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Designing hydrogen embrittlement-resistant materials exposed to extreme conditions has long been challenging.
In this work, we introduced a strategy combining Si alloying with short-term oxidation to generate a nanoscale
amorphous layer on CoCrNi alloy. The layer spontaneously formed in a high-temperature environment and was
firmly bonded to the matrix. This nanoscale amorphous layer reduced the hydrogen penetration rate by 62 %.
The hydrogen-charged CoCrNi alloy with amorphous layers still retained a high tensile strength of 890 MPa and a
strain-to-failure of 57 %, while the embrittlement sensitivity is only 0.04 (which is 0.25 for bare CoCrNi),
demonstrating an outstanding hydrogen embrittlement resistance. The nanoscale amorphous layer is an effective
hydrogen barrier due to its dense structure, which lacks rapid hydrogen diffusion pathways such as dislocations
and grain boundaries. Additionally, the amorphous layer reduces Cr depletion at subsurface grain boundaries
and prevents the formation of pores induced by the Kirkendall effect. Compared to traditional coatings, the
amorphous layer can be self-refilled at critical temperature after damage under external loading. This approach
provides a long-run approach for designing hydrogen embrittlement-resistant alloys capable of withstanding

extreme service conditions.

1. Introduction

Structural components used in nuclear energy, oil, and petrochem-
ical processing are often exposed to harsh conditions where high
hydrogen concentrations, elevated temperatures, and oxidation coexist
[1,2]. Compared to other damage mechanisms like oxidation and
corrosion, which are visible to the naked eye, hydrogen embrittlement is
more difficult to prevent due to its persistent, concealed, and unpre-
dictable nature, posing a great threat to the service life of materials[3].

Since the discovery of hydrogen embrittlement 150 years ago,
numerous researchers have focused on exploring its mechanisms and
prevention strategies[2-5]. However, current hydrogen embrittlement
mitigation strategies fail to fully meet demands for severe operating
conditions. Currently, there are two main approaches in the field[6]: (1)
Intrinsic hydrogen resistance is enhanced through compositional and
process design, such as by adding precipitate phases to create irrevers-
ible hydrogen traps[7,8]. However, this approach complicates the
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manufacturing process, and the introduced traps can become unstable
and ineffective under high-temperature service conditions. Moreover,
altering the material’s microstructure may compromise its original
properties. (2) Extrinsic hydrogen resistance is improved by applying
surface treatments like nitriding, carburizing, coating, sputtering, or
electroplating, which deposit a hydrogen-resistant layer of FCC metals
[9-11], ceramic-based materials[12], nitrides[13], or carbides[14] onto
the surface to act as a hydrogen barrier. Nevertheless, these surface
treatments often require complex processes and specialized equipment,
resulting in potential weak spots in the barrier, especially for compo-
nents with intricate geometries. Additionally, many of these hydrogen
barriers lack a strong metallurgical bond with the substrate, leading to
delamination and failure during service.

Therefore, there is an urgent need to develop a more effective
hydrogen embrittlement resistance strategy for these extreme condi-
tions. Equiatomic alloys have demonstrated strong potential in fields
like mechanics[15-17], electrochemistry[18], and magnetism[19].
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Their sluggish diffusion effect makes them one of the most attractive
materials for anti-hydrogen-embrittlement[20]. Alloys such as CoCrNi
[21], CoNiV[22], FeCoCrNi[23,24], and FeCoCrNiMn|[25] have shown
better resistance to hydrogen embrittlement than traditional
nickel-based alloys and stainless steels. However, their hydrogen
embrittlement resistance under extreme conditions still requires vali-
dation and improvement. The mechanisms underlying the hydrogen
embrittlement resistance of these alloys have been extensively investi-
gated. Li et al.[23] reported that tuning the Fe content in FeCoCrNi al-
loys induces Cr segregation at grain boundaries, effectively reducing
grain boundary free volume and suppressing hydrogen adsorption,
thereby enhancing hydrogen embrittlement resistance. Soundararajan
et al.[21] demonstrated that equiatomic CoCrNi alloys retain good
ductility under electrochemical hydrogen charging, as hydrogenreduces
the stacking fault energy and facilitates the formation of
deformation-induced nanotwins. Our previous work [26] showed that
incorporating a controlled amount of Mo into equiatomic CoCrNi alloys
strengthens the material and promotes deformation twinning, signifi-
cantly improving hydrogen embrittlement resistance. Luo et al. [22]
revealed that equiatomic CoCrV alloys exhibit excellent hydrogen
embrittlement resistance due to their low hydrogen diffusivity, the
presence of a surface passivation layer that mitigates hydrogen ingress,
and the ability of deformation twins to accommodate strain. Notably,
most existing studies focus on improving intrinsic hydrogen resistance,
while strategies aimed at enhancing extrinsic hydrogen resistance
remain largely unexplored.

