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Fatigue crack growth (FCG) tests were performedwith two types of metastable austenitic stainless steels having
different austenite phase stabilities under hydrogen-precharged conditions (internal hydrogen) and in gaseous
hydrogen environments (external hydrogen). The materials showed a peculiarly slower FCG rate with internal
hydrogen than with external hydrogen even though the hydrogen concentration wasmuch higher under the in-
ternal hydrogen conditions. The results are interpreted in terms of hydrogen-modified plastic deformation char-
acter comprising inhibited cross-slipping or enhanced deformation twinning in combination with the sequence
of hydrogen penetration and strain-induced α′martensite formation in the local region surrounding the fatigue
crack tip.
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Austenitic stainless steels are widely used as components in recent
high-pressure hydrogen applications, such as pipes and valves for fuel
cell vehicles (FCVs) or hydrogen refueling stations, due to their superior
resistance to hydrogen embrittlement. However, when the stability of
austenite phase is relatively low, the materials sometimes suffer from
dramatic hydrogen-induced degradation of the mechanical perfor-
mance under plastic deformation, which is generally attributed to the
strain-induced α′martensitic transformation [1–7]. This embrittlement
phenomenon in metastable austenitic stainless steels related to a
plasticity-induced phase transformation is considered especially prob-
lematic in fatigue crack growth (FCG) processes since severe plastic de-
formation in the crack tip zone essentially forms martensite, even in
materials with a relatively high austenite stability [8–12]. During the
past few decades, numerous studies have been conducted to elucidate
the precise mechanism of interaction between the phase transforma-
tion in the crack tip zone, dissolved hydrogen and the resultant FCG ac-
celeration; however, a decisive conclusion has not yet been achieved
because of the complex nature of the mechanism.

One possible contributor that complicates the interpretation of such
a well-known fact is that the setups for FCG experiments, i.e., the spec-
imen configuration, load ratio, and test frequency, have not been consis-
tent in previous studies [8,9,12,13]. Furthermore, another significant
problem is that some of those experiments were performed under dif-
ferent hydrogen supplying conditions, such as under hydrogen-
precharged conditions [8–10] or in a gaseous hydrogen environment
[12,13],which are frequently termed as “internal” and “external”hydro-
gen, respectively. In austenitic steels, in which the diffusivity of hydro-
gen is significantly low at ambient temperature [14,15], hydrogen
atoms can penetrate from the surface to a depth on the order of only
μm when the materials are mechanically tested in a gaseous hydrogen
environment [4]. Accordingly, in tensile testing, hydrogen-induced deg-
radation is generally mitigated with external hydrogen compared with
hydrogen-precharged conditions, i.e., when hydrogen is uniformly sup-
plied inside thematerial prior to testing [4]. However, this typical trend
is sometimes reversed, especially in FCG tests of metastable austenitic
stainless steels [9,12,13]. In fact, a significant acceleration of FCG was
reported for Type 304 steels in a hydrogen atmosphere, even at
relatively low pressures [12,13], whereas precharging with approxi-
mately 100 wt ppm hydrogen conversely decelerated FCG in the same
material [9]. This experimental evidence indicates that FCG tests con-
ducted with large amounts of internal hydrogen can possibly provide
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a nonconservative interpretation. Therefore, the cause of such a peculiar
contradiction should be thoroughly understood to assess the hydrogen
compatibility of metastable austenitic stainless steels from the view-
point of the FCG resistance.

In this study, we present critical experimental results for screening
the influences of internal and external hydrogen on the FCG accelera-
tion behavior of metastable austenitic stainless steels under a universal
experimental setup, i.e., identical specimen configuration, load ratio,
test frequency, temperature and stress intensity factor range. The com-
bined techniques of electron backscatter diffraction (EBSD) analysis and
electron channeling contrast imaging (ECCI) were successfully applied
to the crack paths to elucidate the individual roles of internal and exter-
nal hydrogen in plastic deformation, phase transformation and fracture
processes in the crack tip zone.

