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Abstract

High-temperature gaseous deuterium charging was used to investigate hydrogen isotope
permeation, retention, microstructural stability, and fracture response in 310S austenitic
stainless steel. Gas-driven permeation, thermal desorption spectroscopy, two-dimensional
diffusion simulation, XRD/EBSD characterization, tensile testing, and fractographic analy-
sis were combined to correlate isotope transport with mechanical and fracture behavior.
The deuterium permeability and diffusion coefficient followed an Arrhenius relationship,
and the diffusion coefficient extrapolated at 673 K was 1.11 × 10−11 m2/s. With increasing
charging time, the deuterium distribution evolved from a surface-enriched unsaturated
state to an overall near-saturated state with higher retention. Although deuterium charging
had little influence on yield strength, ultimate tensile strength, and elongation under the
present room-temperature tensile condition, local quasi-cleavage-like facets, secondary
cracks, and serrated fracture edges became more evident after charging. These results
indicate that the embrittlement response of 310S stainless steel was mainly characterized
by localized hydrogen-assisted damage rather than dominant brittle fracture.

Keywords: high-temperature gaseous deuterium charging; hydrogen isotopes; permeation
and retention; hydrogen embrittlement

1. Introduction
Hydrogen embrittlement (HE) is a critical issue compromising the structural reliability

of metallic materials in hydrogen production, storage, and transportation systems. Upon
ingress into metals, hydrogen degrades ductility and load-bearing capacity, promotes crack
initiation and propagation, and eventually leads to premature brittle failure. Consequently,
the compatibility of structural materials with hydrogen environments is paramount for the
safety of hydrogen-related infrastructure [1–5].

Among candidate materials, austenitic stainless steels are widely considered promising
for hydrogen service due to their face-centered cubic (FCC) structure, relatively high
hydrogen solubility, low diffusivity, and an excellent balance of toughness, corrosion
resistance, and processability [6–8]. In particular, 310S stainless steel, characterized by high
Cr and Ni contents and superior thermal stability, has demonstrated significant potential
for hydrogen-containing equipment [9,10]. Nevertheless, even stable austenitic stainless
steels may undergo hydrogen-assisted plastic damage and fracture mode transitions under
high-pressure or high-temperature hydrogen environments. Therefore, their hydrogen
permeation, retention, and embrittlement mechanisms remain to be fully elucidated.
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Previous studies have established that hydrogen transport in metals is generally gov-
erned by Fickian diffusion and can be strongly influenced by trapping at microstructural
defects such as dislocations, grain boundaries, vacancies, twin boundaries, and phase
or second-phase interfaces [2,11]. These defects not only affect the effective diffusion
coefficient and the concentration of mobile hydrogen, but also determine local hydro-
gen enrichment and potential crack initiation sites. Hydrogen embrittlement is generally
associated with multiple interacting mechanisms, including hydrogen-enhanced local-
ized plasticity (HELP), hydrogen-enhanced decohesion (HEDE), and hydrogen-enhanced
vacancy or defect accumulation [12–16]. The relative contribution of these mechanisms
depends on hydrogen content and distribution, stress state, and microstructural parameters
such as austenite stability, grain boundary character, dislocation density, twin boundaries,
and second phases. For stable austenitic stainless steels, the FCC matrix and high austenite
stability help suppress hydrogen-induced martensitic transformation and severe macro-
scopic embrittlement. Nevertheless, hydrogen can still accumulate in near-surface regions
and defect-sensitive zones, leading to localized hydrogen-assisted damage and changes in
fracture characteristics even when the overall tensile properties remain relatively stable.

Currently, electrochemical hydrogen charging remains the most prevalent experimen-
tal approach for evaluating HE susceptibility in austenitic steels [17]. Although convenient,
this method possesses inherent limitations for stable austenitic grades. Due to their ex-
tremely low hydrogen diffusivity at room temperature, electrochemical charging typically
results in high hydrogen concentrations confined to the near-surface region; achieving
sufficient through-thickness diffusion requires prohibitively long charging times [9,18–22].
Moreover, the hydrogen distribution produced by electrochemical charging may devi-
ate from that encountered in practical gaseous environments, and hydrogen loss during
specimen transfer can further compromise the reliability of mechanical assessments [23,24].

