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Abstract
Reducing the cost of installing hydrogen stations is required in order to realize a hydro-

gen society. One way to reduce the cost of high-pressure hydrogen accumulators used in 
hydrogen stations is to reduce the number of hydrogen accumulators installed per location 
by increasing the capacity of the accumulators. On the other hand, considering the harden-
ability and manufacturability of steel materials, high-strength low-alloy steel with thin-wall 
design is required to achieve larger capacity. In order to find high-strength and hydrogen-
compatible steels, hydrogen compatibility and accumulator compatibility were evaluated for 
Mo-V added steels and JIS standard steels for existing accumulator steels as a comparison. 
The results of this study are as follows.
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1.	 Introduction
In combination with renewable energy, hydrogen is expected to 

play a part in the energy system which realizes CO2-free. In the 
meantime, under the current hydrogen utilization situation, the pop-
ularization of fuel-cell vehicles and the development of hydrogen 
stations which supply hydrogen to fuel-cell vehicles constitute the 
core in the dissemination of hydrogen. As of 2023, there are 167 hy-
drogen stations in Japan. Towards further dissemination in future, 
reduction of the building cost of hydrogen stations is necessary, and 
even for individual equipment, cost reduction is required as well.

In hydrogen stations, accumulators bear the role of temporarily 
storing hydrogen gas of a maximum of 82 MPa, and are therefore 
required to have excellent pressure resistance performance and safe-
ty for use in the hydrogen environment. Accordingly, the low-alloy 
steels used for steel accumulators need to be equipped with high-
strength and hydrogen embrittlement resistance properties compati-
bly.

Reduction of the number of installations of accumulators per 
station by enlarging the capacity of accumulators is one of the meth-
ods to reduce the cost of accumulators. On the other hand, the thick-
ness in design is increased in order to secure pressure resistance per-
formance. In order to realize cost reduction by enlarging the capaci-
ty taking into account the hardenability of low-alloy steels and the 
manufacturing capability of existing production facilities, it is esti-
mated that steels having a tensile strength of 1 000 MPa or above 

usable under a high-pressure hydrogen environment, and thereby re-
alizing wall thinning are required. 1) However, as the strength of low-
alloy steels increases, deterioration of their properties due to hydro-
gen becomes remarkable. 2–4) For this reason, existing JIS standard 
steels SCM435 and SNCM439, which are generally used for accu-
mulators, are used with a reduced tensile strength of 900 MPa or be-
low to ensure hydrogen embrittlement resistance properties (hydro-
gen compatibility).

As for the hydrogen embrittlement resistance properties of low-
alloy steels, it is widely known that low-alloy steels added with Mo 
and V (hereafter referred to as Mo-V-added steels) exhibit excellent 
hydrogen embrittlement resistance properties in the fields of oil well 
pipes and high tension strength bolts. 5–7) The mechanism by which 
Mo-V-added steels have excellent hydrogen embrittlement resis-
tance properties is considered to be the hydrogen trapping effect of 
fine Mo-V carbides, 8, 9) the effect of reducing dislocation density due 
to high temperature tempering realized by high temper softening re-
sistance, 10) and the effect of suppressing the grain boundary fracture 
by suppressing and spheroidizing the grain boundary carbides. 7) In 
addition, it has been clarified that Mo-V-added steels have higher 
properties 11) under the hydrogen gas environment at 45 MPa, when 
compared in terms of hydrogen embrittlement resistance properties 
with existing SCM435 steel having the same strength. However, the 
use of Mo-V-added steels at normal operation pressure of 70 MPa 
class hydrogen stations (maximum 82 MPa) has not been studied, 
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and the effect of chemical compositions on hardenability and hydro-
gen embrittlement resistance properties have not been investigated 
either. Furthermore, toward the application to accumulators, it is 
necessary to judge the acceptability of design based on the evalua-
tion of the life of accumulators based on trial design (hereafter re-
ferred to as trial design evaluation).

