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Abstract: Fe-Ni-Cr austenitic alloys are widely used in hydrogen environments as structural mate-
rials. Their weld normally shows higher hydrogen-embrittlement sensitivity than the base metal,
endangering large-scale applications. Herein, by using electron microscopy and numerical calcu-
lations, the influence of applied load on the fracture mode of hydrogen-embrittled JBK-75 alloy
weldment is revealed and correlated with a competition between hydrogen-prompted intergranular
decohesion (HPID) and hydrogen-enhanced localized plasticity (HELP). Therefore, independent of
the load levels, the weld featuring a lower strength and smaller grain sizes is always more vulnerable
to hydrogen embrittlement than the base metal.
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1. Introduction

Hydrogen-induced delayed fracture involves hydrogen-defect interactions at multiple-
length scales, and usually occurs in transition metals under the combined action of hydro-
gen and applied tensile stress [1]. Metallurgical factors [2,3], microstructure [4,5], hydrogen
content [6–8], and strain rate [9–12] all affect the hydrogen-induced delayed fracture mode
of advanced metal materials. For the high-strength steels that display intergranular failure,
hydrogen-induced delayed fracture has been attributed to decohesion caused by hydrogen
segregation at grain boundaries [13]. Whereas for others that display transgranular failure,
it has been associated with a weakening effect in the presence of hydrogen [14,15].

With high strength, excellent corrosion resistance, and low hydrogen embrittlement
sensitivity, Fe-Ni-Cr precipitation-strengthened austenitic alloys (e.g., JBK-75) are widely
used in superchargers, gas turbine jet engines, and hydrogen storage tanks [16–19]. Using
high-temperature aging treatment, coherent precipitates γ′ (Ni3(Al, Ti)) are formed in these
alloys and strengthen the material by retarding dislocation slip. In large-scale applications,
the electron-beam welding (EBW) technique is usually used to joint these alloys. EBW
provides high penetration depth, less contamination, and narrow heat-affected zone [20–22].
However, like many other welding techniques [23–26], EBW also generates a microstructure
that differs from the base metal and can be vulnerable to harsh service environments [27,28].
Compared with the equiaxed grains of the base metal, the weld is fine columnar grains, and
the γ′ in the weld is an inhomogeneous distribution after post-weld aging treatment [29,30].
The larger size and more dispersed γ′ in the weld results in lower strength and hardness
than the base metal [31].

Metals 2022, 12, 1614. https://doi.org/10.3390/met12101614 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12101614
https://doi.org/10.3390/met12101614
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-5506-4464
https://orcid.org/0000-0003-4048-0603
https://doi.org/10.3390/met12101614
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12101614?type=check_update&version=1


Metals 2022, 12, 1614 2 of 11

When the modified -JBK75 alloy weldment is used as a high-pressure hydrogen
storage tank, it usually bears high constant tensile stress from internal H2 during service.
In the process of evaluating the service safety of modified -JBK75 alloy weldment as a
high-pressure hydrogen storage tank, hydrogen-induced delayed fracture always occurs
at the weld and the normalized threshold stress decreases exponentially with an increase
in the closing time tc [32]. Notably, it has been found that the magnitude of the constant
tensile stress significantly affected the hydrogen-induced delayed fracture mode of the
weld. This indicates that the weakness of the weld is variant with different service stresses,
which is critical for further improving the weld performance.

However, the effect of the magnitude of the constant tensile stress on the hydrogen-
induced delayed fracture mode is still missing. Herein, constant tensile stress tests with
dynamic hydrogen-charging are carried out to simulate the service condition. Scanning
electronic microscopy is employed to analyze the detailed fractography. Transmission elec-
tron microscopy is used to characterize the dislocation activities. Moreover, the hydrogen
distribution contours of the specimens at the fracture time are quantitatively evaluated
using finite element simulation. Finally, the effect of the magnitude of constant tensile
stress on the hydrogen-induced delayed fracture mode are clarified.