By comparison, high-temperature gaseous hydrogen charging provides a more con-
tinuous and realistic hydrogen input, making it more suitable for investigating transport
and retention under operational conditions. Furthermore, employing deuterium as a tracer
isotope minimizes background hydrogen interference. Combined with gas-driven perme-
ation (GDP) and thermal desorption spectroscopy (TDS), deuterium charging enables the
quantitative evaluation of hydrogen isotope permeation, diffusion, trapping, and retention
behavior [25–27]. When integrated with mechanical testing and fractographic analysis, this
approach offers an effective route to correlate isotope distribution with damage evolution.

Although hydrogen behavior and embrittlement in austenitic stainless steels have been
widely investigated, the coupled relationship among high-temperature gaseous deuterium
permeation, retention, diffusion-state evolution, microstructural stability, and local fracture
response in 310S stainless steel remains insufficiently clarified. In particular, it is still
necessary to understand how different deuterium charging durations produce distinct
isotope distribution states and how these states affect local fracture characteristics when the
macroscopic tensile properties remain nearly unchanged. Therefore, the scientific novelty
of this study lies in establishing the relationship between hydrogen isotope distribution
and local damage evolution in 310S stainless steel by combining GDP-derived transport
parameters, TDS-measured retention behavior, two-dimensional diffusion simulation,
phase stability characterization, tensile testing, and fractographic analysis under high-
temperature gaseous deuterium charging.

In this work, the hydrogen isotope permeation, retention, and embrittlement response
of 310S austenitic stainless steel were investigated via high-temperature gaseous deuterium
charging. Deuterium permeability and diffusion parameters were determined by GDP,
and the retention behavior under different charging durations was characterized by TDS.
The cross-sectional isotope distribution was evaluated using two-dimensional diffusion
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simulation based on Fick’s second law. In addition, XRD, EBSD, tensile testing, and SEM
fractographic analysis were used to assess the microstructural stability, mechanical response,
and fracture characteristics after deuterium charging. This study provides experimental
insight into the localized hydrogen-assisted damage response of stable 310S stainless steel
under high-temperature gaseous charging conditions.

2. Materials and Methods
2.1. Material and Heat Treatment

The experimental material was a commercial 310S austenitic stainless steel bar. Its
chemical composition is listed in Table 1. All specimens used in this study were machined
from the center region of the bar’s thickness, with the sampling direction parallel to the
rolling direction, in order to ensure microstructural consistency.

Table 1. Measured chemical composition of 310S austenitic stainless steel (wt.%).

Cr C Mn Ni N Mo Nb Si Co Ti

310S 24.03 0.04 1.05 19.01 0.06 0.31 0.02 0.37 0.2 0.004

The solution treatment process is shown in Figure 1. The specimens were solution
treated at 1273 K for 120 min and then water quenched to room temperature before deu-
terium charging and subsequent characterization.

 
Figure 1. Schematic diagram of heat treatment process.

2.2. High-Temperature Gaseous Deuterium Charging and Hydrogen-Related Characterization

To reduce the interference of background hydrogen, deuterium gas was used as a
stable hydrogen isotope tracer in the high-temperature gaseous charging experiments.
Deuterium is commonly used to characterize hydrogen isotope transport and retention
in metals because it has similar lattice occupation, trapping characteristics, and retention
behavior to hydrogen, while its m/z = 4 signal can be distinguished from the background
hydrogen signal during TDS and permeation measurements. Previous studies on austenitic
stainless steels and fusion-relevant structural materials have shown that hydrogen isotopes
are suitable for evaluating permeability, diffusivity, trapping, and retention behavior,
and that deuterium charging combined with GDP and TDS is an effective approach for
characterizing hydrogen isotope transport and retention [25–31]. However, since an isotope
effect still exists between hydrogen and deuterium, the term “deuterium” is used in
this paper when describing specific experimental procedures and measured parameters,
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whereas the term “hydrogen” is used when discussing general mechanisms and material
responses.

