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ARTICLE INFO ABSTRACT

Keywords:

Ausformed specimens of the chromium-molybdenum steel JIS-SCM440 were subjected to fatigue tests in both air
and 90 MPa hydrogen gas. The results were compared with those of non-ausformed specimens of the same
material with similar tensile strengths (= 950 MPa and ~ 1050 MPa). The ausformed materials demonstrated
excellent resistance to hydrogen-induced acceleration of fatigue crack-growth (FCG), effectively reducing the
crack propagation rate under cyclic loading in hydrogen environments compared to their non-ausformed
counterparts. They maintained an acceleration ratio (i.e., relative FCG rate in hydrogen with respect to that in
air) within 10 to 40 times, an order of magnitude lower than that of the non-ausformed counterparts. Despite
their high strength levels (i.e., tensile strengths greater than 900 MPa), the FCG rate in the ausformed materials
was almost independent of loading frequency at a stress intensity factor range of 20 and 30 MPa-m'/2. Fracto-
graphic observations revealed that no intergranular fracture occurred in the ausformed materials, unlike in the
non-ausformed ones. These findings suggest that two factors possibly caused the mitigation of FCG rate in
hydrogen: (i) modification of the microstructure morphology, i.e., refinement and elongation, and (ii) an increase
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in the cohesive strength of interfaces under the influence of hydrogen.

1. Introduction

As the world advances towards decarbonization, hydrogen has
emerged as a promising alternative to fossil fuels in various applications.
However, the high cost of materials used in hydrogen production,
storage, and transportation remains a significant barrier to its wide-
spread adoption. Such expensive materials are primarily employed to
counteract a phenomenon known as hydrogen embrittlement (HE),
where the mechanical properties of metallic materials are significantly
degraded by solute hydrogen [1-8]. This degradation can lead to un-
expected and catastrophic failures in structures or components subjected
to mechanical stress and strain [9,10].

The severity of HE depends on materials (e.g., material type [11],
microstructure [8], strength level [12-14]) as well as environmental
conditions (e.g., pressure [15], temperature [16,17], gas impurities
[18-20]). As a result, preventing and mitigating HE is a complex chal-
lenge that requires a multidisciplinary approach involving materials

science, corrosion science, and mechanical engineering [21]. However,
understanding the influence of hydrogen on strength properties and
their underlying mechanisms has enabled the development of effective
strength design for high-pressure hydrogen components. Additionally,
to reduce costs and improve the performance of these components,
alternative materials are being actively investigated.

Higher-strength steels offer numerous advantages, such as improved
safety, increased capacity, weight reduction, longer lifecycles, and
enhanced environmental impact. However, it has been reported that
low-alloy steels with higher-strength exhibit greater susceptibility to HE
[12,13]. A significant acceleration in fatigue crack-growth (FCG) is
observed in low-alloy steels with tensile strengths, op, exceeding 900
MPa. Below this threshold, the hydrogen-induced acceleration in these
steels shows little to no dependence on loading frequency, indicating
that FCG life can be determined by the number of cycles, regardless of
loading time. In contrast, above the 900 MPa threshold, the FCG ac-
celeration becomes more pronounced as strength increases and loading
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frequency decreases. In such cases, FCG life cannot be determined solely
by the number of cycles, complicating fatigue life design. Unfortunately,
commercial low-alloy steels currently cannot surpass the 900 MPa
threshold in a 100 MPa-class hydrogen gas environment, limiting the
range of usable materials and their applicable strength levels [22].