2. Experiments

The chemical composition of precipitation-strengthened Fe-Ni-Cr austenitic alloy, i.e.,
modified -JBK75 alloy, is shown in Table 1. The alloy plates were quenched in water after
solution treatment at 1253 K for 1 h. Then, two plates were full-penetration butt-welded in
a vacuum electron-beam welding apparatus (Institute of Metal Research, Chinese Academy
of Sciences, Shenyang, China). The full-penetration butt-welding process was conducted in
a vacuum electron-beam welding apparatus using 60 kV and 20 mA current at a welding
speed of 100 cm/min. Finally, the weldment was aged at 1013 K for 8 h to eliminate internal
stress and to obtain near peak-aged γ′ precipitates, followed by cooling in air.

Table 1. Chemical composition (wt.%) of the precipitation-strengthened Fe-Ni-Cr austenitic alloy
that was used in this study.

Element Mn C Si V Al Mo Ti Cr Ni Fe

Content Minimize ≤0.02 0.2 0.25 0.3 1.3 2.1 15 31 Balance

A small weldment specimen was then polished and etched in 50% aqua regia glycerol
etchant for 3 min. The microstructures of the base metal and the weld are shown in Figure 1.
The weld width is about 1.5 mm. The microstructure of the base metal is typical austenite
with an average grain size of about 45 µm and some annealing twins. The weld is cast
microstructure. There is no heat-affected zone, with large grains near the weld/base
metal interface.

The transmission electron microscopy (Japan Electronics Co., Ltd., Tokyo, Japan)
characterizations show that the base metal and weld are both austenite, as shown in
Figure 2. There are some complex precipitates of about 200 nm in the weld, and the
dislocation density is much higher than the base metal. The effect of microstructures on the
hydrogen embrittlement of the weldment has also been discussed systematically [31,32].

In order to evaluate the effect of the applied constant tensile stress on the hydrogen-
induced delayed fracture mode of the weldment, the tensile test of the hydrogen-free
specimen was carried out at room temperature in air to obtain the engineering stress–strain
curve at first. The specimens for the hydrogen-free tensile tests and the dynamic hydrogen-
charged constant stress tensile tests were cut from the plate after aging. The weld line
was positioned at the center of the specimens. The specimens were mechanically polished
with 1200 mesh SiC abrasive paper. The schematic diagram of the tensile specimen is
shown in Figure 3. Then, macroscopic tensile tests were carried out at room temperature
in air to obtain stress–strain curve with a strain rate of 5 × 10−4/s and the load direction
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perpendicular to the weld line. According to the engineering stress–strain curve of the
hydrogen-free specimen, the stress applied in dynamic hydrogen-charging of constant
tensile stress specimens was selected.
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Figure 2. Transmission electron microscopy observation of the weldment. (a) The base metal, and
(b) the weld, respectively. Upper right insert in (a) shows the electron diffraction pattern of the
base metal. Upper left insert in (b) shows a complex precipitate in the weld. Upper right insert in
(b) shows the electron diffraction pattern of the weld. GB: grain boundary, TB: twin boundary.
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As a hydrogen storage tank, the weldment usually bears a high level of constant stress
from internal H2. To simulate the service environment, the specimen shown in Figure 3
was electrochemically hydrogen-charged after being installed on the constant tensile stress
experimental equipment, which was then slowly loaded to the predetermined tensile stress
and held until fracture at room temperature. The specimen was hydrogen-charged at a
current density of 400 mA/cm2 in a solution containing 0.5 mol/L H2SO4 and 0.25 g/l
As2O3 (an additive to prevent the recombination of hydrogen atoms during the electrolysis).
After fracture, the strain levels of the specimens of dynamic hydrogen-charged constant
stress tensile tests were roughly estimated based on the engineering stress–strain curve
of the hydrogen-free specimen. The fracture surfaces were examined by using a scanning
electron microscope.

In the finite element modeling, the hydrogen diffusion is governed by the classical
diffusion equation:

∂H(r, t)
∂t

= ∇[D(H, r)∇H(r, t)] (1)

where H(r,t) is the hydrogen concentration of the specimens at location r and time t,
D(H,r) is the diffusion coefficient for hydrogen concentration H and at location r, and ∇
represents the vector differential operator. In the current work, the diffusion coefficient
D(H,r) is assumed to be isotropic, with a constant value of 1.07196 × 10−3 µm2/s at room
temperature without applied stress [33]. With applied stress, the material microstructure
may change. Both the applied stress and the material microstructure change would change
the diffusion coefficient to some extent. The finite element simulation is a semi-quantitative
estimation of the hydrogen distribution.