In this study, we modified equiatomic CoCrNi alloys by adding a
certain amount of Si, enabling the spontaneous formation of a strongly
bonded, highly effective amorphoushydrogen barrier (AHB) layer under
high-temperature oxidation. This AHB layer, dense and free of fast
hydrogen diffusion pathways, exhibits excellent hydrogen resistance. In
our experiments, this barrier reduced hydrogen uptake in the alloy by
62 %. After enduring hydrogen charging under harsh conditions
(25 mA/cm? in sulfuric acid solution for 7 days), the alloy retained a
high tensile strength of 890 MPa and an impressive elongation of 57 %,
with only a 4 % loss in ductility (originally over 25 %). Even when local
damage occurs, the AHB layer can be in-situ self-refilling under service
conditions. This novel design concept provides a new framework for
developing hydrogen embrittlement-resistant alloys capable of long-
term performance under extreme conditions where high hydrogen
content, elevated temperatures, and oxidation coexist.

2. Materials and methods

2.1. Alloy preparation and sample fabrication

The equiatomic CoCrNi alloy and Si-alloyed CoCrNi alloy, referred to
as CoCrNi-Si, were synthesized using a vacuum arc melting process with
high-purity metals and silicon (purity > 99.9 %). The nominal atomic
composition of the CoCrNi-Si alloy is as follows: Co 30.3 %, Cr 30.3 %,
Ni 30.3 %, and Si 9.1 %. The alloys were melted and re-melted five times
in a non-consumable vacuum arc melting furnace with a tungsten
electrode under a high-purity argon atmosphere to ensure homogeneity
in microstructure and composition. The resulting ingots were cast into a
copper mold with dimensions of 5 x 10 x 100 mm?® . Post-casting, the
ingots underwent homogenization at 1373 K for 5 hours to eliminate
macro-segregation, followed by cold rolling along the casting direction,
achieving a 90 % reduction in thickness to relieve residual stress and
produce equiaxed grains. Tensile specimens were prepared in a flat dog-
bone shape with a gauge length of 10 mm and a cross-sectional area of
1.0 x 3.0 mm?.

Subsequently, the CoCrNi and CoCrNi-Si alloys were annealed and
oxidized at 1173 K in an air atmosphere for 10 and 5 min, followed by air
cooling. To facilitate characterization and analysis, samples of both al-
loys oxidized at 1173 K for 60 minutes were similarly prepared. Sup-
plementary Figure 1 presents the EBSD analysis of the annealed and

polished samples, while Supplementary Figure 2 shows the XRD analysis
of the alloys before and after oxidation. It can be observed that the
CoCrNi-Si and CoCrNi alloys exhibit similar grain sizes and share the
same FCC crystal structure. Si primarily exists in the alloy as a solid-
solution atom, which is consistent with the findings reported by Liu
et al.[26] and Chang et al.[27].

2.2. Hydrogen charging and mechanical testing

Selected oxidized samples were further treated by grinding with
silicon carbide papers (600-1500 grit) to evaluate the effect of oxides.
Electrochemical hydrogen charging was then performed on samples
with and without oxide layers. Continuous cathodic charging was
applied at a current density of 25 mA/cm? for 7 days in an electrolyte
consisting of 0.5 mol/L H2SO4 with 50 g/L thiourea. A platinum sheet
served as the counter electrode. To prevent hydrogen escape, the
charged samples were stored in liquid nitrogen prior to testing and
characterization. Post-tensile testing, the hydrogen content in the
charged samples was measured using gas chromatograph thermal
desorption analysis (GC-TDA), conducted with a temperature ramp rate
of 200 K/h from room temperature to 1073 K.