In this study for Mo-V added steels, by varying alloying ele-
ments, we evaluated hardenability, and then the hydrogen compati-
bility conforming to the Technical Document for safety use of the 
Compressed Hydrogen Facility (Accumulator and Compressor) 
made of low alloy steels used in the Hydrogen Refueling Station 
JPEC-TD0003 (hereafter referred to as the Low-alloy Steel Techni-
cal Document) 12). In addition, the steel with good properties was 
subjected to fatigue crack growth analysis conforming to the “Stan-
dard for superhigh-pressure gas equipment KHKS 0220 (hereafter 
referred to as KHKS 0220) 13)”, and based on the analysis, we con-
ducted trial design evaluation, and judged the acceptability of the 
design of a large capacity accumulator to which Mo-V added steel 
has been applied.

Furthermore, this research and development was performed as 
part of the study on the application of high-strength low-alloy steel 
to reduce the cost of high-pressure hydrogen accumulators under the 
project “Development of Technologies for Hydrogen Refueling sta-
tions” of the New Energy and Industrial Development Organization 
(NEDO).

2.	 Experimental Method
2.1	Sample material

Chemical compositions of sample materials are shown in Table 
1. The Mo-V-added steels in Table 1 are based on Mo-0.10V steel or 
SNB16 steel of JIS G 4107, and the alloy contents were varied in 
the ranges of 0.09–0.38%V, 0.50–1.27%Cr, and 0.66–1.55%Mo. 
Furthermore, B (boron) 14, 15) was added to the 0.5Cr-1.3Mo-B steel 
which is expected to improve hardenability. The chemical composi-
tions of the comparison steels were those of the existing SCM435 
and SNCM439 steels used for accumulators. These steels were vac-
uum-smelted on the laboratory base process, and hot-forged to 
round bars and plate materials, respectively. Round bars were sub-
jected to soaking heat treatment, and 25 mmΦ × 100 mm test speci-
mens were taken for hardenability evaluation. The plate materials 

were hot-rolled to a thickness of 12 mm and 35 mm, heated to 
920°C for Mo-V-added steels, and to 900°C for the comparison 
steels, and then water-quenched. The strength was varied by chang-
ing the tempering temperature conditions at 1 to 4 levels, and round 
bar tensile test specimens for hydrogen compatibility evaluation 
were taken from the 12 mm thick plate, and 1T-CT test specimens 
for trial design evaluation were taken from the 35 mm thick plate. In 
Table 1, the critical cooling rate VC-90 (°C/s) with which 90% mar-
tensitic structure can be obtained 16) is taken as the index of harden-
ability predicted from alloy compositions, and the values calculated 
from Formula (1) or (2), and the items of experiments performed for 
each steel grade are shown together.
 B-added steel VC-90 (°C/s)
    = exp{2.94 − 0.75(2.7C+0.4Si+Mn+0.45Ni+0.8Cr+2.0Mo)}	 (1)
 B-free steel VC-90 (°C/s)
    = exp{2.94 − 0.75(2.7C+0.4Si+Mn+0.45Ni+0.8Cr+Mo) −1}	 (2)

2.2	Hardenability evaluation
The Jominy test was performed to evaluate hardenability. The 

test specimens were held in an Ar atmosphere heating furnace at 
920°C for the Mo-V-added steels, and at 900°C for the comparison 
steels, and then quenched at one end by cooling the test specimens 
from one side with a jet of water. After quenching, the side of the 
test specimen was machined in parallel to the longitudinal direction 
to a depth of approximately 1.6 mm, and polished in parallel to a 
finish. Rockwell hardness was measured at a specified interval on 
the polished surface from the hardened end face of the test speci-
men, and hardenability was evaluated by the hardness change from 
the hardened end face.

