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Technical Report

Suitability Evaluation of High-strength 15% Ni Steel  
for Liquid Hydrogen Tank*1
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Abstract
This study evaluates the suitability of using high-strength 15% Ni steel in large, liquefied 

hydrogen tanks. The allowable stress of the 15% Ni steel was 230 MPa based on the Inter-
national Maritime Organization (IMO) Type C formula, which was 1.68 times higher than 
that of SUS304L. The required fracture toughness, KIc (J), at 20 K was estimated to be 171 
MPa√m, and both the base material and weld joints of the 15% Ni steel exhibited sufficient 
toughness. The potential application merit of 15% Ni steel is to reduce the steel weight of a 
large, liquefied hydrogen tank instead of using a thicker SUS304L plate.

*	 Researcher, Metallurgy Lab., High Toughness Steel Research Dept., Steel Research Laboratories 
20-1 Shintomi, Futtsu City, Chiba Pref. 293-8511

1.	 Introduction
In recent years, the expectations for using liquid hydrogen as a 

clean energy source have been increasing. Steel plates used in tanks 
for storing and transporting liquefied gases, such as liquid hydrogen, 
require excellent cryogenic toughness, and austenitic stainless steels, 
which are resistant to brittle fracture. Austenitic stainless steels have 
sufficient cryogenic toughness, 1) but the yield stress of general-pur-
pose materials at room temperature is approximately 200 MPa. 

When austenitic stainless steel with insufficient strength is ap-
plied to liquid hydrogen tanks, the size increase is limited. If the 
steel yield stress is approximately 200 MPa, the plate thickness must 
be increased when increasing the tank size, which ultimately in-
creases the tank weight and production cost. To address these issues, 
an austenitic high-Mn stainless steel with a yield stress of 450 MPa 
at 0.2% at room temperature has been developed. 2, 3) However, aus-
tenitic high-Mn stainless steels have weldability issues such as weld 
fumes. Moreover, they have a higher coefficient of thermal expan-
sion than ferritic steels; therefore, for large liquid hydrogen tanks, 
ferritic steels with a lower coefficient of thermal expansion are ad-
vantageous because of fatigue and other problems.

As ferritic steel for low-temperature applications, 9% Ni steel is 
used as a tank material for liquefied natural gas (LNG), which is a 
typical liquefied gas. 4) Although LNG is hotter than liquid hydrogen, 

9% Ni steel has excellent cryogenic toughness. Various 9% and 7% 
Ni steels suitable for LNG tanks have been proposed previously. 5–7) 
The yield strength of 9% Ni steel at room temperature can be 590 
MPa or higher and it can be applied to large LNG tanks. On the 
contrary, 9% and 7% Ni steels are unlikely to have sufficient tough-
ness at 20 K, which is the liquid hydrogen temperature.

Therefore, we propose a Ni-containing steel for cryogenic use 
that has sufficient toughness at 20 K, sufficient hydrogen embrittle-
ment resistance, and a yield stress of 590 MPa or higher at room 
temperature. It has a Ni content of approximately 15%, which is 
higher than that of conventional 9% Ni.

2.	 Experiments
2.1	Developed steel and material properties

An ingot was produced by laboratory vacuum melting and com-
prised of 15% Ni steel. 100 mm thick ingot was hot-rolled into a 20 
mm thick plate. The plate was heat-treated three times (QLT) to ob-
tain a fine microstructure and an appropriate amount of stable re-
tained austenite. First, it was quenched from the austenite tempera-
ture to obtain a fresh martensite structure. Subsequently, it was 
quenched from the two-phase temperature, the so-called lamellariz-
ing process, to obtain a sufficient amount of reverse-transformed 
austenite. Finally, it was tempered at a temperature near Ac1 to con-
centrate austenite-stabilizing elements. As shown in Fig. 1, a micro-
structure of fine-grained tempered martensite was obtained. The ar-
ea-averaged grain size, defined by the 15° orientation difference 
measured by electron back scattered diffraction pattern method, was 

_

*1	 Reprinted with permission of the copyright holder from ISOPE-2023 
The Thirty Third (2023) International Ocean and Polar Engineering 
Conference, 2023-TPC-0844.
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7.0 μm. The fraction of retained austenite at room temperature, mea-
sured by X-ray analysis, was 17.3%. Only deep cooling to 20 K did 
not change this fraction much, but it decreased under plastic defor-
mation near the fracture surface.