To assess hydrogen embrittlement (HE) susceptibility, hydrogen pre-
charging was performed on both oxidized and non-oxidized samples,
followed by slow strain rate uniaxial tensile tests at an initial strain rate
of ~5 x 105s7! . To ensure data reproducibility, the tensile test for each
sample was repeated three times. The susceptibility to HE was quanti-
fied by the percentage loss of elongation after fracture (§)4ss), calculated
as:
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2.3. Microstructure characterization

The crystal structures of the oxide layers and the bulk CoCrNi and
CoCrNi-Si alloys were examined using X-ray diffraction (XRD) at a scan
speed of 2°/min. Grain size analysis was conducted via electron back-
scatter diffraction (EBSD) using an FEI Apreo2 S Lovac scanning electron
microscope (SEM) equipped with an EDAX detector. The morphology of
the oxide layer was characterized using the same SEM, while surface
composition variations were assessed through energy-dispersive X-ray
spectroscopy (EDS). Thin transmission electron microscopy (TEM) foils
were extracted using the focused ion beam (FIB) lift-out method on an
FEI Helios 600i for high-resolution imaging. TEM was performed using
an FEI Talos F200X at an accelerating voltage of 200 kV, providing
detailed insights into the internal structure of the oxide layers. Addi-
tionally, elemental distribution and phase composition were analyzed
through EDS integrated with TEM, enabling precise mapping and
identification of elements and phases within the oxide layers.

3. Results
3.1. Formation and microstructure of the AHB layer

The AHB layer was formed on the surface of CoCrNi-Si alloy through
a brief oxidation treatment. After 5 min of oxidation at 1173 K in air, a
distinct layer was observed on the surface of the CoCrNi-Si alloy
(Fig. 1a). Cross-sectional analysis using Focused Ion beam (FIB) tech-
nology reveals that even at grain boundaries, the layer and the under-
lying substrate of the CoCrNi-Si alloy remain dense and intact (Fig. 1b).
After 60 min of oxidation, the layer thickens to approximately 0.5 pm
while maintaining density (Fig. 1c). In contrast, the CoCrNi alloy shows
significant oxide accumulation on its surface, particularly along grain
boundaries, after just 10 min of oxidation (Fig. 1d). Pores are already
visible beneath the oxide layer at grain boundary regions (Fig. 1e). After
60 min of oxidation, the oxide layer thickens rapidly, exceeding 1 pm in
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Fig. 1. Surface and cross-sectional morphology of the CoCrNi-Si (a,b, and ¢) and the CoCrNi (d,e, and f) alloys after oxidation treatment. The yellow dashed line

indicates the interface between the oxide layer and the substrate.

thickness, with notable pores formation in the oxide layer and under-
lying substrate. Additionally, long intergranular cracks are visible a few
microns below the surface at the grain boundaries (Fig. 1f).