A gas-driven permeation platform was employed for gaseous deuterium charging
of 310S stainless steel. Two types of specimens were prepared: small dog-bone tensile
specimens for post-charging tensile testing and TDS, and disk specimens for GDP measure-
ments. Prior to testing, all specimens were ground stepwise using SiC papers from 120 to
5000 grit, followed by electrolytic polishing in a solution containing 5 mL perchloric acid
and 45 mL absolute ethanol. The polishing parameters were 18 V for 40 s. The specimens
were then ultrasonically cleaned in absolute ethanol and sealed for storage to ensure a
consistent surface condition.

Deuterium charging was carried out at 673 K. The charging temperature of 673 K
was selected by considering both engineering relevance and experimental feasibility. In
solid-state hydrogen storage systems, candidate structural materials for vessels and related
components may be exposed to high-temperature hydrogen-containing environments
during hydrogen absorption/desorption of metal hydride media. Mg-based metal hydrides
and related high-temperature hydrogen storage materials generally operate or release
hydrogen at elevated temperatures, typically within or near the range of 573–673 K [32,33].
Therefore, gaseous deuterium charging at 673 K provides a relevant high-temperature
hydrogen-containing condition for evaluating hydrogen isotope ingress in 310S stainless
steel. In addition, based on the diffusion coefficient extrapolated from the GDP results,
this temperature allows for measurable deuterium ingress into millimeter-scale tensile
specimens within several hours, while still distinguishing short-time surface-enriched
charging from long-time near-saturated charging. To investigate the effect of charging
time on the hydrogen-related behavior and mechanical response of 310S stainless steel,
two charging durations, 1 min and 4 h, were selected. The corresponding specimens
were denoted as 673 K-1 min-D and 673 K-4 h-D, respectively, while the solution-treated
specimen without deuterium charging was denoted as RT. A combined GDP–TDS platform
was used to evaluate the gaseous permeation and desorption behavior of hydrogen isotopes.
During the permeation tests, Swagelok VCR fittings were used for specimen clamping and
system sealing to ensure effective isolation and good gas tightness of the upstream and
downstream chambers.

After deuterium charging, the desorption behavior of hydrogen isotopes was analyzed
by TDS using the tensile specimens. The tests were conducted under a high-purity He
atmosphere from room temperature to 1373 K at a heating rate of 10 K/min. The signal
at m/z = 4 was continuously collected by a quadrupole mass spectrometer to obtain
the deuterium desorption flux–temperature curves. The deuterium uptake per unit area
was quantitatively determined by integrating the TDS curves, and the retention behavior
under different charging durations was analyzed in combination with the desorption
peak characteristics.

2.3. Microstructural Characterization

Phase analysis was carried out using a Bruker X-ray diffractometer made by Bruker,
Billerica, MA, USA. The specimen size was 10 mm × 1.5 mm × 1.5 mm, and the scanned
surface was parallel to the rolling direction. The scanning range was 20–100◦ in 2θ, with a
scanning rate of 4◦/min, an accelerating voltage of 40 kV, and a current of 150 mA.

The microstructure of the solution-treated specimen was characterized by optical
microscopy. In addition, a field-emission scanning electron microscope equipped with an
EBSD system (FE-SEM, Sigma-300, Carl Zeiss, Shanghai, China) was used to analyze the
phase constitution and microstructural features of the specimens before and after deuterium
charging. The EBSD step size was set to approximately 1/20 of the grain size. Fracture
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morphologies of the tensile specimens under different conditions were also examined
by scanning electron microscopy to analyze the changes in fracture characteristics after
deuterium charging.

2.4. Tensile Testing

Plate-shaped miniature dog-bone tensile specimens were cut from the center region
of the solution-treated bar thickness along the rolling direction, and their dimensions
are shown in Figure 2. Tensile tests were conducted on an Instron 5848 universal test-
ing machine at room temperature with an initial strain rate of 5 × 10−3 s−1 for the RT,
673 K-1 min-D, and 673 K-4 h-D conditions. The yield strength, ultimate tensile strength,
and elongation after fracture were obtained from the engineering stress–strain curves.
Unless otherwise stated, engineering stress and engineering strain are used throughout
this work, and the yield strength was determined using the 0.2% offset method.

 
Figure 2. Dimensional schematic diagram of tensile specimen.