3. Results
3.1. Marginal Hydrogen-Induced Brittle Fracture Zone

The engineering stress–strain curve of the hydrogen-free weldment specimen is shown
in Figure 4a. The specimen fractured at the weld (Figure 4b), with a yield strength (YS) and
the ultimate tensile strength (UTS) of 780 MPa and 1005 MPa, respectively. Similar to the
hydrogen-free specimen, all of the hydrogen-induced delayed fractures of the dynamic
hydrogen-charged constant stress tensile specimens took place within the weld (Figure 4c).
As shown in prior work [32], the service time or hydrogen-induced delayed fracture time
decreased with increasing constant tensile stress.

The fractured surfaces of the hydrogen-free weldment specimen are shown in Figure 5.
The fractography of the hydrogen-free specimen exhibited obvious cross-section reduction
with a typical dimple feature. No secondary crack was observed.

To evaluate the effects of applied stress, two groups of hydrogen-charged constant
tensile stress specimens were selected for analysis: one was 0.8UTS right after yielding,
and another was 0.9UTS, which well surpasses the yield strength. Both the fracture surface
features showed a dimple zone at the center and a surrounding brittle zone between the
specimen side surface and the perimeter of the dimple zone (Figure 6a,b). In the case
of 0.9UTS, the brittle zone had an outer typical trans-granular cleavage-like region and
an inner quasi-cleavage region. Widths of the cleavage-like region and quasi-cleavage
region were 20–30 µm and 30–100 µm, respectively. At a lower applied stress 0.8UTS,
the brittle zone became much wider, and the outer trans-granular cleavage-like region
was replaced by an inter-granular fracture region (Figure 6c,d). The widths of the inter-
granular fracture region and the quasi-cleavage region increased remarkably to 50–80 µm
and 70–160 µm, respectively.
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3.2. Central Dimple Zone

Figure 6e,f shows a zoomed-in view of the dimple zone of the hydrogen-charged
specimens fractured at 0.9UTS and 0.8UTS. Most dimples of both specimens were 2–4 µm
in diameter. A few large dimples were present and can be related to large inclusions (as
indicated by the white arrows in Figure 6e). Particularly, no secondary crack was observed
in the dimple zone when the applied stress was 0.9UTS. By contrast, many secondary
cracks could be found in the dimple zone when the applied stress was 0.8UTS (as indicated
by the green arrows in Figure 6f). These secondary cracks were 4–8 µm in length.
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Figure 6. Topographical features of the fractured surfaces of the dynamic hydrogen-charging con-
stant stress tensile specimens. (a,c,e) 0.9UTS-loaded specimen. (b,d,f) 0.8UTS-loaded specimen.
DZ: dimple zone, QCR: quasi-cleavage region, TGCR: trans-granular cracking region, IGFR: inter-
granular fracture region. White arrows in (e) indicate large dimples that can be correlated to large
inclusions. Insert in (f) shows an enlarged image of the secondary cracks. Green arrows in (f) indicate
secondary cracks.

4. Discussions

The hydrogen trap and transport by dislocations have been confirmed by numerous
studies [34–39]. For the dynamic hydrogen-charged constant stress tensile specimens,
when the applied stress is 0.9UTS, the corresponding plastic strain (ε) of the specimen is
about 0.035 (see Figure 4a); therefore, significant dislocation is expected in the material
that can transport and trap hydrogen atoms. To verify this, this work investigated the
dislocation activities in a cracked thin film specimen of the material. As shown in Figure 7,
the dislocations do not form slip bands, as commonly reported in the base metal, but
tend to entangle locally in front of the crack tip, forming dislocation clouds. Furthermore,
since hydrogen can facilitate the localization of plastic deformation [40,41], hydrogen can
be transported by the dislocation activities and preferentially enrich in these dislocation
clouds during the dynamic hydrogen charging [42]. These effects result in the preferential
propagation of cleavage-like cracks within the grain [43–46]. Since hydrogen concentration
is highest on the specimen surface and gradually diffuses into the interior of the specimen,
such microscale cleavage-like cracking should have been evident in regions near the
specimen side surface (as evidenced by Figure 6c).
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Figure 7. In situ transmission electron microscopy observation of the tensile deformation in a
hydrogen-charged film specimen of the weld. (a) Dislocations do not reversely pile up in a pla-
nar manner in front of a propagating crack tip, but tend to entangle and form dislocation clouds.
(b) Enlarged image of the dislocation cloud. It can be anticipated that these dislocation clouds would
trap hydrogen and might facilitate local crack propagation under the high-stress state.