Ausformed and tempered (AFT) steel is recognized for its excellent
strength properties under the influence of hydrogen [23]. The corre-
sponding thermomechanical treatment involves a hot working process
of austenite above Mg temperature followed by quenching. A key
advantage of ausforming is the increase in the strength of finally formed
martensite despite minimal decreases in its toughness and ductility [24].
Many researchers have been studying the mechanisms behind these
superior strength properties. Kimura et al. [25] found that AFT samples
of low-alloy steel exhibited improved delayed fracture resistance
compared to quench-and-tempered samples. They attributed this
improvement to a finer microstructure and increased dislocation den-
sity, which hinders hydrogen diffusion in the material, thereby miti-
gating HE. AFT steels exhibit a distinctive microstructure; for example,
the prior-austenite grain boundaries (PAGBs) have an undulating shape
and varying cementite orientations along the same grain boundary, as
reported by Yusa et al. [26] and Maki et al. [27], which likely contribute
positively to FCG resistance. They reported that ausforming could sup-
press intergranular cracking in the process of delayed fracture, leading
to a change in the crack path from intergranular to transgranular. It is
also worth noting that ausforming can enhance the fracture resistance of
materials without changing the chemical composition, allowing the use
of less costly alloys for more applications. Based on these facts, AFT
steels are also expected to achieve higher-strength suitable for high-
pressure hydrogen components. However, no study has yet examined
the strength properties of AFT materials in high-pressure hydrogen
environments.

In this study, we examined the effect of the ausforming process on
the FCG resistance of low-alloy steel in high-pressure hydrogen. We
prepared AFT JIS-SCM440 steel at two strength levels and evaluated
their FCG properties in air and 90 MPa hydrogen gas at ambient tem-
perature using compact tension specimens. The results were compared
to those of non-ausformed materials and other similar steels. The AFT
materials exhibited superior performance compared to their non-
ausformed counterparts. Notably, the hydrogen-induced crack acceler-
ation in the AFT materials was nearly independent of loading frequency
in the range of 0.001 to 1 Hz, even at higher-strength levels up to
approximately 1050 MPa. Consequently, we conclude that AFT steels
exhibit exceptional resistance to FCG in high-pressure hydrogen. This
suggests that the ausforming process holds significant potential for
developing higher-strength materials suitable for high-pressure
hydrogen applications, through further improvements in microstruc-
ture and chemical composition, enabling more cost-efficient and higher-
performance hydrogen components and systems.

2. Materials and methods
2.1. Materials

Plates of commercial-grade low-alloy chromium molybdenum steel,
JIS-SCM440, were used for FCG tests. The chemical composition of the
material is shown in Table 1. Steel plates with 20 mm in thickness were
austenitized at a high temperature of 1000°C for 30 min in an argon gas
atmosphere, air-cooled to 750°C, then compressed to 50% of their
original thickness, as shown in Fig. 1(b), followed by water-quenching.
The austenitization temperature of 1000°C was selected to ensure that
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the austenite grain size is large enough so that any diffusional trans-
formations does not occur during air-cooling to 750°C. The temperature
of the steel plates during air-cooling to 750°C was measured by a non-
contact infrared-radiation thermometer. In the ausforming treatment
at 750°C, the plates were first held between two 16 mm thick tungsten-
carbide plates preheated to 750°C and then compressed in a forging
machine with a capacity of 3000 kN. This process allowed the steel
plates to be maintained at 750°C during compression. It was decided to
perform the compression of the ausforming treatment at 750°C to pre-
vent recrystallization of the austenite and diffusional transformation
during the process from compression to water quenching. The quenched
steel plates were subsequently tempered at two different temperatures,
600°C and 650°C, and water-quenched. The ausformed material
tempered at 600°C is referred to as AFT600, and the material tempered
at 650°C is referred to as AFT650.

In addition, three non-ausformed steels were prepared from JIS-
SCM440. These steels underwent the same treatment steps as the AFT
materials, excluding the compression process and the austenitization
temperature at 850°C, and were then tempered at three different tem-
peratures: 550°C, 600°C and 650°C for 60 min (Fig. 1(a)). These mate-
rials are referred to as T550, T600, and T650, respectively, and
collectively as QT materials.

Fig. 2 presents the nominal stress-nominal strain diagram obtained
from tensile testing on tensile specimens (Fig. 3). For each material, 4
tensile specimens were prepared and tested under the same conditions,
the table shows the average for each material. These test were performed
on a “Shimadzu AG-X plus”. It should be noted that the nominal strain
was calculated by dividing the crosshead displacement by the initial
gauge length. In QT materials, decreasing the tempering temperature
results in increased strength and reduced strain to failure. AFT materials
exhibited similar behavior; however, a comparison between AFT650
and T650 reveals that ausforming altered the material properties,
increasing op by approximately 40 MPa. In contrast, the strength
improvement for AFT600 compared to T600 was minimal, and its strain
to failure slightly decreased.