2.3	Hydrogen compatibility evaluation
To evaluate hydrogen compatibility, slow strain rate tests (SSRT) 

were performed at a strain rate of 3.0 × 10−6/s in air at room tempera-
ture, and in high-pressure hydrogen gas at 85 MPa. Figure 1 shows 
the schematic diagram of the stress-displacement diagram for deter-
mining hydrogen compatibility described in the Low-alloy Steel 
Technical Document 12). In Fig. 1 (a), hydrogen compatibility is de-
termined as existing when the displacement value of the maximum 
stress in the stress-displacement diagram in hydrogen exceeds the 
displacement value of the maximum stress shown in the stress-dis-

Table 1   Chemical compositions
(mass%)

Material C Si Mn Cr Mo V Nb Other VC-90 (°C/s) Experiment

Mo-V added 
steels

Mo-0.10V 0.40 0.19 0.44 1.25 0.73 0.10 0.025 – 3.27 SSRT
Mo-0.26V 0.40 0.20 0.45 1.27 0.76 0.26 0.025 – 3.16 Jominy, SSRT
SNB16 0.38 0.19 0.61 1.05 0.66 0.26 0.026 – 3.60 Jominy, SSRT, KIH

1.5Mo 0.36 0.20 0.62 1.05 1.55 0.38 0.026 – 1.90 Jominy, SSRT
0.5Cr 0.39 0.20 0.63 0.51 0.67 0.37 0.026 – 4.76 Jominy, SSRT
0.5Cr-1.5Mo 0.38 0.20 0.58 0.50 1.49 0.36 0.024 – 2.74 Jominy, SSRT

SNB16-B 0.32 0.19 0.65 1.02 0.66 0.09 0.027
Ti: 0.026, B: 0.0015 

N: 0.0040
1.11 Jominy

0.5Cr-1.3Mo-B 0.30 0.19 0.63 0.52 1.32 0.09 0.025
Ti: 0.026, B: 0.0012 

N: 0.0041
0.57

Jominy, SSRT, KIH, 
FCGR*

Comparison 
steel

SCM435 0.38 0.20 0.61 0.92 0.30 – – 5.08 Jominy, SSRT

SNCM439 0.37 0.21 0.62 0.92 0.30
Ni: 2.0 

O: 0.001
2.62

Jominy, SSRT, KIH, 
FCGR*

* Fatigue crack growth rate, FCGR
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placement diagram in air, and the maximum value is shown in hy-
drogen as well as in air. On the other hand, if the maximum value is 
not shown as in Fig. 1 (b), it is judged as incompatible with hydro-
gen. SSRT was performed on each of the steels having varied 
strengths, and the critical tensile strength which indicates hydrogen 
compatibility (hereafter referred to as critical tensile strength) was 
evaluated.

2.4	Trial design evaluation
Fatigue crack growth analysis was conducted for the trial design 

evaluation. Figure 2 shows a schematic diagram of fatigue crack 
growth analysis. In the fatigue crack growth analysis, assuming the 
load variations in actual accumulators, the critical crack length is 
evaluated by the fracture toughness properties under the hydrogen 
environment (stress intensity factor at the lower threshold of hydro-
gen-assisted cracking, KIH), the number of cycles to reach the critical 
crack length is evaluated by the fatigue crack growth properties un-
der the hydrogen environment respectively, and the value with the 
safety margin taken into consideration is adopted as the permissible 
number of cycles.

Fatigue crack growth tests were performed conforming to KHKS 
0220 13) and ASTM E647 17) at room temperature in 90 MPa high-
pressure hydrogen gas under the conditions of a stress ratio of 0.1, 
and the constant controlled load (ΔP) of a sinusoidal wave provided 
at a frequency of 1 Hz.

The rising load tests for the evaluation of KIH were performed 
conforming to KHKS 0220 13) at room temperature in air and in 90 
MPa high-pressure hydrogen gas, controlling the aperture displace-

ment rate to 0.0002 mm/s by displacement control (stress intensity 
factor rate dK/dt = 0.06 MPa·m1/2/s). The load-displacement dia-
grams in air and hydrogen are superimposed, and the point at which 
the load-displacement diagram in hydrogen deviates from the load-
displacement diagram in air under the same load is defined as the 
hydrogen-induced crack growth initiation point. KIH was sought 
based on ASTM E399 18) from the crack lengths measured by forced 
fracture of the test specimens after the test.