The hydrogen embrittlement sensitivity was evaluated by comparing the elongation
after fracture before and after deuterium charging. The elongation loss was calculated
as follows:

Iδ =
δRT − δD

δRT
× 100% (1)

where Iδ is the elongation loss; δRT is the elongation after fracture of the uncharged speci-
men; and δD is the elongation after fracture of the deuterium-charged specimen. At least
three repeated tests were conducted for each condition to ensure the reproducibility and
reliability of the results.

3. Results
3.1. Gaseous Permeation and Diffusion Behavior at Different Temperatures

Figure 3 shows the deuterium permeation flux–time curves of 310S stainless steel
at 733, 786, and 838 K. As the test temperature increased, the steady-state permeation
flux increased markedly, while the time required to reach the steady state decreased
accordingly, indicating that hydrogen isotope transport in 310S stainless steel exhibited a
pronounced thermally activated character. At 838 K, the permeation flux increased rapidly
and stabilized within a relatively short period. In contrast, the flux at 733 K remained much
lower and showed a longer time lag, suggesting that the migration of hydrogen isotopes in
the austenitic matrix was more strongly restricted at lower temperatures.
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Figure 3. Steady-state deuterium permeation flux curves of 310S steel at different temperatures.

The steady-state permeation flux can be described by the permeability, P. As shown
in Figure 4a, the deuterium permeability of 310S stainless steel followed an Arrhenius-type
relationship:

P = 8.86 × 10−6exp(−8.265 × 104

RT
) (2)

Figure 4. Temperature dependence of deuterium transport parameters in 310S stainless steel: (a) deu-
terium permeability; (b) deuterium diffusion coefficient.

The results indicate that, within the investigated temperature range of 733–838 K,
the deuterium permeability increased exponentially with temperature, confirming that
elevated temperature significantly promoted the coupled dissolution–diffusion transport
of hydrogen isotopes in 310S stainless steel. The diffusion coefficient, D, was further
determined from the permeation time-lag behavior at different temperatures, as shown in
Figure 4b:

D = 1.22 × 10−5exp(−7.784 × 104

RT
) (3)
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At 838 K, the diffusion of hydrogen isotopes in 310S was the fastest, with a diffusion
coefficient of 1.66392 × 10−10 m2/s. When the temperature decreased to 786 K and 733 K,
the diffusion coefficients decreased to 8.67757 × 10−11 m2/s and 3.37461 × 10−11 m2/s,
respectively. By extrapolation, the diffusion coefficient at 673 K was estimated to be
approximately 1.11 × 10−11 m2/s.

These results demonstrate that the hydrogen isotope transport behavior of 310S stain-
less steel in the present temperature range was predominantly controlled by thermal
activation. Owing to the relatively high hydrogen solubility and low diffusion rate of the
stable FCC austenitic structure, hydrogen isotopes tend to form a surface-enriched and
inwardly delayed concentration profile at lower temperatures. With increasing temperature,
however, the ability of hydrogen isotopes to overcome diffusion barriers is enhanced, lead-
ing to more efficient transport into the interior of the material, as reflected by the increased
permeation flux and shortened time lag. The extrapolated diffusion coefficient at 673 K
further suggests that, although hydrogen isotopes can enter the near-surface region within
a short time, several hours are still required to establish a nearly uniform concentration
distribution across a millimeter-scale specimen. This provides the basis for understanding
the distinct charging states obtained at 673 K under different charging durations.

3.2. Hydrogen Isotope Retention Behavior and Two-Dimensional Diffusion Simulation Under
Different Charging Times

Figure 5 shows the TDS curves of 310S stainless steel after gaseous deuterium charging
at 673 K for 1 min and 4 h. Clear differences were observed in both the peak shape and
the peak intensity. This indicates that charging time had a significant effect on hydrogen
isotope retention. For the 673 K-1 min-D specimen, the deuterium uptake per unit area
was 2187.63 × 1018 D·m−2. Only a weak and broad desorption peak appeared in the range
of 750–850 K. This result suggests that, after short-time charging, deuterium was mainly
retained in the near-surface region and only limited penetration occurred. In contrast,
the deuterium uptake of the 673 K-4 h-D specimen increased to 13,693.04 × 1018 D·m−2,
which was about 6.26 times that of the 1 min condition. A clear main desorption peak
appeared in the range of 800–900 K. This indicates that hydrogen isotopes had diffused
further into the specimen and occupied more trapping sites with higher binding energy.
Therefore, the 673 K-1 min-D condition can be regarded as a short-time unsaturated charg-
ing state, whereas the 673 K-4 h-D condition represents a long-time charging state with
much higher retention.