Fig. 4 presents the microstructures of the QT and AFT materials,
showing crystallographic orientation maps obtained by electron back-
scattered diffraction (EBSD) in a scanning electron microscope (SEM),
acquired with an acceleration voltage of 15 kV and a step size of 0.15
um. In the AFT materials (cf. Fig. 4(d) and (e)), the microstructures are
more flattened compared to their QT counterparts, and some constituent
structures, such as blocks, are refined. However, accurate measurement
of prior-austenite grains (PAG) size and aspect ratio was not possible due
to the difficulty of identifying PAG in the AFT specimens included in this
study. Because of the higher austenitizing temperature of the AFT ma-
terials, initial PAG size is expected to be larger than that of the QT
materials.

2.2. Experiments

Fig. 5 illustrates the shape and dimensions of the compact tension
(CT) specimens used for the FCG tests. The crack plane was perpendic-
ular to the compression plane of the ausforming process. Two types of
FCG tests were conducted in accordance with the ASTM E647 [28] at
ambient temperature at a stress ratio, R, of 0.1 in air and 90 MPa
hydrogen gas with a purity of >99.999 %: (i) load-amplitude-constant
(AP-constant) tests and (ii) stress intensity factor range-constant (AK-
constant) tests. The tests in high-pressure hydrogen gas were conducted
using a 100 MPa high-pressure hydrogen testing system [29]. For the
tests conducted in air, a Shimadzu Servopulser EHF-EM051K1 was used.

Table 1
Chemical composition of JIS-SCM440 (mass%).
C Si Mn P S Cu Ni Cr Mo
0.41 0.20 0.61 0.014 0.003 0.010 0.06 1.02 0.17
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Fig. 1. Heat treatment schematics for (a) T550, T600 and T650, and (b) AFT600 and AFT650.
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Fig. 3. Shape and dimensions of tensile specimen.

The AP-constant tests were performed at loading frequencies, f, of 5 Hz
and 1 Hz in air and hydrogen gas, respectively. Based on the accumu-
lated knowledge from numerous existing studies, the fatigue crack
growth rate of low alloy steels in air is nearly independent of loading
frequency [30-32]. Therefore, to optimize testing time, the tests in air
were conducted at 5 Hz instead of 1 Hz. The AK and the FCG rate, da/
dN, were measured using the unloading elastic compliance technique
with a clip-on gauge. The AK-constant tests were conducted at AK values
of 20 MPa-m'/? and 30 MPa-m'/? in 90 MPa hydrogen gas, during which
the loading frequency was decreased stepwise (i.e., 1 Hz — 0.1 Hz —
0.01 Hz — 0.001 Hz). The tests in high-pressure hydrogen gas were
started immediately after pressurizing the chamber with hydrogen.
Following the FCG tests, the fracture surfaces were examined using a
SEM with an acceleration voltage of 15 kV.

3. Results
3.1. Fatigue crack-growth behavior

Fig. 6 shows the relationship between da/dN and AK obtained from
AP-constant tests in air and 90 MPa hydrogen gas. In air, the FCG rates
were nearly identical for all materials, including the AFT materials. The
data display linearity on a double logarithmic graph that can be depicted
by the Paris-Erdogan law [33]. On the other hand, in hydrogen gas, each
material exhibited a remarkable acceleration of the FCG rate, and the
da/dN-AK curve lost its linearity. Notably, in QT materials, the FCG
acceleration rate increased with an increase in the strength level.
However, the acceleration in AFT materials (i.e., AFT600 and AFT650)
was suppressed to lower levels than that of the QT materials. In addition,
in AFT materials, the strength dependence of the hydrogen-induced FCG
acceleration was less pronounced compared to QT materials. When we
compare the FCG rates between AFT and QT materials, for example, the
rate for AFT600 (o ~ 1058 MPa) was nearly equivalent to that for T650
(op = 914 MPa). This suggests that AFT materials have higher FCG
resistance in hydrogen than QT materials when compared at an equiv-
alent strength level.