As preconditions for fatigue crack growth analysis, it was as-
sumed that the inner surface of the cylindrical body was subjected 
to repetitive stress loads of 82 MPa and 50 MPa in a 450 L accumu-
lator, whose capacity is 1.5 times larger than that of a 300 L accu-
mulator which is the mainstream accumulator in Japan. The initial 
flaw was assumed to be a semi-ellipsoidal shape in the axial direc-
tion having a surface length of 1.60 mm and a depth of 0.53 mm, 
and this time, the design was judged as valid when 1/4 of the critical 
crack depth based on the hydrogen environment characteristics ob-
tained from tests is greater than the initial crack depth.

3.	 Result
3.1	Result of hardenability evaluation

Figure 3 shows the relationship between VC-90 predicted from the 
alloy compositions in Table 1 (hereafter referred to as calculated 
values) and VC-90 obtained experimentally from the Jominy test 
(hereafter referred to as observed values). Herein, the observed val-
ue is obtained from the Jominy distance 19) at which the martensitic 
structure is considered to be 90% 20) based on the martensitic ratio 
estimated from the carbon content and Rockwell hardness. Among 
the Mo-V-added steels, the calculated and observed values of VC-90 
of the Mo-0.26V steel with 0.66–0.76%Mo, SNB16 steel, and 0.5Cr 
steel exhibit good agreement. On the other hand, regarding the 
1.5%Mo steel, 0.5Cr-1.5Mo steel, 0.5Cr-1.3Mo-B steel, and 
SNB16-B steel, the observed values of VC-90 are larger than the cal-
culated values, suggesting that the actual hardenability is inferior to 
the calculated values. As for the comparison materials, the observed 
values of VC-90 are smaller than the calculated values, suggesting that 
the actual hardenability is superior to those of the calculated values. 
This is considered to be attributed to the smaller crystal grain size 
number of the comparative steels evaluated in this study. Comparing 
the hardenability of the different steel grades using the observed VC- 90 
values, the SNCM439 steel has the lowest VC-90 value, indicating 
that it has excellent hardenability. Furthermore, comparing Mo-V-
added steels and SCM435 steel, VC-90 of Mo-0.26V with 1.05 to 
1.27%Cr, SNB16 steel, and 1.5Mo steel are approximately equal to 

Fig. 1	 Schematic diagram for determining hydrogen compatibility 
based on nominal stress-stroke diagrams for SSRT in air and hy-
drogen environments (a) compatibility in hydrogen environment, 
(b) no compatibility in hydrogen environment

Fig. 2   Schematic diagram of fatigue crack growth analysis Fig. 3   Relationship between observed and calculated values of VC-90
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that of SCM435 steel, indicating that they have equal hardenability. 
0.5%Cr steel and 0.5Cr-1.5Mo steel with 0.5%Cr have higher VC-90, 
and have hardenability inferior to SCM435 steel. 0.5Cr-1.3Mo-B 
steel and SNB16-B steel with B addition have VC-90 lower than that 
of SCM435 steel, suggesting that they have excellent hardenability. 
Figure 4 shows the relationship between the observed VC-90 and al-
loy content to clarify the effect of chemical compositions on the 
hardenability of Mo-V-added steels. With the increase in Cr, Mo, 
and B content, the VC-90 value decreases, thereby enhancing the 
hardenability. Furthermore, a comparison between the calculated 
values and experimental measurements of the changes in VC-90 due 
to the increased alloy content, from Fig. 4 (a) for Cr, the changes of 
the calculated values and the observed values of VC-90 are in agree-
ment with each other, and it is confirmed that an effect of improving 
hardenability similar to that of the conventional findings 16) has been 
obtained. In the meantime, from Figs. 4 (b) and (c), for Mo and B, 
the decrease in VC-90 with increasing alloy content is smaller in the 
observed values than in the calculated values, and it has been clari-
fied that the hardenability improving effect is smaller than that of 
the conventional finding 16). The mechanism of Mo and B acting on 
hardenability will be studied later.