Stress-strain curves at various temperatures were obtained from 
the actual tensile tests. The specimens were collected from the mid-
dle of the plate and perpendicular to the rolling direction. In particu-
lar, the test was conducted at 20 K in liquid hydrogen. The results of 
the tensile tests are shown in Fig. 2. At room temperature, the yield 
stress, which is evaluated here as a 0.2% proof stress, was approxi-
mately 690 MPa, and the tensile stress was approximately 790 MPa. 
At 77 K, the yield and tensile stresses were approximately 770 MPa 
and 1 290 MPa, respectively. At 20 K, the yield and tensile stresses 
were approximately 850 MPa and 1 600 MPa, respectively. Note that 

the dashed lines are estimated from the strokes owing to the mea-
surement limits of the extensometer. As the test temperature de-
creased, both the yield stress and tensile stress increased; however, 
the increase in yield stress was not as high as the increase in tensile 
stress. Consequently, the yield ratio, which is the ratio of the yield 
stress to the tensile stress, is smaller at lower temperatures. The gen-
eral properties of the 15% Ni steel compared to those of SUS304L 
are summarized in Table 1. The yield stress of the 15% Ni steel at 
room temperature was approximately three times that of SUS304L. 
The fracture toughness values will be discussed in detail later, but 
the 15% Ni steel, including the weld joints, has the same or higher 
toughness than SUS304L.

2.2	Hydrogen embrittlement resistance evaluation test
Tensile tests were conducted under high-pressure hydrogen us-

ing a slow strain rate technique to evaluate the hydrogen embrittle-
ment resistance of 15% Ni steel.

The specimens were collected from the middle of the plate and 
perpendicular to the rolling direction. To facilitate the effect of hy-
drogen, the strain rate under high-pressure hydrogen at 45 MPa was 
assumed to be 8 × 10−5 s−1, and the strain rate in air was assumed to 
be 8 × 10−3 s−1. The relative Reduction of Area (RRA), which is the 
ratio of the Reduction of Area (RA) under high-pressure hydrogen 
to RA in air, was evaluated. The RA values under high-pressure hy-
drogen and air were 74.1% and 77.8 %, respectively. Consequently, 
the RRA was calculated to be 0.95. The hydrogen embrittlement re-
sistance of 15% Ni steel was sufficiently high. The tensile fracture 
surface under high-pressure hydrogen is shown in Fig. 3. No brittle 
fracture features, characteristic of hydrogen embrittlement, were ob-
served at fracture surface.

Fig. 1   Microstructure of 15% Ni steel base metal

Fig. 2	 Result of tensile test of 15% Ni steel (dashed lines are estimated 
from the strokes)

Table 1   Properties of 15% Ni steel compared to SUS304L

Steel Component

Base metal Weld joint
Strength Toughness Toughness

RT 20K
(in LH2)

20K
(in LH2)

20K
(in LH2)

YS
(MPa)

TS
(MPa)

YS
(MPa)

TS
(MPa)

KIc (J)
(MPa√m)

KIc (J)
(MPa√m)

SUS304L Fe-18%Cr-8%Ni steel Austenite 175– 480– - - 150–200 150–200

15%Ni steel Fe-15%Ni steel
Ferrite

(a small amount of 
Austenite)