Fig. 7 shows the relative FCG rate between air and hydrogen, (da/
dN)y/(da/dN)ajr, on a logarithmic scale as a function of loading fre-
quency in AK-constant tests at AK = 20 MPa-m'/2, with one additional
specimen of AFT600 tested at AK = 30 MPa-m'” 2, and where (da/dN)y
and (da/dN)a;r represent the FCG rates in hydrogen and air, respec-
tively. The relative FCG rates were calculated by comparing the FCG rate
in hydrogen to that in air (cf. Fig. 6) at the same AK level for each
material. QT materials are depicted in blue, and AFT materials are
shown in red. When the relative FCG rate is plotted against loading
frequency, purely cycle-dependent behavior appears as a horizontal line,
indicating no dependence on loading frequency. In contrast, a purely
time-dependent behavior is represented by a straight line with a nega-
tive slope, reflecting an inverse relationship between FCG rate and fre-
quency. In the QT material T650, the acceleration rate was nearly
independent of loading frequency, which is characteristic of FCG ac-
celeration in low-to-moderate strength steels influenced by hydrogen.
This behavior corresponds to the “cycle-dependent” or “time-indepen-
dent” acceleration reported in literature [12,13]. It has also been re-
ported for various carbon steels and low-alloy steels that the
acceleration rate in this regime typically falls within a range of 20 to 40
times [13]. In contrast, T600 and T550 exhibit a time-dependent crack
acceleration, characterized by a continuous increase in FCG as the
loading frequency decreases [34]. Compared to the QT materials, all
AFT materials demonstrate clear time-dependent behavior, as the ac-
celeration rate shows only a slight increase with decreasing loading
frequency (cf. Fig. 7). Even at f = 0.001 Hz, the acceleration rate remains
around 40 times, which is within the range of the cycle-dependent ac-
celeration in other steels. Similar to Fig. 6, Fig. 7 demonstrates the
improved performance of AFT materials compared to QT materials. The
AFT materials (6g = 950 MPa and 1058 MPa) showed results
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Fig. 4. Microstructures of QT and AFT materials observed via EBSD: (a) T550, (b) T600, (c) T650, (d) AFT600, (e) AFT650.
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Fig. 5. Shape and dimensions of CT specimen.

comparable to, and in some cases superior to, to T650 (cp = 914 MPa)
the lower-strength QT material, all of which exhibited cycle-dependent
behavior. The remaining QT materials (65 = 1058 MPa and 1176 MPa)
showed clear time-dependence. Despite having the same strength level,
the relative FCG rate of T600 was one order of magnitude superior to its
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Fig. 6. FCG rate as a function of the stress intensity factor range in air and in 90
MPa hydrogen gas.

AFT counterpart, AFT600.
3.2. Fractographic observation

Fig. 8 shows the fracture surfaces of the QT and AFT materials after
AP-constant tests in air. Two loading levels were selected for
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Fig. 8. Fracture surfaces of AFT and QT materials at two AK levels in air.

comparison: AK = 15 and 30 MPa-m'/2, Note that the compression di-
rection during the ausforming was parallel to the thickness direction of
the CT specimen. The fracture surfaces in air showed no significant
differences at different AK levels, exhibiting typical ductile trans-
granular fracture characteristics. AFT materials also did not exhibit any
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notable differences compared to the QT materials.

Fig. 9 shows the fracture surfaces of the QT and AFT materials after
AP-constant tests in 90 MPa hydrogen gas at AK = 15 MPa-m'/? and 30
MPa-m'/2. In T550 and T600, the fracture surfaces in hydrogen exhibit
several types of fractures such as intergranular cracks, crevices (longi-
tudinal cracks), indicated by white and red arrows in Fig. 9, which are
distinct from those in air. In contrast, T650 did not exhibit intergranular
fractures. On the other hand, in the AFT materials, no brittle fracture
surfaces such as intergranular fractures were observed; instead, ductile
transgranular fracture was observed. At AK = 30 MPa-m!/?, large
crevices are observed on both QT and AFT materials (cf. red arrows in
Fig. 9). They appear larger in AFT600 and AFT650 (cf. Fig. 9(h), 9(})),
but are not exclusive to AFT materials, as seen in T600 (Fig. 9(d)).

