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Abstract: The corrosion behavior of metallic uranium in humid environments is directly related to the safety and
lifespan of nuclear facilities, but its microscopic mechanism has long been constrained by the spatiotemporal scale
limitations of traditional density functional theory simulations. This paper systematically reviews the research progress
of uranium corrosion in pure water, water-oxygen coexisting, and hydrogen environments. It points out that, limited by
computational costs, traditional DFT struggles to reproduce the complex networks involving multi-molecule
participation, multi-step reactions, and dynamic surface reconstruction during actual corrosion. This “common scale
bottleneck” directly leads to controversies and blind spots regarding the core mechanisms in three key environments:
the initial dissociation pathway of water molecules in pure water remains unclear; the “catalytic” acceleration effect of
water in water-oxygen environments lacks support from microscopic kinetic landscapes; and the dynamic regulation
mechanism of local strain on hydriding kinetics in hydrogen corrosion environments remains to be clarified. Combined
with the latest theoretical simulation progress in the uranium-hydrogen system, this paper discusses how Machine
Learning Interatomic Potentials, as a transformative tool, provides a new paradigm for bridging this scale gap by
merging quantum mechanical accuracy with molecular dynamics efficiency. Finally, the paper looks to the future,
pointing out that constructing high-fidelity MLIP for U-water and U-H systems to simulate the entire dynamic corrosion
process under realistic surface morphologies and variable stress fields will be the key path to clarifying the controversial
mechanisms and achieving a fundamental transition in uranium corrosion research from “static observation” to
“dynamic prediction.”
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1 INTRODUCTION

The metal uranium (U), due to its extremely high density and unique nuclear properties, plays an irreplaceable role in
the nuclear energy industry and national defense technology. Its performance stability is directly related to national
strategic security and the long-term reliable operation of nuclear facilities [1-6]. However, uranium materials face a
severe challenge in practical applications: their 5f electron configuration endows them with extremely high chemical
activity, leading to very poor corrosion resistance in humid environments [7]. Even under trace water vapor conditions,
the uranium surface corrodes rapidly [8], resulting not only in material loss but also in safety hazards due to hydrogen
evolution from reactions [9-13]. Therefore, a deep understanding of the microscopic corrosion mechanism of uranium
in humid atmospheres is the theoretical foundation for developing effective protection technologies and extending the
service life of critical components.

Currently, atomic-scale theoretical simulation is a core means of revealing microscopic processes such as initial
corrosion reactions and interface evolution. However, the depth of research in this field faces a fundamental bottleneck:
traditional computational methods based on density functional theory (DFT), limited by their enormous computational
cost, can only simulate system scales and time spans far smaller than those of actual corrosion processes. The corrosion
behavior of uranium is a complex process driven by the synergy of material intrinsic factors and external environments,
especially water vapor, hydrogen, and the synergistic effects of water and oxygen. It involves multi-physics coupling,
including adsorption and dissociation of gas-phase molecules, ion migration through the oxide film, product nucleation
and growth, and stress evolution. Traditional DFT simulations struggle to reproduce such complex dynamic reaction
networks involving multiple molecules, multi-step reactions, and concomitant dynamic surface reconstruction. This
“scale barrier” has directly led to long-standing controversies and difficulties in deepening the understanding of core
mechanisms in three key environments: the exact dissociation pathway of water molecules on the uranium surface in
pure water environments remains inconclusive; in water- oxygen coexisting environments, the “catalytic” acceleration
effect exhibited by water molecules lacks support from a microscopic kinetic picture; in hydrogen corrosion
environments, how local strain dynamically modulates hydrogenation kinetics remains a major blind spot.

To overcome the spatiotemporal scale constraints that limit the understanding of these mechanisms, machine learning
interatomic potentials (MLIP) have recently emerged as a transformative tool. MLIP can learn and fit the potential
energy surface of a system from high-precision DFT computational data using machine learning methods, thereby
increasing computational efficiency by several orders of magnitude while maintaining near-DFT accuracy in atomic
simulations. This makes it possible to simulate the entire dynamic corrosion process of uranium on near-realistic scales.
This article aims to systematically review the research progress on the corrosion behavior of metallic uranium in humid
atmospheres. First, it analyzes the controversies over water dissociation mechanisms and catalytic effects in pure water
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and water- oxygen coexisting environments, which arise from the insufficient scale of traditional DFT methods. Then, it
extends the perspective to the “downstream effects” of water corrosion, exploring the mechanistic blind spots of
stress- dynamics coupling in hydrogen corrosion. Finally, it looks forward to a future vision where constructing
high- fidelity MLIP serves as the core strategy to achieve a fundamental transformation in uranium corrosion
mechanism research from “static observation” to “dynamic prediction”.

