 4 E 400}
[e] o
=z =z
200 J - 200 H
0 L 1 L 1 L 1 " 1 0 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8
Stroke (mm) Stroke (mm)
a) -40 °C b) RT
1200 — 77—
| Large-sized, SCM435, heat K (630 °C T)
In air or 115 MPa H, at 120 °C
1000 | i
g
s 800 | -
7
£ 600} ]
(%]
T
£
€ 400 | -
(@]
=z
200 i
o L 1 L 1 L 1 L 1
0 2 4 6 8 10
Stroke (mm)
¢) 120 °C

Fig. C.1.7.3  Stress - stroke curves of SCM435 Heat K.
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1. MATERIALS

Table C.1.8.1 Details of processing and related data of SA-723.

Heat | Production process Product form Dimensions (mm)

Length:88 mm Width:100 mm

D Hot-forged Plate Thickness:30 mm

Length:90 mm  Width:100 mm

E Hot-forged Plate Thickness:30 mm

Table C.1.8.2 Heat treatment conditions of SA-723.

Material Heat Shape Quenching Tempering
850 °C/2h, R .
Hot-forged D Plate 50 °C/min. Air-cool 640 °C/6 +6 h, Air-cooled
material 850 °C/2h, o :
E Plate 50 °C/min. Air-cool 640 °C/6+2.5 h, Air-cooled

Table C.1.8.3 Chemical composition of SA-723.

Element (mass %)
C Si Mn P S Ni Cr Mo \%

Heat

Product D | 026 009 028 0006 0001 334 168 041 0.8

analysis E 026 009 028 0006 0001 334 168 041 008
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2. MECHANICAL PROPERTIES

Forging Direction

A

[
»

Transverse

Fig. C.1.8.1

Schematic of specimen direction.

Table C.1.8.4 Tensile properties of SA-723.

Tensile Properties?
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
002 (MPa) os (MPa) &t (%) o (%)
- Transverse 798 872 16 76

1)Heat D 3K 0* Heat E [R5 DA BHZ I D 5B R
2) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.1.8.5 Charpy impact properties of SA-723.

Heat

Charpy Absorbed Energy at 20 °C (J)

Charpy Absorbed Energy at -30 °C (J)

Individual

Average

Individual

Average

D

Transverse

223

221

220

221

223

226

230

226

1)Heat D 33X 0" Heat E L[R1ZE DA BN I 5505k 5
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

[
»

A

Longitudinal

Fig. C.1.8.2 Schematic of specimen direction.

Table C.1.8.6 Slow strain rate tensile test conditions.

Applied standard ASTM G142-98 (2016)Y

Type E.md capacity Servo-hydraulic, 50 kN
of testing machine

Loading condition Uniaxial, Monotonic

In 106 MPa or 115 MPa hydrogen gas at -45 °C through 200 °C
In 0.1 MPa nitrogen gas at -45 °C

Environment
In air at RT or 200 °C

Hydrogen gas : 99.999% (5N)

Gas purity
Test speed 2.0 x 103 mm/s® (6.7 x 105 s1)¥
Y
Specimen? NI b , = g — .
(dimensions in ~ ™~
mm) /8 30 /8
/b

1) Excluding test specimen shape
2) Surface finishing was performed by circumferential polishing with 600 grade silicon carbide

paper.
3) Stroke speed or cross head speed.
4) Determined on the basis of 30-mm parallel length of specimen. 6.7 x 10° s is given by (2.0 x

102 mm/s) / 30 mm.
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4. EXPERIMENTAL RESULTS

Table C.1.8.7 SSRT properties of SA-723 Heat D.

Heat | Direction Test condition os(MPa) | RTS | 6 (%) i REL | ¢ (%) { RRA
Air 843 - 25 - 77 -
Longitudinal RT 841 1.00 17 0.67 30 0.39
115MPaH
D MPa H; 865 1.03 16 0.62 28 0.36
Air 793 - 23 - 77 -
Longitudinal | 200 °C 802 1.01 16 0.70 44 0.57
115MPaHz —g¢ 101 | 16 | 069 | 43 | 056
1400 —m7m8 @ ™——————————————————— 1400 ———————
[ SA-723M, D ] [ SA-723M, D
1200 |- In115 MPa H, at RT ] _ 1200 |- In 115 MPa H, at 200 °C
S [ Strain rate: 6.7x107° s™! (CHS: 0.002 mm/s) ] $ | Strain rate: 6.7x10°° 57! (CHS: 0.002 mm/s)
> 1000 |- a é 1000 [-
7 5 ] 7 i
® 800} 7 S 800
1 i ] ® i
_g 600 | ) .g 600 |
g 400 | i g 400 |
2 : : zZ ,
200 | ) 200 |,
0 . P P P P . ] 0 . PR - PR - P P
0 2 4 6 8 10 0 2 4 6 8
Stroke displacement (mm) Stroke displacement (mm)
a) RT b) 200 °C