3.2	Result of hydrogen compatibility evaluation
Figure 5 shows the critical tensile strength of Mo-V-added steels 

and the comparison steels. Comparing the critical tensile strength 
among the steels, 0.5Cr-1.5Mo steel exhibits the highest critical ten-
sile strength, and is considered to have excellent hydrogen embrit-
tlement resistance properties. Furthermore, the critical tensile 
strength of Mo-V-added steels is higher than that of SCM435 steel, 
and the trend of superiority in hydrogen embrittlement resistance 
properties is consistent with the conventional findings. 11) In Mo-V-
added steels, only the 0.5Cr steel does not achieve the target perfor-
mance of the critical tensile strength of 1 000 MPa or above. On the 
other hand, as for the steels for comparison, SNCM439 steel 
achieves the target performance. This result suggests that the hydro-
gen embrittlement resistance properties of SNCM439 steel evaluat-
ed in this study are higher than those of the SNCM439 steel known 
from conventional findings 2). The reason for this is that the sample 
material prepared by laboratory smelting, as compared with the ma-

terial bought from market and evaluated, and as clarified by the past 
research pertaining to the application of SNCM439 steel to accumu-
lators, 21) has higher hydrogen embrittlement resistance properties 
due to the lower O content and fewer oxide inclusions that cause 
fracture. Furthermore, although the critical tensile strength of the 
0.5Cr-1.3Mo-B steel has not been confirmed, the tensile strength 
(TS) used in the evaluation of the trial design described below is 
1 175 MPa, and conformity to hydrogen-compatibility is indicated 
and confirmed. Figure 6 shows the relationship between the critical 
tensile strength and the alloy content to clarify the effect of chemi-
cal compositions on the critical tensile strength of Mo-V-added 
steels. Figure 6 (a) shows that Cr exhibits a different trend depend-
ing on the Mo content. With 0.65%Mo, the critical tensile strength 
increases along with the increase of the Cr content, and with 
1.5%Mo, it decreases. Figure 6 (b) shows that the critical tensile 
strength increases with the increase of the Mo content for both 
0.5%Cr and 1.0%Cr, and this trend is particularly remarkable for 
0.5%Cr. As for V, Fig. 6 (c) shows that the critical tensile strength 
decreases with the increase of the V content.

Fig. 5	 Critical tensile strength with hydrogen compatibility of Mo-V 
added steels and comparison steels

Fig. 6	 Relationship between critical tensile strength and alloy content 
of (a) Cr, (b) Mo and (c) V

Fig. 4	 Relationship between VC-90 and alloy content of (a) Cr, (b) Mo 
and (c) B
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3.3	Result of trial design evaluation
Figure 7 shows the relationship between the fatigue crack 

growth rate and the stress intensity factor obtained from the fatigue 
crack growth tests of 0.5Cr-1.3Mo-B steel (TS: 1 175 MPa) and 
SNCM439 steel (TS: 1 026 MPa) at 90 MPa high pressure hydrogen 
gas at room temperature. The fatigue crack growth rate of 0.5Cr-
1.3Mo-B steel under the hydrogen environment is higher than that 
of SNCM439 steel, the phenomenon of which is considered to be 
due to the difference in strength properties. The fatigue crack growth 
rate analysis was conducted in accordance with KHKS 0220 13), and 
from the fatigue crack growth rate under the hydrogen environment, 
conditions under which 1/4 of the critical crack depth becomes larg-
er than the initial crack depth were calculated. The design is valid 
for KIH ≥ 30 MPa·m1/2 for all steel grades.