550–750 700–850 850–1 350 1 350–1 650 200– 150–200

— —

Fig. 3   Tensile fracture surface under high-pressure hydrogen
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2.3	J-R curve test
A J-R curve test was performed to evaluate the fracture tough-

ness of the weld joint of 15% Ni steel based on ASTM: E1820-13. 8) 
A weld joint consisting of a 15% Ni steel base plate and 70% Ni 
welding material was fabricated under the following welding condi-
tions: The welding method was shielded metal arc welding for a 60° 
X-type groove with a current of 140 A, voltage of 25 V, and heat in-
put of 12–21 kJ/cm. Half-inch compact tension specimens (thick-
ness: 12.7 mm and width: 25.4 mm) were collected from the middle 
of the weld joint and perpendicular to the rolling direction. Fusion 
Line (FL) notch was defined as one containing half of the welding 
metal at the notch tip. The heat-affected zone (HAZ) 1 notch was 
defined as a notch 1 mm from the FL notch on the HAZ side, and 
other notches were defined in a similar manner. The initial crack 
length was 14 mm, a tip 2 mm was introduced using the fatigue 
method. The test temperature was 20 K, which was achieved by 
evaluation using liquid hydrogen. A double-cantilever clip-in dis-
placement gauge was mounted using integral knife-edges. The un-
loading compliance method was used to evaluate the crack exten-
sion. In addition, the J-integral value was calculated from the mea-
sured load and displacement. Finally, KIc was converted from JIc 
which was determined as the intersection of the J-R curve and 0.2 
mm offset line.

The results of the J-R curve test are shown in Fig. 4. As the 
crack extension increased, the J-integral also increased. The J-inte-
gral was the highest in WM among the evaluated notch positions. 
The J-integral of HAZ had various values; the closer it was to WM, 
the better the value, and the further away it was from WM, the 
worse the value. It can be concluded that the J-integral of HAZ is 
supported by the preferential deformation of the soft WM.

The Converted KIc from JIc is shown in Fig. 5. Both the base ma-
terial and weld joints had the same or better KIc (J) at 20 K as that of 
SUS304L, as well as sufficient toughness to attain the ASME stan-
dard value of 132 MPa√m . 9)

As shown in Fig. 6, the fracture surface of the weld joint of the 
15% Ni steel was observed using scanning electron microscopy. The 
failure mode at all notch positions was ductile fracture, with fine 
dimples as the main body. Cleavage fractures were not observed.

3.	 Results and Discussions
3.1	Investigation of allowable stress

The allowable stresses calculated from various standards are 
listed in Table 2. In this study of allowable stress, the IMO Type C 

_

Fig. 4   J-R curve of weld joint of 15% Ni steel

Fig. 5   20 K KIc (J) of weld joint of 15% Ni steel

Fig. 6   SEM images of the fracture surface of 15% Ni steel weld joint
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calculation formula was used. 10) Because the measured tensile 
strength of the 15% Ni steel at room temperature (700 MPa) is near-
ly the same as that of the 9% Ni steel, the allowable stress was as-
sumed to be the same as that of the 9% Ni steel (230 MPa). As the 
TS of 70% Ni welding material at room temperature is equivalent to 
that of 9% Ni steel and 15% Ni steel, the allowable stress as a joint 
is also 230 MPa. Compared to the allowable stress of 137 MPa for 
SUS304L, that of the 15% Ni steel is 1.68 times higher.

3.2	Investigation of required KIc (J)
The increase in the required KIc (J) at 20 K from the ASME stan-

dard value of 132 MPa√m, owing to the increased allowable stress, 
was evaluated by assuming that KIc is proportional to the product of 
the allowable stress and square root of the assumed defect size as 
follows:

	 KIc (J)  ∝  σ√ a  				    (1)
The defect size was assumed to be proportional to the plate 

thickness, as shown in Fig. 7.
It was assumed that the thickness of 15% Ni steel could be de-

creased until the product of the allowable stress and plate thickness 
of SUS304L was equal to that of the 15% Ni steel. Specifically, the 
plate thickness of 15% Ni steel was reduced by a factor of 0.60 
times (132 MPa/230 MPa) compared to that of SUS304L because of 
the increased allowable stress. As a result, square root of the as-
sumed defect size reduced to 0.77 times (√0.6) that of SUS304L. Fi-
nally, the required KIc for 15% Ni steel was estimated to be 171 
MPa√m. Values used for KIc estimation are listed in Table 3. The 
base metal and weld joint of 15% Ni steel exhibited sufficient 
toughness to attain 171 MPa√m or higher. The increase in the re-
quired KIc with a decreasing plate thickness ratio to SUS304L is 
shown in Fig. 8. Considering the case where the thickness cannot be 
reduced in consideration of buckling, the change in the required 
KIc (J) owing to the plate thickness of 15% Ni steel was calculated 
using the same method as above. For example, when thinning to 0.8 
times the plate thickness of SUS304L, the required KIc (J) is 148 
MPa√m.

3.3	Investigation of required crack tip opening displacement
For a stand-alone Type C tank for ships, we assumed two types 

of defects in the weld, as shown in Fig. 9. Based on WES2805-
2011, 11) which is a method for evaluating defects against brittle frac-
ture occurrence and fatigue crack growth of welded joints, we esti-

mated the effect of the increase in the yield point (YP) on the re-
quired crack tip opening displacement (CTOD) value, as shown in 
Fig. 10. The required CTOD values estimated from YP (20 K) = 
1 100 MPa of 15% Ni steel were estimated to be 0.09 mm for 40 
mm thick plate and 0.06 mm for 25 mm thick plate. The CTOD val-
ues of the base metal and weld joint of 15% Ni steel were calculated 
from the maximum load and plastic component of the clip gauge 
displacement of the J-R curve and exhibited sufficient toughness to 
attain 0.09 mm or higher.

_

_

_

_

_

_

Fig. 7   Assumed defect size and shape

Fig. 8	 Relationship between required KIc and plate thickness ratio to 
SUS304L

Table 3   Values used for KIc estimation

Steel
σ

(MPa)
Thickness 

(mm)
√a

(√mm)
KIc (J)

(MPa√m )
SUS304L 137 1.0 t √ t 132

15％ Ni steel 230 0.6 t √0.6 t = 0.77√ t
132 × 1.68 × 0.77 

= 171
Ratio to 

SUS304L
1.68 0.60 0.77 1.30

_

_ _

_

_ _

Table 2   Allowable stresses calculated from various standards
Unit: MPa

Material
IMO 

Type C 1)

IMO 
type B 2)

API 
620Q 3, 4)

ASME 
Div. 1

 5)

ASME 
Div. 2

 6)

9Ni 230 333 230 197 267
SUS304L 137 171 154 137 137

Strength standard value of each material

Materials
SMYS 
[MPa]

SMTS 
[MPa]   1) Min. (SMTS/3.0, SMYS/1.5)

  2) Min. (SMTS/2.5, SMYS/1.2)
  3) Min. (SMTS/3.0, SMYS/1.5)
      (15% Ni steel)
  4) 0.75 × SMYS (Stainless steel)
  5) Min. (SMTS/3.5, SMYS/1.5)
  6) Min. (SMTS/2.4, SMYS/1.5)

9Ni
Base metal 590 690
Weld metal 400 690

SUS304L
Base metal 205 515
Weld metal 360 550

 SMYS (Specified Minimum Yield Strength), SMTS (Specified Minimum Tensile Strength) 

Fig. 9   Two types of defects in the weld
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4.	 Application Merit of 15% Ni Steel
The advantages of employing 15% Ni steel were determined for 

simple application to the inner tank material (30 000 m3 × 4 units) of 
a large carrier. For example, the steel weight of a large liquefied hy-
drogen tank can be reduced by replacing a 40 mm thick SUS304L 
plate with a 24 mm thick 15% Ni steel plate, as shown in Table 4.