Fig. C.1.8.3 Stress - stroke curves of SA-723 Heat D.
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Table C.1.8.8 SSRT properties of SA-723 Heat E.

Heat | Direction Test condition os(MPa) | RTS | 5(%) REL | ¢ (%) RRA
Longitudinal | -45°C 115(22%}42 gg; 057 iz 050 ;2 R

Air 864 - 24 - 76 -
E | Longitudinal | RT 862 | 100 | 16 | 065 | 29 | 0.38
ongutudina USMPaH, — T 0 | 27 | 036
Longitudinal | 200 °C 115<;g;|42 3#2 09% i? 063 ZZ 057

7 — 1400 —4 @ M8 —————————————
[ SA-723M, E ] L SA723-M, E ]
_. 1200 | In 106 MPa H, at -45 °C 4 . 1200} In115MPaH,atRT 1
5 [ Strain rate: 6.7x10° s (CHS: 0.002mm/is) | | Strain rate: 6.7x10° s (CHS: 0.002 mm/s) |
> 1000 | 4 = 1000 [ .
Um') | N % B n
o 800 1 o so00 1
) B L B
[%2] — wn ]
E 600 i R E 600 i R
£ [ 1 € [ ]
© 400 R © 400 R
Z ! 1 2 i ]
200 | R 200 [} R
0 L R 1 Ll Ll . 0 L~ L R Ll . .
0 2 4 6 8 10 0 2 4 6 8 10
Stroke displacement (mm) Stroke displacement (mm)
a) -45 °C b) RT
1400 [ T T T L T L
[ SA-723M.E ]
1200 | In 115 MPa H, at 200 °C ]
§ [ Strain rate: 6.7x107° s~} (CHS: 0.002 mm/s) |
= 1000 [ ]
N’
- i ]
W |
£ 800 1
E i
"] ]
g 600 | §
§ 400 | ]
Z [ 3
200 [ ]
0 . . . L . L . M I R
0 2 4 6 8 10
Stroke displacement (mm)
¢) 200 °C

Fig. C.1.8.4 Stress - stroke curves of SA-723 Heat E.
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1. MATERIALS

Table C.1.9.1 Details of processing and related data of SA-723.

Heat | Production process Product form Dimensions (mm)

SA Hot-forged Round bar Outer diameter:550 mm

Table C.1.9.2 Heat treatment conditions of SA-723.

Material Heat Shape Quenching Tempering
Hot-forged | Round bar 850°C 640 °C, Air-cooled
material Water-quenched
Table C.1.9.3 Chemical composition of SA-723.

Heat Element (mass %)

e C Si Mn P S Ni Cr Mo Vv
Product | gn | 026 009 028 0006 000l 334 168 041 008
analysis
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2. MECHANICAL PROPERTIES

Fig. C.1.9.1

Forging Direction

A

v

Longitudinal

Schematic of specimen direction.

Table C.1.9.4 Tensile properties of SA-723.

Tensile Properties?)
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
o0.2 (MPa) os (MPa) &t (%) o (%)
SA Longitudinal 743 865 22 71

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.1.9.5 Charpy impact properties of SA-723.

Heat

Charpy Absorbed Energy at -15 °C (J)

Direction

Individual

Average

SA

Longitudinal 186

189

196

190
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3. SLOW STRAIN RATE TENSILE TEST CONDITIONS

Forging Direction

A

v

N s G
Longitudinal

—_—
1

[y -
7
A SRS

Transverse

Fig. C.1.9.2 Schematic of specimen direction.

Table C.1.9.6 Slow strain rate tensile test conditions.