Figure 8 shows the relationship between KIH and the tensile 
strength of the sample materials obtained from the rising load test. 
As strength-varied SNB16 steels and the 0.5Cr-1.3Mo-B steel (TS: 
1 175 MPa) are compared, regardless of the difference in chemical 
compositions, KIH and tensile strength of the Mo-V-added steels are 
in a proportionality relation, and KIH tends to decrease in line with 
the increase of tensile strength. Furthermore, when the Mo-V added 
steels and the strength-varied SNCM439 steels are compared, Mo-
V-added steels exhibit strength-toughness balance superior to that of 
SNCM439 steels. The relationship between the tensile strength and 
KIH of SNCM439 steel smelted on the laboratory base is generally 
consistent with the trend found in the conventional findings 22).

The tensile strength calculated from the fatigue crack growth 

analysis which satisfies KIH ≥ 30 MPa·m1/2 as a condition for validat-
ing design is about 1 100 MPa for the Mo-V added steels, and about 
1 000 MPa for the SNCM439 steel, respectively, and it was con-
firmed that the design is valid at the strength above the target perfor-
mance in both steels.

4.	 Study
4.1	Influence of alloying metal on hardenability

Regarding the influence of Mo and B on hardenability, Fig. 3 
suggests that the actual hardenability of steel grades added with 
1.5mass% Mo and B is inferior to those predicted from the alloy 
compositions. Furthermore, from Figs. 4 (b), (c), it has been clarified 
that the effect of increasing the contents of Mo and B on hardenabil-
ity is smaller than the effect suggested by conventional findings. As 
a reason, this is considered to be due to the influence of C and Mo 
partly becoming undissolved carbides during quenching. Inoue et 
al. 23) calculated the contents of dissolved C and Mo effective for im-
proving hardenability (hereafter referred to as effective contents of 
C and Mo) based on the quantitative analysis of the contents of un-
dissolved carbides in steel with 0.3–0.6%C and 0–2.0%Mo, and re-
determined the hardenability, and clarified that the actual observed 
values and calculated values agree well. The contents of effective C 
and Mo for 1.5Mo steel and 0.5Cr-1.5Mo steel were sought by us-
ing the method proposed by Inoue et al. 24) to predict the content of 
undissolved carbides, and in Table 2, the result of redetermining the 
observed VC-90 from the calculated VC-90 value and the content of ef-
fective C is shown. The recalculated values of VC-90 obtained with 
the effective contents of C and Mo nearly agree with the observed 
values, and for the aforementioned steel with the addition of 
1.5mass% Mo, the effect of hardenability improvement is consid-
ered to be smaller than that of the conventional findings 16) due to the 
influence of undissolved carbides. Furthermore, as for B for the im-
provement of hardenability, it is assumed that the existence of dis-

Fig. 7	 Fatigue crack growth rate, da/dN, versus stress intensity factor 
range, ΔK, for 0.5Cr-1.3Mo-B and SNCM439

Fig. 8	 Relationship between KIH and tensile strength of SNB16, 0.5Cr-
1.3Mo-B and SNCM439

Table 2   Comparison of added and effective C and Mo content of VC-90

Material
Added 

C
Added 

Mo
Calculated 
VC-90 (°C/s)

Observed  
VC-90 (°C/s)

Effective 
C

Effective 
Mo

Calculated 
VC-90 (°C/s)

Observed 
VC-90 (°C/s)

1.5Mo 0.36 1.55 1.90 3.1 0.34 1.00 3.0 2.9
0.5Cr-1.5Mo 0.38 1.49 2.74 4.2 0.36 1.08 3.9 3.9
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solved B of 5 ppm or more at the grain boundary is required. 25) The 
content of dissolved B in SNB16-B steel was estimated from B, Ti, 
and N, 26) and calculated to be 0.0015% (15 ppm). Therefore, it is 
considered that the content of dissolved B is sufficient to improve 
hardenability. However, the effect of B on hardenability improve-
ment is affected by interactions with other elements 25) and/or 
quenching conditions 27). In order to maximize the effect of B addi-
tion, it is necessary to clarify these effects in Mo-V-added steels.