 

Figure 5. Thermal desorption spectroscopy (TDS) curves of 310S steel after gaseous deuterium
charging at 673 K for 1 min and 4 h.
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To further evaluate the evolution of hydrogen isotope concentration at 673 K, a two-
dimensional diffusion model was established based on Fick’s second law. The gauge section
of the miniature dog-bone specimen was approximated as a rectangular cross-section with
a width of 1.2 mm and a thickness of 1.0 mm. Because the gauge length was much larger
than the cross-sectional dimensions, the concentration gradient during the initial and
intermediate charging stages was mainly controlled by diffusion along the width and
thickness directions. The diffusion of hydrogen isotopes in the specimen can therefore be
described by the two-dimensional form of Fick’s second law:

∂C(x, y, t)
∂t

= D

(
∂2C(x, y, t)

∂x2 +
∂2C(x, y, t)

∂y2

)
(4)

The surface deuterium concentration was assumed to remain constant at Cs, the initial
concentration in the material was set to zero, and the diffusion coefficient was taken as
D673K = 1.11 × 10−11 m2/s. The half-width and half-thickness were a = 0.6 mm and
b = 0.5 mm, respectively, and x and y represent the width and thickness coordinates of the
specimen cross-section. Based on the analytical solution, the normalized average deuterium
concentration over the cross-section, C(t)/Cs, and the normalized deuterium concentration
at the specimen center, C(t)/Cs, were obtained as follows:

C(t)
Cs

= 1 −
[

8
π2

∞

∑
n=0

1

(2n + 1)2 exp

(
− (2n + 1)2π2Dt

4a2

)]
·
[

8
π2

∞

∑
m=0

1

(2m + 1)2 exp

(
− (2m + 1)2π2Dt

4b2

)]
(5)

Cc(t)
Cs

= 1 −
[

4
π

∞

∑
n=0

(−1)n

2n + 1
exp

(
− (2n + 1)2π2Dt

4a2

)]
·
[

4
π

∞

∑
m=0

(−1)m

2m + 1
exp

(
− (2m + 1)2π2Dt

4b2

)]
(6)

The simulation results (Figure 6) show that the response of the deuterium concentra-
tion at the specimen center lagged behind the overall average concentration, exhibiting
a typical evolution feature of surface enrichment followed by inward diffusion. After
1 min charging, the average deuterium concentration was only about 0.10 Cs, while the
concentration at the specimen center remained close to zero. After 4 h charging, the average
deuterium concentration increased to about 0.955 Cs, and the center concentration reached
about 0.888 Cs, indicating that the specimen had approached an overall near-saturated
state after long-time high-temperature gaseous charging. Further calculation showed that
the average concentration reached 0.95 Cs and 0.99 Cs after about 3.85 h and 6.26 h, respec-
tively, whereas the center concentration required about 5.21 h and 7.61 h to reach the same
levels. These results indicate that the charging process was a continuous evolution from
surface enrichment to gradual inward diffusion. Extending the charging time increased
the overall retained amount of deuterium and enhanced trap occupancy in the specimen
interior, thus providing a hydrogen distribution basis for the subsequent differences in
mechanical properties and fracture behavior.

3.3. Microstructural Stability Before and After Deuterium Charging

Figure 7a shows the XRD pattern of solution-treated 310S steel. All major diffraction
peaks correspond to the FCC austenite phase, indicating that the solution-treated 310S steel
had a stable single-phase austenitic structure. As shown in Figure 7b, the microstructure
consisted mainly of equiaxed grains with clear grain boundaries. No obvious precipitates
were observed, and a small number of annealing twins were present. The microstructure
was relatively uniform.
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Figure 6. Simulation diagram of deuterium saturation concentration in 310S specimen at 673 K.