Applied standard

ASTM G142-98 (2016)

Type and capacity
of testing machine

Servo-hydraulic, 100 kN

Servo-hydraulic, 500 kN

Loading condition

Uniaxial, Monotonic

Environment

In 115 MPa hydrogen gas at RT
through 85 °C

In air at RT through 85 °C

Gas purity Hydrogen gas : 99.99999% (7N)

3 2) 5 <1y3) (~Y.S.): 1.6 x 102 mm/s? (2.8 x 10 s%)?
Test speed 2.8 x 10° mm/s? (6.7 x 10 s1) (Y.S) 2 36.7 x 102 mm/s? ( 6.5 x 103 s:1)9)

S ® 8+0.02 %’/
Specimen? - B =
(dimensions in -~
mm) _12.75 56+0.2 i 12.75
96

JIS Z 2201 (1998) 14A =

1) Surface finishing was performed by circumferential polishing with 800 grade silicon carbide

paper.

2) Stroke speed or cross head speed.
3) Determined on the basis of 56-mm parallel length of specimen. Measured value.
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4. EXPERIMENTAL RESULTS

Table C.1.9.7 SSRT properties of SA-723.

Heat Direction Test condition os(MPa) | § (%)Y i REL | ¢ (%) | RRA
RT Air 850 16 - 73 -
SA | Longitudinal 99 MPa H; 852 10 0.63 25 0.34
g 85 °C Air 814 15 - 71 -
99 MPa H> 817 11 0.73 36 0.51
RT Air 843 15 - 68 -
SA Transverse 99 MPa H> 850 10 0.67 22 0.32
85 °C Air 810 13 - 61 -
99 MPa H> 815 10 0.77 31 0.51
DA br—27 O 5 E
—— SA-JIEBRR) —— SA-J3(85°CKRR)
1000 —— SA-J2(E B 99IMPask R) |—— SA-J4(85°C99MPa/k )
T T T T T 1000 T T T T T
=R 85°C
800 | 5 800 | il
% 600 - 1 g 600 - 1
E R
2 k=3
E 400 - 7 J'E 400 - ,
200 q 200 4
U | 1 | | O Il 1 | L 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
HBEBARO—% (mm) HEBBRALO—% (mm)
a) Longitudinal specimens at RT b) Longitudinal specimens at 85 °C
—SsASIERAR) — SATSHBSCRS)
1000 —— SA-S3(Z R 9IMPazk ) 1000 . [~ SA-S5(85CIoMPazk )
! I [ | [ O,
=R 85C
800 4 800 - il
g 600 |- . g 600 - \ 1
‘f; 400 | 1 E 400 - .
200 - - 200 4
0 I I I I I 0 L 1 L L 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12

HEBEBIrA—2 (mm)

¢) Transverse specimens at RT

Fig. C.1.9.3 Stress - stroke curves of SA-723.
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C.2 EHHER
C.2.1 EHHABRDEHI (1)

Hig2 . HYDROGENIUS DATABASE / No. A69(Tentative) / 2017 /

Database on Fatigue Strength Properties of JIS-SNCM439 Nickel Chromium Molybdenum Steel
in 115 MPa Hydrogen Gas

1. MATERIALS

Table C.2.1.1 Details of processing and related data of SNCM439.

Heat | Production process Product form Dimensions (mm)
Length:870 mm  Width:132 mm
1 -
C Hot-rolled Plate Thickness:31 mm
b Hot-rolled Plate Length:83Q mm  Width:132 mm
Thickness:31 mm
. Length:3630 mm Outer diameter:320 mm
D -
I Hot-forged Cylinder Inner diameter:200 mm  Thickness:60 mm

1) Reported by the manufacture.

Table C.2.1.2 Chemical composition of SNCM439.

Heat Element (mass %)
C Si Mn P S Ni Cr Mo
cY 043 022 082 0012 0002 181 086 025
:r:g%‘fs‘l’; HY) 040 022 080 0014 0002 180 086 026
D) 040 027 089 0009 0015 1.8+ 092 028
c? 042 022 082 0015 0002 1.80 085 025
H?) 039 022 079 0016 0002 181 084 026
ar';:l‘;'gs » 042 026 080 0010 <0010 1.91 089 0.25
Requirement? | ™| 043 035 090 0030 0030 200 100 030
min | 036 015 0.60 160 060 0.5

1) Performed by HY DROGENIUS.

2) Reported by the manufacture.

3) After the inspection certificate.

4) JIS G 4053 (2008), “Low-alloyed steels for machine structural use”.