Hardenability and the alloy design required to enlarge the capac-
ity of accumulators are described. First of all, it is difficult to deter-
mine unconditionally the threshold value of hardenability required 
for steel materials because hardenability depends on the cooling ca-
pacity determined by the equipment used to manufacture the accu-
mulators and the refrigerant liquid to be used. On the other hand, as-
suming that large-capacity accumulators are manufactured utilizing 
existing facilities, it is desirable that the hardenability be equivalent 
to or above that of existing steels. Figure 3 shows that, when com-
pared with SCM435 steel, hardenability of the Mo-V-added steels is 
similar to or higher than that of the SCM435 steel, except for the 
0.5Cr and 0.5Cr-1.5Mo steels. In particular, since the hardenability 
of 0.5Cr-1.3Mo-B steel and SNB16-B steel with the addition of B is 
excellent, improvement of hardenability by utilizing B is considered 
desirable in alloy design.

4.2	Effect of alloying element on hydrogen embrittlement resis-
tance properties
Concerning the influence of Cr on critical tensile strength, Fig. 6 

shows that the critical tensile strength of 1.5%Mo decreases with the 
increase of the Cr content, while that of 0.65%Mo increases con-
trarily. The cause of the deterioration of hydrogen embrittlement re-
sistance properties of 1.5%Mo along with the increase of the Cr 
content is considered to be the present state of the carbides precipi-
tated on the former γ grain boundary. Suppression of carbides M3C 
and M23C6 formed at the former γ grain boundary has the effect of 
preventing the grain boundary fracture type hydrogen embrittle-
ment. 28) Furthermore, M3C and M23C6 increase with increased addi-
tion of Cr and Mo. Therefore, it is considered that, for 1.5%Mo 
steel, the formation of harmful boundary carbides is suppressed 
along with the decrease of the Cr content, and that, therefore, hydro-
gen embrittlement resistance properties are improved. On the other 
hand, for 0.65%Mo steel, there are other microstructural factors 
considered to be affecting the hydrogen embrittlement resistance 
properties; however, this has not been clarified in this study.

As for the effect of Mo on critical tensile strength, Fig. 6 (b) 
shows that in both cases of 1.0%Cr and 0.5%Cr, the hydrogen em-
brittlement resistance properties become higher with the increase in 
Mo content, and this trend is especially significant in 0.5%Cr. The 
improvement of hydrogen embrittlement resistance properties along 
with the increase of the Mo content shows the same trend as the one 
shown in the conventional findings. 29–31) As reasons for Mo improv-
ing hydrogen embrittlement resistance properties, the following ef-
fects are considered: suppression of grain boundary fracture by the 
spheroidized cementite realized by high tempering temperature, 32) 
increase in critical hydrogen concentration leading to fracture due to 
hydrogen trapping by Mo2C, 29, 30) and the grain boundary fracture 
being suppressed due to bonding strength on the former γ grain 
boundary increased by Mo 5). This time as well, it is considered that 
the same mechanism has worked, and Mo addition has improved the 
hydrogen embrittlement resistance properties.

As for the effect of V on critical tensile strength, Fig. 6 (c) shows 

that the hydrogen embrittlement resistance properties deteriorate as 
the content of V increases from 0.10% to 0.26%. However, many 
conventional findings indicated that the hydrogen embrittlement re-
sistance properties are improved by increasing V addition, 33–35) and 
the present result is different from the conventional findings. On the 
other hand, Seo et al. 36) suggested that V tends to retain undissolved 
carbides during quenching, and coarsens them during tempering, 
becoming fracture initiation points in a hydrogen environment, 
thereby deteriorating hydrogen embrittlement resistance properties. 
In this study, since the alloy compositions had relatively high con-
tents of V and Mo which tends to retain undissolved carbides, the 
hydrogen embrittlement resistance properties are considered to dete-
riorate by the same mechanism as that of the V content that in-
creased from 0.10%V to 0.26%V. Furthermore, when considering 
SCM435 steel as a material without V addition and comparing it 
with a material with 0.10%V, it can be concluded that the addition 
of 0.10%V significantly enhances the hydrogen embrittlement resis-
tance properties.