 
Figure 7. (a) X-ray diffraction (XRD) pattern of 310S steel after heat treatment; (b) metallographic
microstructure of 310S steel.

Figure 8 shows the EBSD inverse pole figure (IPF) maps and phase maps of 310S
steel before and after deuterium charging. Before and after charging, the specimens
both exhibited a uniform equiaxed grain structure with scattered grain orientations. The
microstructure was dominated by γ-austenite, with only a trace amount of ferrite near
local grain boundaries. No obvious phase transformation or microstructural instability was
induced by deuterium charging.

These results indicate that the role of hydrogen in the present study was mainly
related to local diffusion, segregation, and trapping, rather than to a change in phase
constitution. Therefore, the differences in mechanical properties and fracture behavior
before and after deuterium charging were not caused by microstructural type variation,
but were mainly associated with the change in hydrogen isotope distribution within the
stable austenitic matrix.
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Figure 8. EBSD inverse pole figure (IPF) maps and phase distribution maps of 310S steel before and
after deuterium charging; (a,b) IPF map and phase map before deuterium charging; (c,d) IPF map
and phase map after deuterium charging.

3.4. Mechanical Properties and Fracture Behavior Under Different Charging Conditions

Figure 9 shows the engineering stress–strain curves of 310S steel in the RT, 673 K-1 min-D,
and 673 K-4 h-D conditions, and the corresponding mechanical properties are listed in
Table 2. All three curves show continuous yielding, indicating that stable austenitic plas-
tic deformation remained dominant under different charging conditions. For the RT
specimen, the yield strength, ultimate tensile strength, and elongation were 379.08 MPa,
606.97 MPa, and 46.24%, respectively. After deuterium charging for 1 min, these values
were 379.08 MPa, 611.91 MPa, and 46.69%, respectively. After 4 h of deuterium charging,
they were 374.25 MPa, 610.84 MPa, and 46.17%, respectively. Overall, the mechanical prop-
erties changed only slightly. This indicates that high-temperature gaseous deuterium charg-
ing did not cause obvious macroscopic plastic loss under the present room-temperature
tensile condition.

 
Figure 9. Stress–strain curves of 310S stainless steel under different deuterium-charging conditions.
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Table 2. Mechanical properties of 310S stainless steel under different deuterium-charging conditions.

Alloys YS (MPa) UTS (MPa) EL, δ (%) EL Loss, Iδ (%)

RT 379.08 ± 12.37 606.97 ± 11.95 46.24 ± 1.03 —
673 K-1 min-D 379.08 ± 5.66 611.91 ± 0.17 46.69 ± 1.31 ≈0

673 K-4 h-D 374.25 ± 3.84 610.84 ± 0.23 46.17 ± 1.50 ≈0

Figure 10 shows the fracture morphologies under different charging conditions. In the
RT state, the fracture surface contained abundant dimples, showing typical ductile fracture
characteristics. After 1 min of deuterium charging, small secondary cracks and a few
relatively flat regions appeared locally on the fracture surface, indicating that deuterium
had begun to affect local damage initiation, although its effect was still mainly limited
to the surface and edge-sensitive regions. After 4 h of deuterium charging, more smooth
facets, tear ridges, and secondary cracks were observed near the fracture center. Local
quasi-cleavage-like features also became more obvious. These results suggest that localized
hydrogen-assisted fracture features became more evident with increasing charging time,
although the overall fracture mode still remained predominantly ductile.

 
Figure 10. Scanning electron microscope (SEM) images of fracture morphologies of 310S stainless steel
specimens under different deuterium-charging conditions: (a) an overview micrograph of the room-
temperature (RT) specimen; (a-1,a-2) high-magnification images of the fracture areas marked in (a);
(b) overview micrograph of the specimen after deuterium charging at 673 K for 1 min; (b-1,b-2) high-
magnification images of the fracture areas marked in (b); (c) an overview micrograph of the specimen
after deuterium charging at 673 K for 4 h; (c-1,c-2) high-magnification images of the fracture areas
marked in (c).
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Combined with the TDS results and the two-dimensional diffusion simulation, the
fracture observations indicate that high-temperature gaseous deuterium charging increased
the retained hydrogen isotope content and changed its distribution from a surface-enriched
state to deeper inward diffusion and trapping. Although the 673 K-4 h-D specimen exhib-
ited a much higher deuterium retention level than the 673 K-1 min-D specimen, the tensile
properties changed only slightly. This indicates that the macroscopic mechanical response
of 310S stainless steel was not simply proportional to the total retained deuterium amount,
and that local hydrogen isotope distribution should be considered when interpreting the
fracture behavior.