Table C.2.1.3 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
cy Plate 850 °C/2 b, 650 °C/4 h, Air-cooled
Oil-quenched
850 °C/2 h .
1) s o _
Large-sized H Plate Oil-quenched 640 °C/4 h, Air-cooled
material 860 °C, 620 °C, Air-cooled
1 . Water-spray
v Cylinder 850 °C/2 b
’ o ir- 2)
Oil-quenched? 650 °C/4 h, Air-cooled

1) Reported by the manufactures.
2) A block of / 108 mm, w 320 mm and ¢ 60 mm was heat-treated.
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2. MECHANICAL PROPERTIES

Table C.2.1.4 Mechanical properties of SNCM439.

Tensile Properties Vick
Tempering ] ] ickers
Material | Heat | Shape | Temperature 0.2 % proof | Tensile Fracture Reduction Hardness
(°C) stress Strength | elongation | of Area (HV)
oo2 (MPa) | o8 (MPa) et (%) » (%)
CY Plate 650 7382(739%) 867 22 66 275
Large-sized | HY Plate 640 7462(747%) 873 23 66 270
material . 620 9252(921%) 1025 20 62 318
JY | Cylinder
650 7662(764%) 881 25 67 263

1) Performed by HY DROGENIUS.
2) Determined from o-¢ curve.
3) Determined from o-stroke curve. See Fig. A1-6 in HYDROGENIUS DATABASE No.68.

3. FATIGUE STRENGTH PROPERTIES

Table C.2.1.5 Fatigue test conditions.

Type of test Uniaxial
Testing 100 kN servohydraulic fatigue machine in gaseous hydrogen and nitrogen up to 120 MPa
machines 50 kN servohydraulic fatigue machine in air
Loac}mg Constant stress amplitude test under zero mean stress (R =—1)
condition
load R=-1
Waveform v U \/
Sinusoidal
Frequency 0.01-1Hz
. 115 MPa hydrogen gas, RT
Environment Laboratory air, RT
Gas purity Hydrogen gas: 99.999 %
o N
o S
E _ _
Specimen! -
: 20
= 74 3.7
J. (70) 2.
95

1) The specimen surface was finished by buffing with a colloidal SiO, (0.04 um) solution.
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4. EXPERIMENTAL RESULTS
- Inair, f=1Hz 4 In115 MPa hydrogen, f=1 Hz

?DD_ T T T I T T T ITrmg T T I L T T
- Larged-sized, SNCM439, heat C i
8 esopR= I
= - ]
:m 600 | F A T
o a ]
< 550 E D ]
= [ ]
_._l = -
ﬁ 500 | i T
= [ 1
E 450 to a ]
$ [ s i
= 400F C— ]
iy i 1
35[] -_L Ll vl vl . il - il Lol

10° 10° 10* 10° 10° 107 10°
Number of cycles to failure, N,
(a) Heat C, tempered at 650 °C (cg=867MPa)
200 - Inair, f=1Hz 4 In115 MPa hydrogen, f=1 Hz
[ Larged-sized, SNCM439, heat H ||| || | ||
8 esopR= I
= - ]
:m 600 | F i T
o a ]
< 550 E &0 ]
= [ ]
-+ L 4
ﬁ 500 | D T
= [ o 1
E 450 0 O —Hi
$ [ F Y s i
= 400 O
iy i 1
35[] -_L Ll Ll vl . il - il Lol
10° 10° 10* 10° 10° 107 10°

Number of cycles to failure, N,

(b) Heat H, tempered at 640 °C (ocp=873MPa)
Fig. C.2.1.1 S-N diagram of large-sized SNCM439.

(Figure continued on next page.)
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a

Stress amplitude, ¢ (MPa)

a

Stress amplitude, ¢ (MPa)

O nair, f=1Hz

& In 115 MPa hydrogen, f=1 Hz

?DD_ T T T 1T T T T TTTIT T T 11771 T 171 T

i Larged-sized, SNCM439, heat J
650 =] I
600 [ Y ]
550 | A O ]

i O
500 F A C=} ]
450 — ]
400 — ]
35[] -_L Ll vl vl . il - il 1 m

10° 10° 10* 10° 10° 107 10°
Number of cycles to failure, N,
(c) Heat J, tempered at 620 °C (cg=1025MPa)
O Inair, f=1Hz

?DD [ T T TTTIY T T TTTTTq T T 1717 T TTTITIN |

i Larged-sized, SNCM439, heat J
650 =] I
500 — ) i
550 — ) i
500 [ O 1
450 [ OHHIHD ]

C o=
400 | Cr—s ]
35[] :_L Ll Ll vl . il - il 1 m

10° 10° 10* 10° 10° 107 10°
Number of cycles to failure, N,
(d) Heat J, tempered at 650 °C (ocg=881MPa)
Fig. C.2.1.1 S-N diagram of large-sized SNCM439. (Continued)
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1. MATERIALS

Table C.2.2.1 Details of processing and related data of SNCM439.