Solution-annealed plates of two types ofmetastable austenitic stain-
less steelswith different austenite stabilities, i.e., AISI Type 304 and 316L
steels, were used in this study. The chemical compositions, nickel equiv-
alent values (Nieq), which is an index for evaluating the austenite phase
stability [16], and mechanical properties of these materials are summa-
rized in Table 1. The compact-tension (CT)-type specimenswith awidth
W of 50.8 mm and thickness B of 10.0 mmwere cut from the L-T orien-
tation of the plate materials. FCG tests were performed in laboratory air
and a hydrogen gas environment with pressures of 0.7 and 90 MPa at
room temperature (RT) according to the ASTM-E647 standard [17]
under a constant stress intensity factor range, ΔK, of 30 MPa m1/2. As
the tests with internal hydrogen, some of the specimens of each mate-
rial were precharged with hydrogen by exposing them to 100 MPa of
hydrogen gas at 270 °C for 780 h and then tested in air. Based on the lit-
erature data for the hydrogen diffusivity in austenitic stainless steels,
this hydrogen-charging condition is enough to obtain a uniform hydro-
gen distribution throughout the specimen thickness [14]. A load range,
R, of 0.1 and testing frequency, f, of 1 Hz were selected for all of the
FCG experiments. After FCG testing, the CT specimens were cut along
the mid-thickness sections and carefully polished with diamond pastes
and colloidal SiO2 to remove the damaged surface layer. The crack paths
were analyzed using EBSD and ECCI via a field-emission scanning elec-
tron microscope (FE-SEM) operated at 15–20 kV to visualize the
phase transformation and corresponding deformation substructures.
Additionally, blocks with dimensions of 10 × 10 × 10 mm were fabri-
cated from the corners of the hydrogen-precharged CT specimens, and
the hydrogen content was measured via thermal desorption analysis
(TDA).

Fig. 1 shows the FCG acceleration rate measured in the presence of
internal and external hydrogen relative to that measured in their ab-
sence and the estimated hydrogen concentration, CS, under each envi-
ronmental condition. The Cs in the external hydrogen tests represents
the surface hydrogen concentration in the gaseous state, and for the in-
ternal hydrogen tests, it represents the saturated concentration of the
equilibrium state achieved by precharging,whichwas simply calculated
by Sievert's law according to the hydrogen solubility data of the same
materials [14]. The CS values were estimated to be approximately 4
and 60 wt ppm in 0.7 and 90 MPa of hydrogen gas, respectively, and
90 wt ppm under the hydrogen-precharged condition. The TDA mea-
surements of the hydrogen-precharged specimens confirmed that
their practical hydrogen contents were almost consistent with the esti-
mated CS values in bothmaterials. On the other hand, note that values in
the case of external hydrogen, the estimated CS values are just the local

hydrogen concentrations in the crack tip zone, assuming that the crystal
phase in that zone is still austenite. Since thematerial at the crack tip lo-
cally transforms into martensite, which has a low hydrogen solubility,
the practical hydrogen concentrations at the crack tip under 0.7 and
90 MPa of hydrogen gas are expected to be much smaller than the
values indicated in Fig. 1.

Due to its high austenite stability, Type 316L steel showed almost no
FCG acceleration under all testing conditions. Conversely, significant ac-
celeration was confirmed for Type 304 steel with both internal and ex-
ternal hydrogen. For external hydrogen, the FCG rate showed higher
values at higher gas pressures, i.e., 14- and 23-fold acceleration at 0.7
and 90 MPa, respectively, which is supposedly due to the larger hydro-
gen concentration. However, the more noteworthy result in Fig. 1 is the
considerably lower acceleration rate, i.e., 7 times, observed in the
hydrogen-precharged specimen. Even though this specimen contained
more than 90 wt ppm hydrogen, its acceleration rate was almost half
as much as the case of 0.7 MPa hydrogen gas that can provide only a
few wt. ppm or less of hydrogen in the crack tip zone.

Fig. 2 presents the crystal orientationmaps and corresponding phase
maps around the mid-thickness crack paths in Type 304 steel analyzed
via EBSD. Severe cyclic plastic strain caused a large degree ofα′ transfor-
mation with the size of approximately 10~30 μm in the absence of hy-
drogen (Fig. 2 (d)), whereas in 90 MPa hydrogen gas, the transformed
region was highly localized in the crack path (Fig. 2 (e)). As indicated
in Fig. 2 (e) and (f), hydrogen facilitated cracking along both the α′
phase interior and/or the α′/γ interfaces. This α′-related hydrogen-
induced cracking phenomenon usually leads to the formation of a
quasi-cleavage type fracture surface, which is proposed to be responsi-
ble for hydrogen-induced FCG acceleration in metastable austenitic
stainless steels [12,18]. Here, we deduce that the abovementioned local-
ization of theα′ phase is a consequence of faster and successive cracking

Table 1
Chemical compositions and nickel equivalent, Nieq, values (wt%) of the materials used in this study together with the yield stress, σy, and ultimate tensile stress, σB (MPa).

Material C Si Mn P S Ni Cr Mo Nieq σy σB

Type 304 0.06 0.42 0.84 0.030 0.002 8.09 18.16 – 22.8 274 628
Type 316L 0.018 0.50 0.84 0.021 0.000 12.09 17.45 2.05 27.5 229 528

Fig. 1. FCG acceleration rates of Type 304 and 316L austenitic stainless steels in gaseous
hydrogen environments and under hydrogen-precharged conditions relative to those in
the absence of hydrogen. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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