To further clarify the microstructure of the layer, the oxide layer of
CoCrNi-Si alloy was extracted by FIB and analyzed using transmission
electron microscopy (TEM), as shown in Fig. 2. Fig. 2a presents the TEM
bright-field image of the layer cross-section. It is observed that a dense
layer, with a thickness ranging from 100 to 140 nm, forms on the surface
of the alloy even after a brief oxidation period (1173 K, 5 min). Notably,
a uniformly bright inner layer, approximately 35 nm thick, is present in
the vicinity of the substrate. Upon extending the oxidation time, the
bright-field image (Fig. 2b) reveals that the layer can be divided into
three layers. The outermost layer is an equiaxed crystal layer with flat
surfaces exposed externally. Selected-area electron diffraction (SAED)
analysis (inset on the left side of Fig. 2b) indicates that this layer has a
crystal structure similar to Co304. Energy dispersive spectroscopy (EDS)
(Fig. 2c) confirms that this layer is rich in Cr, Co, and Ni, and the phase
can be identified as (Co, Cr, Ni)304. The second layer of the layer is a
columnar crystal layer, approximately 240 nm thick, with columnar
crystals aligned along the growth direction of the oxide layer. SAED
analysis (inset on the right side of Fig. 2b) and EDS (Fig. 2c) reveal that
these columnar crystals are in the Cr,O3 phase. As shown in Fig. 2b, the
innermost layer of the layer is notably bright and uniform with no visible
interfaces, approximately 56 nm thick. EDS analysis (Fig. 2 cd) shows
that this layer primarily consists of Si and O, with a small amount of Ni.
High-resolution imaging in TEM analysis (Fig. 2e) indicates that this
layer is a dense, amorphous silica tightly bonded to the crystalline layers
without any visible pores. In the following sections, we will demonstrate
that this amorphous layer exhibits excellent hydrogen barrier
properties.

In comparison, TEM analysis of the CoCrNi alloy’s oxide layer (see
Supplementary Fig. 3) shows a three-layer structure. The outer layer is
(Co, Cr, Ni)304, the middle layer consists of columnar Cr,O3 and the
innermost layer is composed of fine equiaxed CryO3 crystals. The fine-

grain structure and dispersed pores around these layers make them
less tightly connected to the substrate.

Typically, the primary phase of the oxide layer, Cr20s, is chemically
stable and reacts slowly with dilute sulfuric acid at room temperature
[28]. Therefore, the electrochemical hydrogen charging process
described in this study does not lead to the complete dissolution of the
oxide layer. To investigate whether the oxide layer of the alloys un-
dergoes dissolution or damage after electrochemical hydrogen charging,
the oxide layers of both alloys were characterized after hydrogen
charging, as shown in Fig. 3. Fig. 3a presents a BSE-mode SEM image of
the CoCrNi-Si alloy surface after hydrogen charging. At low magnifica-
tion, the surface exhibits uniform contrast, indicating that despite pro-
longed electrochemical hydrogen charging, the oxide layer on the
CoCrNi-Si alloy remains intact without significant spallation. Fig. 3b
and c, captured using the ETD detector at different magnifications,
reveal a dense and crack-free oxide layer with well-preserved surface
details.

In contrast, as shown in Fig. 3d, the BSE-mode SEM image of the
CoCrNi alloy surface after hydrogen charging displays regions with
distinct contrast variations, suggesting extensive oxide layer damage.
Fig. 3e provides a magnified ETD-mode SEM image of a damaged region,
while Fig. 3f presents the corresponding EDS analysis. The spallation of
the oxide layer is evident, with the exposed regions showing enrichment
of metallic elements and a significant reduction in oxygen content,
confirming complete oxide removal and direct exposure of the metallic
substrate. Cracks are clearly visible on the remaining oxide layer, as
indicated by the yellow arrows. Additionally, intergranular cracks are
observed in the exposed metallic substrate, marked by red arrows. These
observations further support the findings in Fig. 1, indicating that the
adhesion strength between the oxide layer and the CoCrNi alloy sub-
strate is relatively weak. During the hydrogen charging process, the
oxide layer detaches due to factors such as bubble flow.
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Fig. 2. TEM micrographs and EDS spectrum of the layer formed on the CoCrNi-Si alloy during oxidation treatment. (a-b) Bright-field images of short-term and long-
term oxidation treatment. The SAED pattern shown in the left inset corresponds to the aperture position indicated by circle 1, while the SAED pattern in the right
inset corresponds to the aperture position indicated by circle 2. The W deposition layer on the sample surface was removed through post-image processing; (c) EDS
mapping of the area shown in panel b; (d) Elemental composition analysis of the area indicated by the white arrow in panel b; (¢) HRTEM analysis of the area within
the red box in panel b. The inset in panel e is the FFT (Fast Fourier Transform) image of the region outlined by the dashed box.