Heat Production process Product form Dimensions (mm)
A Hot-forged Plate Lengthzgi?ﬁss?édglg 30 mm
B Hot-forged Round bar Outer diameter:430 mm
C Hot-rolled Round bar Outer diameter:300 mm
D Hot-rolled Round bar Outer diameter:300 mm

Table C.2.2.2 Chemical composition of SNCM439.

Heat Element (mass %)

C Si  Mn P S Ni Cr Mo O(ppm)
A 042 022 081 0.017 0.002 181 0.85 0.26 6
Product B 040 0.26 0.80 0.005 0.004 190 0.84 0.25 35
analysis C 040 027 080 0.012 0.014 174 074 0.23 12
D 041 026 082 0.022 0.010 160 0.79 0.15 15
Requirement? Max | 043 035 090 0.030 0.030 200 1.00 0.30 -
Min | 0.36 0.15 0.60 - - 1.60 0.60 0.15 -

1) JIS G 4053 (2008), “Low-alloyed steels for machine structural use”.

Table C.2.2.3 Heat treatment conditions of SNCM439.

Heat Direction Heat-treated shape Quenching Tempering
. Length160mm Width:130 mm | 850 °C/2 h, o .
A Axial Thickness:30 mm Oil-quenched 650 °C/4 b, Air-cooled
Axial Length160mm Width:100 mm | 850 °C/2 h, o .
B Circumferential Thickness:30 mm Oil-quenched 645 °C/4 h, Air-cooled
c Axial Lengthl60mm Width:100 mm | 850 °C/2h, | 645 °C/4 h, Air-cooled
Circumferential Thickness:30 mm Oil-quenched | 625 °C/4 h, Air-cooled
. Length160mm Width:100 mm | 850 °C/2 h, o .
D Axial Thickness:30 mm Oil-quenched 630 °C/4 h, Air-cooled
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2. MECHANICAL PROPERTIES

Table C.2.2.4 Mechanical properties of SNCM439.

Tensile Properties?
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of

stress Strength elongation Area

002 (MPa) os (MPa) &t (%) o (%)
A Axial 730 853 20 57
Axial 739 885 22 61
° Circumferential 737 881 17 44
Axial 744 880 22 63
¢ Circumferential 830 954 16 42
D Axial 762 894 20 59

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)
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3. FATIGUE STRENGTH PROPERTIES

Table C.2.2.5 Fatigue test conditions.

Type of test Uniaxial
Testing . .
machines Servo-hydraulic, 100 kN Servo-hydraulic, 100 kN
Loac'h'ng Constant stress amplitude test under zero mean stress (R =—1)
condition
load R=-1
/\ time
Waveform \/ v U '
Sinusoidal
Frequency 1Hz 0.5-5Hz
Environment In 90 MPa hydrogen gas at RT Inairat RT
Gas purity Hydrogen gas : 99.99999% (7N) -
= </ : =33
k. < / g 4 -lj
Specimen! I g
_'2Gwn 3le 120 ‘__""J‘ 3
- 16 -

1) Surface finishing was performed by axial polishing with 800 grade silicon carbide paper.
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4. EXPERIMENTAL RESULTS
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(a) Heat A, axial direction
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(b) Heat B, axial direction

Fig. C.2.2.1

S -N diagram of SNCM439.

(Figure continued on next page.)
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a

Stress amplitude, o. (MPa)

a

Stress amplitude, o. (MPa)
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(d) Heat D, axial direction
Fig. C.2.2.1 §-N diagram of SNCM439.

(Figure continued on next page.)
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Fig. C.2.2.1 §-N diagram of SNCM439.
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1. MATERIALS

Table C.2.3.1 Details of processing and related data of SNCM439.
Heat | Production process Product form Dimensions (mm)
Length:6000
A Hot-rolled Cylinder Outer diameter:356
Thickness:62
Table C.2.3.2 Chemical compositions of SNCM439.
Element (mass %)
Heal C Si__Mn P S Ni  Cr Mo
Product A 040 024 073 0007 <0.0010 177 074 0.22
analysis
Table C.2.3.3 Heat treatment conditions of SNCM439.
Material Heat Shape Quenching Tempering
Seamless . 870 °C-80min, o . - .
line pipe A Cylinder Oil-quench 635 °C-160min, Air-cooling

2. MECHANICAL PROPERTIES

Table C.2.3.4 Mechanical properties of SNCM439.