With the preferential nucleation of cracks near the side surface, the effective bearing
area of the specimen decreased, rendering increasing global stress on the specimen cross-
section. Driven by the increasing stress, the crack propagation is expected to speed up; and
hydrogen diffusion from the surface is insufficient to fuel the above effects of hydrogen,
and hence, brittle features on the fractured surface gradually disappear. This is clearly
evidenced by the transition from cleavage-like cracking to quasi-cleavage cracking to
eventually dimple fractures in the center of the specimen (see Figure 6a).

To further confirm this, finite element simulations were performed to illustrate the
hydrogen distribution in the cross-section of the specimen (Figure 8). The calculation
is based on the diffusion equation of hydrogen concentration, which is used to provide
a semiquantitative estimation of hydrogen distribution. The simulated model size and
diffusion coefficients [47] are adopted from the experiments. Figure 8a,b present the contour
plot of the hydrogen distribution within the simulated specimens; as shown, the diffusion
interface of the 0.9UTS-loaded specimen is much sharper than that of the 0.8UTS-loaded
specimen, which is ascribed to a shorter diffusion time. The hydrogen concentration
distribution along the horizontal direction in the specimen center is given in Figure 8c.
Clearly, within the lifetime of the 0.9UTS-loaded specimen (Figure 8b), hydrogen is far from
soaking the specimen (Figure 8a).

By contrast, when the applied stress is 0.8UTS, the corresponding plastic strain ε
is much lower (~0.005, see Figure 4a), which means that the plastic deformation of the
specimen was not significant. Therefore, microscale cleavage cracking promotion by
dislocations is hindered. For the grains close to the specimen surface without dislocation
slip, the hydrogen should be trapped preferentially at the grain boundaries. The enrichment
of hydrogen on the grain boundaries would decrease their cohesive strength [48–54].
When the hydrogen concentration on the grain boundaries reached a critical value, local
decohesion cracks initiated and propagated along the grain boundaries. Consequently,
hydrogen-induced cracking along the grain boundaries led to dominant inter-granular
fracture (Figure 6d).

Similarly, the formation of intergranular cracks near the surface reduces the effective
bearing area of the specimen, and hence, increases the actual stress on the cross-section.
Driven by the high stress and localized hydrogen concentration, non-trivial plastic deforma-
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tion carried by dislocation activities is expected at the crack tip, resulting in cleavage-like
and quasi-cleavage fracture beyond the inter-granular cracking region. As the cracks
propagate into the interior of the specimen, hydrogen concentration near the crack tip
decreases, together with the embrittlement effects, leading to eventual dimple fracture
at the center of the specimen. This is further supported by the hydrogen concentration
simulation (Figure 8b) that hydrogen is still not soaking the specimen within the lifetime
of the 0.8UTS-loaded specimen. It should be noted that hydrogen concentration in the
interior of the 0.8UTS-loaded specimen is obviously higher than that of the 0.9UTS-loaded
specimen. Consistently, hydrogen embrittlement featured by secondary cracks is more
evident in the 0.8UTS-loaded specimen.
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5. Conclusions

In summary, the non-trivial influence of the applied stress on the mechanism of
hydrogen embrittlement of JBK-75 alloy weldment was thoroughly interrogated. When the
applied stress well surpassed the yield strength of the weld, the hydrogen-induced delayed
fracture mode from the surface to the interior sequentially consisted of a trans-granular
cleavage-like region, a quasi-cleavage region, and a dimple zone. With the applied stress
decreased to close to the yield strength, inter-granular fracture was predominant near the
surface. The critical role of dislocation activities and the competition of hydrogen diffusion
and crack propagation in determining the cracking mode were revealed. The findings
should, in principle, apply to many other austenite metals wherein hydrogen diffusion
within the matrix is limited.
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