4.3	Alloy metal design of low-alloy steel for high-pressure hy-
drogen accumulator
In Sections 4.1 and 4.2, the effects of alloying elements on hard-

enability and hydrogen embrittlement resistance properties were 
studied. The alloy design incorporated with both properties required 
for accumulators is described. For hardenability, the addition of Cr 
and B is effective, and the addition of Mo is effective for hydrogen 
embrittlement resistance properties. However, it has been clarified 
that hardenability deteriorates when Mo forms undissolved carbides. 
Therefore, it is desirable to add the maximum amount of Mo that 
can be dissolved during quenching at the maximum heat treatment 
temperature of the quenching facility. Furthermore, since Cr is esti-
mated to deteriorate the hydrogen embrittlement resistance proper-
ties when Mo is dissolved, it is recommended that the hardenability 
improvement by B addition be maximized, and then a minimum 
amount of Cr be added to compensate for the lack of hardenability. 
Furthermore, V is very effective in improving the hydrogen embrit-
tlement resistance properties if it is dissolved during quenching; 
however, if undissolved carbides are formed, the hydrogen embrit-
tlement resistance properties are considered to deteriorate. There-
fore, similarly to Mo, it is desirable to add the maximum amount of 
V that can be dissolved during quenching. Since the 0.5Cr-1.3Mo-B 
steel prepared based on these alloys is confirmed to have hydrogen 
compatibility at a low temperature of −40°C at tensile strength 1 175 
MPa and good hardenability, it was confirmed that this alloy design 
is effective for designing low-alloy steels for high-strength accumu-
lators.

4.4	Evaluations of fracture toughness properties under hydro-
gen environment and trial design
The fatigue crack growth rate and the fracture toughness proper-

ties under the hydrogen environment of Mo-V-added steels were 
evaluated from Fig. 7 and Fig. 8, and it was confirmed from the fa-
tigue crack growth analysis that the design with SNCM439 of about 
1 000 MPa and Mo-V-added steels of about 1 100 MPa is valid, and 
the target performance of 1 000 MPa or above to realize cost reduc-
tion for enlarging capacity has been achieved. From this, it was con-
cluded that Mo-V-added steels are particularly promising as the steel 
material for large-capacity high-pressure hydrogen accumulators.

As stated in the introduction, existing steels used for accumula-
tors have reduced strength to ensure hydrogen compatibility. This is 
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considered to be based on the conventional findings that KIH de-
creases with increasing strength, and that KIH becomes equal for the 
same strength regardless of steel grade 37, 38). However, as Fig. 8 
shows, this research has clarified that the strength-toughness balance 
of Mo-V-added steel is superior to that of existing steel of 
SNCM439. Furthermore, it has been clarified that the same result is 
obtained when KIH is evaluated by changing the stress intensity fac-
tor rate (dK/dt) in the range of 0.005 to 3 MPa·m1/2/s. 39) Therefore, 
contrary to conventional findings, there is a clear difference in terms 
of KIH between SNCM439 and Mo-V-added steels, depending on the 
type of steel. This is an achievement that proves that Mo-V-added 
steels can be applied to hydrogen environments with higher strength 
than that of conventional steels. However, we consider that it is nec-
essary to expand the data to further prove the safety in the applica-
tion of high-strength steels.

5.	 Conclusion
In order to realize cost reduction by increasing the capacity of 

high-pressure hydrogen accumulators, the effects of chemical com-
positions on hardenability and hydrogen embrittlement resistance 
properties, which are required for low-alloy steels, were investigated 
for Mo-V-added steels, and the alloy design guideline was clarified. 
Furthermore, from the result of the evaluation of the trial design 
based on the steel grades developed based on the obtained alloy de-
sign guideline, it was confirmed that the design is valid in terms of 
target performance. Thus we have concluded that Mo-V-added 
steels are promising as the steel material for large-capacity high-
pressure hydrogen accumulators.

This article utilizes the results obtained in the “Development of 
Technologies for Hydrogen Refueling Stations” commissioned by 
the New Energy and Industrial Development Organization (NEDO).
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