Tensile Properties )

Tempering . . . Vickers

Material | Heat | Shape | Temperare | 0-2% Tensile | Fracture | Reduction | 1, rqness

°C) proof stress | Strength | elongation | of Area (HV10)
002 (MPa) | os (MPa) er (%) o (%)
787 928 21.2 71.3

f.eam'.ess A | cylinder | 635 280

Ine pipe 787 928 21.7 69.4
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3. FATIGUE STRENGTH PROPERTIES

Table C.2.3.5 Fatigue test conditions.

Type of test Uniaxial
mT : ;:'I?]g s Servo-hydraulic, 50 kN
g;?;?iﬁ)gn Constant stress amplitude test under zero mean stress (R =—1)
lc load R=-1
N
Waveform v \/ \/ '
Sinusoidal
Frequency 1 Hz
Environment RT: air, 105 MPa hydrogen gas
Gas purity Hydrogen gas: 99.9999 % (6N)
o
Y Y w s 79
Specimen! © - _
3 g 77
2. (70) 2.
75

1) The specimen surface was finished by polishing.
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4. EXPERIMENTAL RESULTS

Stress amplitude, o, (MPQ])

600
500
400
300
200
100

0

103 104 10° 106 107
Number of cycles to failure, N

Fig. C.2.3.1 S-N diagram of SNCM439.
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1. MATERIALS

Table C.3.1.1 Details of processing and related data of SNCM439.

Heat | Production process Product form Dimensions (mm)
- Hotforged Plate peneth ?i?cafl;ss:\;\’liﬂll;mz mm
- Hotforged Plate penett %i?ckmnfss:?fdﬁln:llm o
: Hotforged Plate Length:sTﬁcrll:nn;ss:?;i(rﬁll;Bo o

Table C.3.1.2 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
L Plate 850 °C/2 h, 640 °C/4 h, Air-cooled
Oil-quenched
Hot-forged E Plate 850 °C/2 h, 650 °C/4 h, Air-cooled
material Oil-quenched
R Plate 850 °C/2 h, 640 °C/6 h, Air-cooled
Oil-quenched
Table C.3.1.3 Chemical composition of SNCM439.
Element (mass %)
Heat C Si_ Mn_ P S Ni_ Cr Mo
L 0.39 0.22 0.80 0.016 0.002 1.80 0.84 0.26
Product E 042 022 082 0016 0002 181 08 0.26
analysis
R 0.39 0.22 0.82 0.015 0.0024 181 0.85 0.26
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2. MECHANICAL PROPERTIES

Forging Direction

v

A

.............

{ i) {

Longitudinal

.............. g

Fig. C.3.1.1

Schematic of specimen direction.

Table C.3.1.4 Tensile properties of SNCM439.

Tensile Properties?
Heat Direction 0.2 % proof Tensile Fractu_re Reduction of
stress Strength elongation Area
002 (MPa) os (MPa) et (%) o (%)
L Transverse 755 874 21 59
Longitudinal 749 874 18 62
: Transverse 767 889 25 58
Longitudinal 748 870 22 65
R Transverse 762 875 24 64

1) JIS Z 2201(2008), 14A specimen (diameter 8mm, gage length 40mm)

Table C.3.1.5 Charpy impact properties of SNCM439.

. . Charpy Absorbed Energy at 20 °C (J) Charpy Absorbed Energy at -60 °C (J)
Heat Direction — .
Individual Average Individual Average
Longitudinal 147 143 138 143 112 122 116 117
R
Transverse 123 126 125 125 104 103 105 104
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3. RISING LOAD TEST PROPERTIES

Forging Direction

[
»

A

-~
N
Fm———
-~
[}
N
-~
o
r=———
-~
o

-~
[}
N

"‘
YRd
\
’
\
’

Fig. C.3.1.2 Schematic of specimen direction.

Table C.3.1.6 Rising load test conditions.