3.2. Hydrogen embrittlement resistance

Fig. 4a compares the tensile properties of CoCrNi-Si alloys with and
without an AHB layer after hydrogen charging. Fig. 4b presents a
comparison of the tensile properties of CoCrNi alloys, with and without a
crystalline oxide layer, under identical hydrogen charging conditions.
For uncharged CoCrNi-Si alloy, the yield strength is ~450 MPa, tensile
strength is ~880 MPa, and the elongation after fracture reaches ~59 %.
These data show little difference compared to the CoCrNi alloy, indi-
cating that Si alloying has a limited effect on the primary mechanical
properties of the alloy. After electrochemical hydrogen charging at
25 mA/cm? for 7 days, the elongation of bare CoCrNi-Si alloy drops to
43 %, resulting in a significant elongation loss of 25.5 %, indicating
pronounced hydrogen embrittlement (hydrogen content of 23.55 wt.

ppm, see Supplementary Fig. 4a). In contrast, the CoCrNi-Si alloy with
an AHB layer retains an elongation of 56 % under the same hydrogen
charging conditions, with a minimal elongation loss of only 2 %. TDS
analysis (Supplementary Fig. 4b) shows a hydrogen content of only
8.91 wt.ppm. This demonstrates that the CoCrNi-Si alloy with an AHB
layer exhibits exceptional extrinsic hydrogen embrittlement resistance.

In comparison, the CoCrNi alloy, regardless of whether it has un-
dergone oxidation treatment, shows a significant elongation loss
exceeding 25 % after hydrogen charging (Fig. 4b), indicating that the
CoCrNi alloy has a high hydrogen embrittlement sensitivity, and the
crystalline oxide layer does not provide effective shielding against the
ingress of hydrogen.

Fig. 4c is an Ashby diagram that illustrates the performance com-
parison between the CoCrNi-Si alloy with an AHB layer and other major
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Fig. 3. SEM analysis of the surface oxide layers of the CoCrNi-Si alloy (a—c) and the CoCrNi alloy (d-f) after electrochemical hydrogen charging. (a) BSE-mode SEM
image of the oxide layer on the CoCrNi-Si alloy surface; (b—c) SEM images of the oxide layer on the CoCrNi-Si alloy surface captured using an ETD detector at different
magnifications; (d) BSE-mode SEM image of the oxide layer on the CoCrNi alloy surface; (e) SEM image of the damaged oxide layer on the CoCrNi alloy surface

captured using an ETD detector; (f) EDS analysis of the corresponding region of (e).
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material classes. The tensile strength of the CoCrNi-Si alloy with an AHB
layer increased from 880 MPa to 890 MPa, while the total elongation
decreased from 59 % to 57 % after hydrogen charging, indicating min-
imal performance variation despite severe hydrogen exposure.
Compared to the equiatomic alloys[24,25,29-32], stainless steels
[33-35], nickel-based alloys[36], and ferritic steels[37-39] shown in
the figure, this alloy shows superior extrinsic resistance to hydrogen
embrittlement, highlighting the effectiveness of our approach.

To further validate the hydrogen embrittlement resistance of the
alloy, we removed the AHB layer from one side of the CoCrNi-Si alloy
and subsequently charged it with hydrogen. We compared the fracture
morphology of the hydrogen-charged samples with and without the AHB
layer, as shown in Fig. 5. The fracture surfaces of the hydrogen-charged
CoCrNi-Si alloy show, from the surface to the core, a sequence of
intergranular brittle fracture zones, a transitional region, and trans-
granular ductile fracture zones with numerous dimples. This is due to
the diffusion of hydrogen from the surface to the core during electro-
chemical hydrogen charging, leading to a transition from ductile to
brittle fracture in regions where the critical hydrogen concentration is
reached. Thus, comparing the thickness of the brittle fracture zones
provides additional evidence of the effectiveness of the AHB layer. As
seen in Fig. 5b and c, the brittle fracture zone on the hydrogen-charged
side with an AHB layer has a thickness of approximately 38.6 ym. In
contrast, the brittle fracture zone on the hydrogen-charged side of the
bare surface has a thickness of about 80.7 pm.