Fig. 10 shows examples of fracture paths on the mid-thickness of CT
specimens of T650 and AFT650 in 90 MPa hydrogen gas at AK = 20
MPa-m'/2. The yellow dashed line in the figure indicates the crack path
having misorientations between 21° and 47°, which is likely to be
identified as PAGBs [35-37]. The figure shows that cracking along
PAGBs was observed in QT materials but not in AFT materials. Between
air and hydrogen gas, no increase in the frequency of intergranular
cracking, secondary cracks, or branching was observed in AFT650 in
hydrogen gas. This suggests that the change in microstructure due to
ausforming may suppress intergranular cracking under high-pressure

AK =15 MPa'm'”

AK =30 MPa'm'”?

T550
6= 1176 MPa

T600
6 = 1058 MPa

T650
=914 MPa

Op
FCG direction

AFT600

o = 1058 MPa

950 MPa

AFT650

Op

Fig. 9. Fracture surfaces of AFT and QT materials at two AK levels in hydrogen
(white arrows indicate intergranular fractures and red arrows denote crevices).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 10. Examples of mid-thickness fracture paths in 90 MPa hydrogen gas at AK = 20 MPa-m'/2 and f = 1 Hz for (a) T650 and (b) AFT650.

hydrogen gas.
4. Discussion
4.1. Exceptional hydrogen resistance of ausformed materials

Fig. 11 shows the relationship between relative FCG rate, (da/dN)y/
(da/dN)ajr, and tensile strength, op, for several commercial-grade low-
alloy and carbon steels in 90-115 MPa hydrogen gas [12,13]. In the
range of og < 900 MPa, the relative FCG rates fall within a band of 10-40
times, indicating that the materials exhibit cycle-dependent accelera-
tion. In contrast, in the range of og > 900 MPa, most of the materials
display time-dependent acceleration with rates much greater than
10-40 times. It has been reported that, in this high-strength regime,
loading frequency has a significant impact on FCG acceleration, as
shown in the previous studies [12,13,38]. However, the FCG rates of
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Fig. 11. Relationship between the relative FCG rate and tensile strength.

AFT materials remain at a lower level even though their og values far
exceeds 900 MPa. The results indicate that, for equivalent strength, AFT
materials demonstrate exceptional FCG resistance in high-pressure
hydrogen gas compared to their QT counterparts.

4.2. Causes of the exceptional crack-growth resistance of ausformed
materials in hydrogen gas

Based on a series of previous studies, two possible dominating
mechanisms for crack-growth resistance can be identified: (i) micro-
structural morphology, e.g., grain refinement [39-42] and grain elon-
gation [43-45], and (ii) changes in the cohesive strength of interfaces
under the influence of hydrogen [46-48]. In this subsection, we discuss
how these mechanisms potentially contribute to improving the resis-
tance to hydrogen-assisted FCG.

(i) Role of microstructural morphology

As mentioned earlier in this paper (cf. Fig. 4), the microstructure of
AFT materials is finer and more flattened compared to that of QT ma-
terials. Several researchers have studied the influence of grain size on
the resistance to HE [49-52]. Nie et al. [53] concluded that ultrafine
elongated grain (UFEG) structures exhibit higher HE resistance, as
hydrogen-induced cracking follows the UFEG structure. Generally, a
crack following the grain boundary is subjected to a deflection at each
grain boundary (GB) triple junction [54], where the energy required for
intergranular fracture increases with an increase in the deflection angle.