Applied standard ASTM E399
Testing machines Servo-hydraulic, 50 kN
Loading condition Uniaxial, Monotonic
Environment In 115 MPa hydrogen gas at RT
Gas purity Hydrogen gas: 99.999 % (5 N)
Test speed 2.0 x 10 mm/s
t=14.9

- HIL

2 Loy
& =S
Specimen
(dimensions in mm) {}

0.3

6/

50,4
63,5
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Fig. C.3.1.3 Schematic of hydrogen charging before rising load test.
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4. EXPERIMENTAL RESULTS
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Fig. C.3.1.4 Relationships between Load and COD for SNCM439.

Table C.3.1.7 Results of rising load tests for SNCM439.

Heat | DisPlacementrate | r.o ondition Ky [MPa-y"m] V
[mm/s]
L 50.5
E 2x10 " RT-115 MPa H2 64.7
R 56.9

1) ASTM E399 (280K 7 Ko & Kin &H 72
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Load, P (kN)
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‘O.IS‘ - 1
COD (mm)

L5

b) RT-115 MPa H, (After H-charging)

Fig. C.3.1.5 Relationships between Load and COD for SNCM439 Heat L.

Table C.3.1.8 Results of rising load tests for SNCM439.

Displacement rate
[mm/s]

Test condition

K, [MPa-ym]®

2x10 "

RT-115MPaH,

50.5

RT-115 MPa H,
(After H-charging)

56.4

1) ASTM E399 IZX0RD Tz Ko % Kin & 787
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Hig2 :  HYDROGENIUS DATABASE / No. A70(Tentative) / 2017 /
Database on Long Fatigue Crack Growth Properties of JIS—-SNCM439 Nickel Chromium

Molybdenum Steel in 115 MPa Hydrogen Gas

1. MATERIALS

Table C.4.1.1 Details of processing and related data of SNCM439.

Heat | Production process Product form Dimensions (mm)
Length:870 mm  Width:130 mm
1 -
B Hot-rolled Plate Thickness:31 mm
GY Hot-rolled Plate Length:834'1 mm  Width:130 mm
Thickness:30 mm
. Length:3630 mm Outer diameter:320 mm
D -
I Hot-forged Cylinder Inner diameter:200 mm  Thickness:60 mm

1) Reported by the manufacture.

Table C.4.1.2 Chemical composition of SNCM439.

Heat Element (mass %)
C Si Mn P S Ni Cr Mo
B 043 022 082 0012 0002 181 086 025
:r:g%‘f;; GY 040 022 080 0014 0002 1.8 086 026
D) 040 027 089 0009 0015 1.8+ 092 028
B2 042 022 082 0016 0002 180 086 026
G? 039 022 079 0016 0002 180 084 026
ar';:l‘;'gs » 042 026 080 0010 <0010 1.91 089 025
Requirementy | M | 043 035 090 0030 0030 200 100 030
min | 036 015 060 - ; 160 060 0.5

1) Performed by HY DROGENIUS.

2) Reported by the manufacture.

3) After the inspection certificate.

4) JIS G 4053 (2008), “Low-alloyed steels for machine structural use”.

Table C.4.1.3 Heat treatment conditions of SNCM439.

Material Heat Shape Quenching Tempering
BY Plate 850 °C72 I, 650 °C/4 h, Air-cooled
Oil-quenched
850 °C/2 h .
1) > o -
Large-sized G Plate Oil-quenched 640 °C/4 h, Air-cooled
ial ° .
materia 860 °C, 620 °C, Air-cooled
1 . Water-spray
J Cylinder 850 °C/2 h
) o ir- 2)
Oil-quenched? 650 °C/4 h, Air-cooled

1) Reported by the manufactures.
2) A block of / 108 mm, w 320 mm and ¢ 60 mm was heat-treated.
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2. MECHANICAL PROPERTIES

Table C.4.1.4 Mechanical properties of SNCM439.

Tensile Properties Vick
Tempering ] ] ickers
Material | Heat | Shape | Temperature 0.2 % proof | Tensile Fracture Reduction Hardness
(°C) stress Strength | elongation | of Area (HV)
002 (MPa) | o (MPa) et (%) o (%)
BY Plate 650 7382)(739Y) 867 22 66 275
Large-sized GY Plate 640 7462(7479) 873 23 66 270
material 620 9252(921%) | 1025 20 62 318
JY | Cylinder
650 7662)(764%) 881 25 67 263

1) Performed by HY DROGENIUS.
2) Determined from o-¢ curve.
3) Determined from o-stroke curve.