This difference between macroscopic tensile properties and local fracture features
can be understood from the different length scales involved in tensile deformation and
fracture initiation. The engineering stress–strain response reflects the overall load-bearing
and plastic deformation capacity of the specimen, whereas fracture morphology is more
sensitive to local hydrogen enrichment, defect distribution, and stress concentration near
crack initiation and propagation sites. As confirmed by XRD and EBSD, no obvious
hydrogen-induced phase transformation occurred after deuterium charging. Therefore,
the high austenite stability and retained plastic deformation capability of the FCC matrix
helped maintain the macroscopic tensile properties under the present room-temperature
tensile condition [9,10].

Nevertheless, deuterium atoms could still accumulate in near-surface regions, grain
boundaries, dislocation structures, and other defect-sensitive sites. These locally enriched
regions may promote microcrack initiation and local crack propagation through hydrogen-
enhanced localized plasticity, reduced local cohesive strength, and defect-assisted damage
evolution [12–16]. As a result, secondary cracks, smooth facets, serrated edges, and local
quasi-cleavage-like features became more evident after deuterium charging, especially in
the 673 K-4 h-D condition. However, these localized features did not develop into a domi-
nant brittle fracture mode, and abundant ductile dimples were still observed. Therefore,
the fracture mode after deuterium charging can be described as predominantly ductile
fracture with enhanced local hydrogen-assisted damage.

These results suggest that the embrittlement response of 310S stainless steel under
high-temperature gaseous deuterium charging is governed not only by the total retained
hydrogen isotope amount, but also by the spatial distribution of hydrogen isotopes, local
defect structures, and stress state at critical load-bearing regions. Increased deuterium
retention after long-time charging mainly intensified local hydrogen-assisted fracture
features, while the stable austenitic matrix still maintained the overall tensile plasticity.
Similar dual effects of hydrogen on local damage evolution and plastic deformation in stable
Fe–Cr–Ni austenitic steels have also been reported in previous studies [34–39]. Further
investigations with more charging durations and different strain rates would help establish
a more quantitative relationship among retained amount, local hydrogen distribution, and
macroscopic mechanical response.

4. Conclusions
1. The hydrogen isotope permeability and diffusion coefficient of 310S austenitic stain-

less steel increased significantly with increasing temperature and followed an Ar-
rhenius relationship. The diffusion coefficient extrapolated at 673 K was about
1.11 × 10−11 m2/s, indicating that several hours were still required to establish a
nearly uniform hydrogen isotope distribution across a millimeter-scale specimen.

2. At 673 K, the hydrogen isotope retention behavior was strongly affected by charging
time. Combined TDS and two-dimensional Fick diffusion simulation showed that
673 K-1 min-D corresponded to a typical unsaturated surface-enriched state, whereas
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673 K-4 h-D represented an overall near-saturated high-retention state, although the
specimen center still remained slightly below the surface equilibrium concentration.

3. High-temperature gaseous deuterium charging had little effect on the yield strength
and ultimate tensile strength of 310S stainless steel, but it changed the local fracture
characteristics. Secondary cracks, serrated edges, and local quasi-cleavage-like fea-
tures became more evident after charging, especially in the 4 h condition, indicating
that hydrogen isotopes participated in local damage initiation and crack propagation.

4. XRD, metallography, and EBSD results confirmed that 310S stainless steel maintained
good austenitic stability under the present charging conditions, and no obvious
hydrogen-induced phase transformation was observed. The embrittlement response
of 310S was therefore not directly determined by the total retained amount alone, but
was more closely related to the local distribution of hydrogen isotopes in the surface
region, defect-rich areas, and key load-bearing zones.
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