The depth of hydrogen diffusion (i.e., the thickness of the brittle
layer, denoted as x) is related to the hydrogen diffusion coefficient D
through the following equation:

x = V6Dt (2)

Where x is the thickness of the brittle layer, D is the hydrogen
diffusion coefficient, t is the diffusion time before fracture. The calcu-
lation shows that the diffusion coefficient on the AHB layer side is
4.106 x 1071°m? /s, while the diffusion coefficient on the bare surface
side is 1.795 x 10~'®m?/s. This indicates that the AHB layer provides
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effective hydrogen barrier performance.

To demonstrate the self-refilling characteristic of the AHB layer, we
subjected both pre-oxidized and well-polished samples to extreme
hydrogen gaseous charging conditions—20 MPa hydrogen gas contain-
ing trace oxygen at 573 K. As shown in Fig. 6a, the pre-oxidized and bare
CoCrNi-Si alloys exhibited minimal elongation loss, approximately 13 %
after exposure to high-pressure hydrogen. The fracture morphology
shows a large number of ductile dimples (Fig. 6¢), indicating that the
fracture mode of this alloy remains ductile under these extreme condi-
tions. In contrast, the CoCrNi alloy, regardless of pre-oxidation treat-
ment, experienced significant deterioration in mechanical properties
(Fig. 6b), with brittle fractures (Fig. 6d) occurring during the work-
hardening stage. The two alloys display completely different hydrogen
embrittlement behaviors under the same hydrogen charging conditions
due to varying hydrogen content. The pre-oxidized and bare CoCrNi-Si
alloys contain 21.23 wt.ppm and 20.22 wt.ppm of hydrogen, while the
pre-oxidized and bare CoCrNi alloys have 27.76 wt.ppm and 26.49 wt.
ppm, respectively (see Supplementary Fig. 5). The CoCrNi-Si alloy ab-
sorbs significantly less hydrogen, resulting in greater ductility retention.
Notably, even without pre-oxidation, the CoCrNi-Si alloy maintains its
hydrogen shielding capability, exhibiting hydrogen embrittlement
behavior similar to pre-oxidized alloys. Thus, these results suggest that
the CoCrNi-Si alloy can effectively form a self-generated AHB layer
under extreme high-temperature, high-hydrogen, and corrosive
conditions.

4. Discussion
Key findings in this study are as follows:

1. Si alloying does not alter the crystal structure or fundamental me-
chanical properties of CoCrNi alloys but significantly modifies their

oxidation behavior. After short-term oxidation, CoCrNi-Si alloys
develop a compact surface layer with a nanoscale amorphous silica

ot

Fig. 5. Tensile fracture morphology of CoCrNi-Si samples with a single-sided amorphous hydrogen barrier.
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inner layer. In contrast, the oxide layer on CoCrNi alloys grows
rapidly, remains porous, and lacks an amorphous inner layer.

2. The dense amorphous oxide layer on CoCrNi-Si alloys provides
excellent hydrogen permeation resistance. Under identical electro-
chemical hydrogen charging conditions, the hydrogen uptake is
reduced by 62 % compared to alloys without an oxide layer. After
hydrogen charging, the loss of tensile elongation is mitigated to 2 %,
and intergranular brittle fracture on the surface is significantly
suppressed.

3. CoCrNi-Si alloys exhibit superior hydrogen embrittlement resistance
in high-pressure, high-temperature gaseous hydrogen environments
containing trace oxygen. Regardless of the presence of a preformed
oxide layer, the elongation loss remains approximately 13 %,
significantly lower than that of CoCrNi alloys. The hydrogen uptake
in CoCrNi-Si alloys is also notably lower than in CoCrNi alloys.

Based on these findings, we propose the hydrogen embrittlement
resistance mechanism of CoCrNi-Si alloys, as illustrated in Fig. 7. Unlike
the ineffective and easily fractured crystalline oxide layer on CoCrNi
alloys, CoCrNi-Si alloys develop a highly hydrogen-blocking and
strongly bonded AHB layer with an amorphous silica inner layer. This
layer spontaneously forms in critical oxygen-hydrogen environments
and possesses self-refilling capability upon damage. In the following
sections, we further discuss the formation mechanism of the AHB layer
and its role in hydrogen resistance.