Fig. 12 presents a schematic illustrating the differences in grain
boundary interface shape between QT and AFT materials, which ex-
plains the varying susceptibility to intergranular cracking in these mi-
crostructures. For example, flattened grains, offer fewer opportunities
for the crack tip to encounter grain boundaries. Additionally, the planar
crack surface intersects with wave-shaped grain boundary interfaces,
where the crack tip encounters irregular, interlocking boundaries. In the
figure, the larger PAG size in the AFT materials is depicted in the
schematic as a result of their higher austenitizing temperature compared
to the QT materials. In AFT materials, compression during their
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Fig. 12. Schematics showing the intersection of the planar crack surface with grain boundaries in (a) QT and (b) AFT materials.

processing leads to grains exhibiting greater flatness and elongation
compared to those in QT materials. When a crack propagates along the
GBs, it generates a more complex three-dimensional crack path. This
path, characterized by increased microscopic crack twisting, reduces the
local normal stress ahead of the crack (i.e., driving force for GB sepa-
ration) even under an equivalent AK, thereby making it more difficult
for hydrogen to promote grain boundary separation. In addition to these
mechanical aspects, several studies have directly linked higher twist
angles in grain boundaries to increased fatigue crack resistance from a
crystallographic perspective [55,56]. Zhang et al. [57] importantlty
demonstrated that grain boundary slip system activation is enhanced at
higher twist angles near the crack tip, leading to the formation of mul-
tiple potential fracture planes and increasing the likelihood of trans-
granular cracking. Consequently, AFT materials show reduced
susceptibility to intergranular cracking.

Several researchers also emphasized the effect of grain size on stress
concentration at grain boundaries in various steels [58-62]. For
example, Bai et al. [63] observed that after interrupting a tensile test
with notched specimens in a hydrogenated condition, the number and
length of cracks in coarser-grained specimens were significantly greater
than in ultrafine-grained specimens. They proposed that the finer-
grained specimens exhibited lower stress concentration at grain
boundaries, leading to reduced hydrogen accumulation during defor-
mation. Similarly, for AFT materials, the finer, flattened grains can
enhance FCG resistance by increasing deflection angles and reducing
stress concentrations at grain boundaries.

Deng et al. [64] found that in medium-carbon steels, the orientation
of martensite laths ahead of the crack tip dictates the direction of crack-
growth in air. Similarly, Ueki et al. [65] conducted FCG tests on a low-
alloy steel in air and observed that fatigue crack propagation encoun-
tered higher resistance when perpendicular to the habit plane rather
than parallel. In another study, Ueki et al. [66] demonstrated that when
packets were nearly perpendicular to the notch direction, crack propa-
gation was driven by the accumulation of damage from out-of-plane slip
gliding, leading to higher FCG resistance. These findings indicate that
orientation may play a crucial role in FCG resistance in hydrogen en-
vironments, even though these experiments were performed in air.

As discussed above, in martensitic steels, changes in microstructure
morphology, such as grain refinement and grain flattening, may influ-
ence HE resistance. However, this study revealed a significant change in
the fracture morphologies: in QT materials, FCG was predominantly
intergranular, whereas AFT materials exhibited little, if any, intergran-
ular fracture (cf. Fig. 9). Thus, while the microstructure morphology of
AFT materials (i.e., grain refinement and grain flattening) may indi-
rectly influence fracture morphology, it may not be the primary factor

contributing to their exceptional HE resistance.
(i) Change in the cohesive strength of interfaces

Several studies have highlighted the significant role of grain
boundary morphology in determining resistance to hydrogen-induced
degradation [67-71]. Yusa et al. [26] identified stress concentration
due to coarse cementite along PAGBs as a major factor weakening these
boundaries and making them susceptible to delayed fracture. This
approach allowed significant refinement of intergranular cementite by
introducing more concave and convex PAGBs. These changes in both
PAGB and cementite morphology may be key factors contributing to the
enhanced FCG resistance of AFT materials in hydrogen gas. To explore
these aspects, we are conducting a series of microscopic observations of
GB fractures in AFT materials using SEM and EBSD. The results will be
presented in a forthcoming paper, along with a more detailed discussion
of the mechanisms behind the improved hydrogen resistance of AFT
materials.