5.	 Conclusions
As a material for large liquefied hydrogen tanks, we roughly es-

timated the merits of applying high-strength 15% Ni steel, which 
has the potential to increase the allowable stress compared to 
SUS304L and make the tank thinner and lighter. By applying 15% Ni 
steel, the allowable stress of 15% Ni steel can be increased to 1.68 
times that of SUS304L and the plate thickness of 15% Ni steel can 
be reduced to 0.6 times that of SUS304L. The required KIc for 15% 
Ni steel was estimated to be 171 MPa√m. The base metal and weld 
joint of 15% Ni steel exhibited sufficient toughness to attain 171 
MPa√m or higher. Moreover, it was found that the hydrogen embrit-
tlement resistance of 15% Ni steel was sufficiently high. For exam-
ple, the steel weight of a large liquefied hydrogen tank can be re-
duced by replacing a 40 mm thick SUS304L plate with a 24 mm 
thick 15% Ni steel plate.

References
1)	Fujii, H.: Mechanical Properties of Metallic Structural Materials in Hy-

drogen. J High Pressure Inst. 42 (3), 154–161 (2004)
2)	Masumoto, H., Suemune, K., Yoshimura, H., Inoue, T., Akasaka, T., 

Ogawa, T., Ohba, S., Hida, Y., Harada, T.: Development of a High-Man-
ganese Steels. Seitetsu Kenkyu. (309), 86–97 (1982)

3)	An, G., Park, J., Park, H., Han, I.: Fracture Toughness Characteristics of 
High-Manganese Austenitic Steel Plate for Application in a Liquefied 
NaturalGas Carrie. Metals. 11 (12), 2047–2059 (2021)

4)	Hongo, S.: Recent Trend in Increasing the Capacity of LNG Aboveg-
round Storage Tank. J Weld Soc. 63 (2), 95–99 (1994)

5)	Machida, S., Ishikura, N., Kubo, N., Katayama, N., Hagiwara, Y., Ari-
mochi, K.: Brittle Fracture Characteristics of Heavy Thickness 9% Ni 
Steel Plate and its Applicability to Large Scale LNG Storage Tanks. J 
High Pressure Inst. 29 (6), 341–355 (1991)

6)	Machida, S., Ishikura, N., Kubo, N., Katayama, N., Muramoto, S., Hagi-
wara, Y., Arimochi, K.: Fracture Characteristics of Heavy Thickness 9% 
Ni Steel Plate and its Applicability to Large Scale LNG Storage Tanks. J 
High Pressure Inst. 31 (1), 19–33 (1993)

7)	Okawa, T., Kamo, T., Furuya, H., Wakamatsu, H., Takahashi, Y., Nagao, 
T., Nishigami, H., Iida, H., Mita, T.: Properties of 7% Ni-TMCP Steel 
and its Applicability to Large Scale LNG Storage Tanks. J High Pressure 
Inst. 57 (4), 221–230 (2019)

8)	American Society for Testing and Materials: Standard Test Method for 
Measurement of Fracture Toughness. E1820-13 (2014)

9)	The American Society of Mechanical Engineers: ASME Boiler and Pres-
sure Vessel Code. Section VIII, Div. 1 (Rules for Construction of Pres-
sure Vessels), (2001)

10)	International Maritime Organization: The International Code of the Con-
struction and Equipment of Ships Carrying Liquefied Gases in Bulk. 
IGC Code 4.23.3.1 (1983)

11)	The Japan Welding Engineering Society: Method of Assessment for 
Flaws in Fusion Welded Joints with Respect to Brittle Fracture and Fa-
tigue Crack Growth. WES 2805-2011 (2011)

_

_

Fig. 10   Effect of the YP increase on the required CTOD value

Table 4   Values used for the application merit estimation of 15% Ni steel

Steel
Allowable 

stress
(MPa)

Thickness
(mm)

Steel weight
(ton)

Reduced 
weight
(ton)

SUS304L 137 40 5 891
▼2 356

15% Ni steel 230 24 3 534
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