4.1. The formation mechanism of the AHB layer

The oxidation process of the CoCrNi(Si) alloys can be explained
through the thermodynamics of oxidation. For the elements Co[40], Cr,
and Si[41],

2Co(s)+02(g)= 2Co0(s), AG=-472.3+ 0.145T 3)
6Co0(s)+02(g)= 2C0304(s), AG=-392.02+ 0.318T 4)
4/3Cr(s)+02(g)= 2/3Cr03(s), AG=-773.17+ 0.148T 5)
Si(s)+02(g)=Si0z(s), AG=-907.1+ 0.175T (6)

Based on the thermodynamic calculations, at 900°C, the following
Gibbs free energy values are obtained: AG o0 = -302.2 kJ/mol, AG ¢o0-
Co304 = -19.0 kJ/mol, AG Cr203 = -599.6 kJ/mol, and AG Si02
= -701.8 kJ/mol. These values indicate that SiO, forms preferentially,
followed by Cry03, and finally Co oxidation, which stabilizes as Co304.
This preferential formation of SiO5 followed by CrpO3 has also been
observed in FeCrSi and FeNiCr-Si systems[42].

The diffusion coefficients of various elements in alloys follow the
Arrhenius law. At 900°C, the diffusion coefficients are as follows
[43-45]:  Dcrin cocrni=1.616 X 10 °m?/s;  Duiin cocrni=4.713 x
10 1°m2 /S; DCO in CgcrNi:2.789 X 10 9m2/s, DSi in Ni— 8.948 x
10 °m2 /s, Do in yi=2.293 x 10 °m?/s. At 1173 K, the diffusion rates of
Cr and Co in CoCrNi alloys are higher than that of oxygen. This indicates
that Cr and Co elements are more prone to diffuse to the surface and
react with oxygen, leading to external oxidation. In contrast, Si does not
readily diffuse to the surface. Instead, oxygen diffuses into the substrate
and reacts with Si to form an internal amorphous SiO; layer.

Thus, in alloys without Si, the rapid external oxidation of Cr and Co
leads to significant depletion of these elements in the subsurface.
Notably, grain boundaries, acting as rapid diffusion pathways, facilitate
even faster depletion of Cr. The rapid loss of these elements results in the
accumulation of vacancies in the subsurface, leading to the formation of
pores (Supplementary Fig. 3).

In contrast, for Si-containing alloys, the initial internal oxidation
forms an amorphous SiO: layer, which lacks rapid diffusion pathways
and effectively suppresses the diffusion of Cr and Co to the surface,
thereby mitigating the formation of pores caused by the Kirkendall effect

[46]. Consequently, the oxide layer in the CoCrNi-Si alloy is thinner,
denser, and more strongly bonded to the substrate.

4.2. The hydrogen barrier mechanism of the AHB layer

The hydrogen diffusion rate in CoCrNi alloy at room temperature is
estimated to be 2.086 x 10 °m?/s, as calculated using Eq. 2 and the
brittle layer thickness shown in Supplementary Fig. 6. In contrast, the
hydrogen diffusion rate in single-crystal Cr-0s at room temperature is
significantly lower, 8.41 x 10 22m2?/s[47], which should bring a
remarkable enhancement in hydrogen resistance compared to CoCrNi
alloy. However, the findings of this study show that Cr-0Os layer on the
CoCrNi alloy surface does not provide effective hydrogen resistance. In
contrast, the AHB layer formed on the surface of the Si-alloyed variant
exhibits superior hydrogen resistance compared to conventional oxide
layers. The primary mechanisms for this improvement are twofold:

First, the inner amorphous silica layer inhibits Cr diffusion toward
the surface, preventing void formation caused by the Kirkendall effect
[46] and ensuring a dense and strongly bonded oxide layer (see Fig. 1
and Fig. 2). The comparison of oxide layer morphologies after hydrogen
charging indicates that the AHB layer on the Si-alloyed surface remains
intact even after prolonged bubble flushing during the process
(Fig. 3a—c), demonstrating long-term protective capability. In contrast,
the oxide layer on the CoCrNi alloy lacks an inner amorphousssilica layer
to regulate Cr diffusion toward the surface, resulting in a rapid thick-
ening of the oxide layer, which becomes porous, loosely bonded to the
substrate, and prone to spalling during hydrogen charging, ultimately
losing its protective function (Fig. 3b—f). Additionally, the excessively
fast-growing oxide layer depletes Cr in the near-surface metallic matrix,
particularly at grain boundaries, leading to intergranular voids (Fig. 1
and Supplementary Fig. 3), which further compromise the alloy’s
resistance to hydrogen embrittlement[23]. Therefore, although Crz0s
itself has some hydrogen-blocking capability, it is less effective than the
AHB.

Second, the inner amorphous silica layer itself exhibits excellent
hydrogen-blocking capability. The hydrogen diffusion rate in the
amorphous silica layer is inherently low. The diffusion rate of hydrogen
(H) atoms in defect-rich amorphous SiO: is given by [48]::

50155
Dpin sio2 = 5.079 x 10 2exp ™ RT @)

At room temperature, this results in a diffusion rate of 8.205 x
102!m?/s. This low diffusion rate is due to hydrogen forming perma-
nent hydroxyl groups (OH-) with oxygen in amorphous SiO», a process
facilitated by hydrogen bonding. The presence of defects in the amor-
phous SiO; leads to an increase in oxygen free radicals and dangling
bonds, enhancing its ability to capture hydrogen and retarding its
diffusion [48]. As shown in the EDS analysis results in Fig. 2, some metal
elements, such as Ni, are dissolved in the amorphous silica layer. Ac-
cording to the study by Yang et al. [49], the presence of metals like Ni in
amorphous SiOy introduces additional oxygen free radicals, further
enhancing hydrogen capture and slowing diffusion. Moreover, the dense
amorphous silica inner layer, which lacks rapid hydrogen diffusion
pathways such as grain boundaries and dislocations, can effectively
exhibit its high hydrogen barrier capability. In contrast, the columnar
Crz20s grains in the oxide layer contain grain boundaries that act as rapid
transport pathways for hydrogen, leading to a much higher diffusion
rate than that reported for single-crystal Cr20s [47]. Consequently, its
hydrogen-blocking performance is relatively poor.

5. Conclusion

This study investigates the hydrogen embrittlement behavior and
microstructural evolution of the CoCrNi-Si and CoCrNi alloys before and
after oxidation. A novel hydrogen embrittlement resistance strategy is
proposed, which significantly enhances the extrinsic hydrogen



resistance of equiatomic CoCrNi alloys.

1. During the oxidation of CoCrNi-Si alloys, thermodynamic factors and
differences in elemental diffusion rates lead to the formation of a
dense, nanoscale amorphous silica layer near the metal substrate.
Due to the absence of rapid diffusion pathways, this amorphous inner
layer inhibits the outward diffusion of Cr from the substrate, thereby
suppressing oxide layer growth and preventing the Kirkendall effect.
As aresult, the oxide layer on CoCrNi-Si alloys is significantly denser
and more stable.

2. The dense and strongly bonded nature of the amorphous silica layer,
combined with the absence of rapid hydrogen diffusion pathways,
provides exceptional hydrogen resistance. After prolonged hydrogen
charging at 25 mA/cm? in sulfuric acid for 7 days, the hydrogen
uptake in CoCrNi-Si alloys is reduced by 62 % compared to unoxi-
dized alloys. Even under severe hydrogen exposure, the alloy retains
a high tensile strength of 890 MPa and an excellent elongation of
57 %, with elongation loss mitigated to only 4 % (down from over
25 % initially), demonstrating remarkable resistance to hydrogen
embrittlement. Under 20 MPa hydrogen gas with trace oxygen at
573 K for 14 days, the bare CoCrNi-Si alloy exhibits an elongation
loss of only 13 %, in stark contrast to the 67 % elongation loss
observed in CoCrNi alloys.
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