As indicated by red arrows in Fig. 9, numerous crevices were
observed on the fracture surfaces of T600 as well as AFT650 and
AFT600. These crevices can form due to tensile normal stress in the
thickness direction of the specimen under plane-strain conditions near
the crack tip. Their presence suggests that not all grain boundaries
possess high resistance to hydrogen-induced fracture, even in AFT ma-
terials. Notably, these crevices may provide stress relaxation ahead of
the crack tip [72] by reducing hydrostatic stress within the material and
alleviating hydrogen accumulation at critical sites. As a result, these
longitudinal cracks may help suppress the acceleration of main crack
propagation.

4.3. Possible strategies for further material improvement

Considering that a growing crack front encounters multiple grains,
time-dependent crack-growth along PAGBs results from the hydrogen-
assisted fracture of individual grains and their subsequent coalescence.
Whether a grain fractures intergranularly or transgranularly depends on
the balance between the driving force (e.g., local stress) and the resis-
tance force (e.g., fracture stress of the grain boundaries). According to
elastic—plastic fracture mechanics [73], the driving force increases with
the material’s yield strength. The resistance force varies depending on
the orientation of the boundary surface and the variability of boundary
strength [12].

Fig. 13 schematically illustrates the competitive relationship be-
tween the driving and resistance forces for boundary cracking, with the
higher and lower bell curves representing the strength distribution of
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Fig. 13. Schematic of the relationship between driving forces and resistance forces.

interfaces in AFT and QT materials, respectively. The red-colored area
within the lower bell curve indicates the fracture probability at a specific
distance from the crack tip. The more filled the bell curve, the higher the
fracture probability. This figure shows that despite similar strength
levels in both materials (i.e., AFT and QT), the fracture probability is
consistently higher for QT materials. It is also noted that fracture
probability decreases with increasing distance from the crack tip. The
driving force varies with the material’s strength, while the resistance
force is influenced by the material’s microstructure, including factors
such as PAGBs and the presence of carbides at grain boundaries.

As discussed in the previous sections, the mechanisms governing the
resistance force have yet to be clarified either phenomenologically or
quantitatively. Future steps in our research include assessing the FCG
rate of higher-strength AFT materials to confirm the characteristics
observed so far. After conducting FCG tests on AFT and QT materials
with og = 950 MPa and = 1058 MPa, our next focus will be on evalu-
ating the performance of AFT materials with a tensile strength of around
1150 MPa. Comparing T550 (6p ~ 1150 MPa) with an AFT material of
similar strength would provide valuable insights. Additionally, we aim
to elucidate the microscopic mechanisms contributing to the exceptional
fatigue resistance of AFT materials in hydrogen through detailed ob-
servations and analyses of crack paths and fracture surfaces.

5. Conclusions

In order to explore higher-strength steels with sufficient fatigue
crack-growth (FCG) resistance in a hydrogen gas environment, we
focused on improving the microstructure through the ausforming pro-
cess. Various ausformed and tempered (AFT) specimens of low-alloy
steel, JIS-SCM440, were produced and subjected to a series of FCG
tests in air and 90 MPa hydrogen gas. The results were compared to non-
ausformed specimens of the same material. The key conclusions are as
follows:

1. AFT materials with tensile strengths ranging from 950 MPa to 1058
MPa exhibited satisfactory FCG resistance in hydrogen, even when
their strengths exceeded the application limit of conventionally heat-
treated materials (i.e., greater than 900 MPa).

2. Observations of fracture surfaces and crack paths revealed that the
enhanced hydrogen resistance of AFT materials is attributed to the
suppression of intergranular cracking.

3. Possible mechanisms for the enhanced FCG resistance of AFT mate-
rials were discussed, focusing on microstructure refinement, grain
elongation, and changes in the cohesive strength of interfaces. While
microstructure morphology can influence resistance to hydrogen
embrittlement, the significant reduction of intergranular cracking in
AFT materials suggests that other factors, such as changes in the
cohesive strength of interfaces, may play more crucial role.

4. While our study offered insights into potential strategies for further
improving the FCG resistance of AFT materials in high-pressure
hydrogen environments, a definitive conclusion among the hypoth-
eses remains elusive. The complexity of the interactions indicates
that further testing and observation are necessary. In our forth-
coming paper, we will present additional results on higher-strength
AFT materials, along with observations and analyses that clarify
the underlying mechanisms.
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