2 CORROSION OF METALLIC URANIUM IN PURE WATER ENVIRONMENT
2.1 Evolution of Kinetic Stages

The kinetic process of the uranium-water reaction exhibits distinct staged characteristics, and researchers have
systematically characterized it using methods such as thermogravimetry, interferometry, and gas chromatography [14-
17]. The current mainstream view holds that the kinetic process can be divided into two main stages:

Initial oxidation stage: In the early stage of the reaction, the fresh uranium surface rapidly adsorbs and dissociates water
vapor, forming discrete island-like oxides, which then merge into a dense initial oxide layer (approximately 3 nm thick)
[18]. The thickening of the oxide film in this stage is controlled by the diffusion rate of the oxidizing medium within the
film, and the kinetics follow a parabolic law ( A m?> «t). Kondo et al. [15], based on hydrogen evolution rate
measurements, suggested that a logarithmic or exponential law may apply during a very short initial period.

Stable oxidation stage: This is the longest stage of the uranium-water reaction. Due to the significant density difference
between metallic uranium and its oxide (UO2), the growth of the oxide film generates enormous internal stress [19].
When the oxide film thickness reaches a critical value (70-600 nm) [20, 21], the internal stress reaches a critical value
(approximately 1.93 GPa) [22], leading to cracking and spalling of the film, which becomes loose and flaky. At this
point, the growth and rupture/spalling of the oxide film reach a dynamic equilibrium, maintaining a protective film of
constant thickness at the interface. The corrosion weight gain or hydrogen evolution rate shows a linear relationship
with time (Am«t) [17]. Due to the limitations of early measurement techniques, a large amount of data in the existing

literature focuses on this linear stage.

During the stable linear stage, the corrosion rate (k) of metallic uranium is primarily controlled by the ambient
temperature (T) and water vapor pressure (P). Experimental data confirm that over a wide pressure range (0.01-101.325
kPa) [23], the corrosion rate in the linear stage is proportional to the square root of the water vapor pressure, i.e., k « P93,
This characteristic is typically attributed to the Langmuir chemisorption mechanism of water vapor on the
uranium/uranium oxide surface [24]. Meanwhile, the temperature dependence of the corrosion rate follows the
Arrhenius equation [25].

The reaction mechanism of the U-H2O system is similar to that of the U-Oz system, both producing slightly
hyperstoichiometric UO2+. Moreover, the corrosion rate of the U-H>O system is much higher than that of the U-O»
system, potentially by several orders of magnitude [26]. In the early stage of oxidation, the corrosion rate of uranium
follows a parabolic law; after the surface oxide layer forms and grows, the corrosion behavior transitions to linear or
quasi-linear kinetics (as shown in Fig. 1) [27]. As with any other metal, the oxidation of uranium is expected to continue
until the entire metal is consumed, provided the supply of oxidizing species is sufficient. When the metal is completely
consumed, the oxidation rate is expected to level off, reaching zero-order kinetics. The chemical reaction equation is as

follows: U2 +X)H,0>U0,, +(2+X)H,  pye to the fast reaction rate and complex nature of the system,
researchers have not yet reached a unified conclusion on whether water completely dissociates into 2H" and O on the
uranium surface or partially dissociates into H" and OH- (as shown in Fig. 2).
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Figure 1 Corrosion Rate of Metallic Uranium in Water [27]
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Figure 2 Two Pathways of Adsorption on the Uranium Surface at Room Temperature [28]
2.2 Complete Dissociation

Experimental studies: Shamir et al. used a shadowing model established by Direct Recoil Spectroscopy (DRS) to point
out that on the U surface [28], H2O molecules tend to follow the Langmuir mechanism and undergo complete
dissociation ( H,0 — O* +2H") [24]. Manner et al. suggested that at very low coverages (below 0.5 L) [29], water
undergoes complete dissociation, leaving surface-bound oxygen atoms, which then react with chemisorbed water to
form hydroxyl groups. Winer et al. using X-ray Photoelectron Spectroscopy (XPS) [8], also found a shift in the O 1s
peak, indicating that adsorbed H.O completely dissociates, and the generated O rapidly reacts with U to form
island-like UQ,. Santon et al. proposed that the reaction of uranium with water vapor below 230°C is a
diffusion-controlled system [20]. After the oxide layer partially cracks at 70 nm, it becomes an oxide layer of constant
thickness. Based on the diffusion coefficient, they assumed that O% is the only diffusing species. After the initial
parabolic stage, the reaction becomes linear, with the following assumptions: at the metal-oxide interface:
U — U* +4e7, and at the gas-oxide interface: 2H,0+4e” — 20” +2H, . Moreover, Santon considered that the behavior

of hydrogen may be more complex [20]. Through the above process, negative charge accumulates at the oxide-metal
interface, which inhibits further diffusion of O* through the metal. Therefore, the dissociation mode of water at the
gas-oxide interface is as follows: H,0 — O’ +2H" . The protons in the equation are likely to partially diffuse through

the voids of the cationic surfactant to the oxide-metal interface to neutralize the negative charge, thereby allowing
oxygen ions to diffuse. The role of hydrogen in the reaction may increase due to the mechanical failure of the oxide
layer.

Theoretical calculations: Liu investigated the adsorption behavior of H>O molecules on the a-U (001) surface based on
first-principles calculations [30]. The study shows that configurations with H-terminated ends are difficult to stabilize.
The most stable molecular adsorption configuration is H>O adsorbed in a parallel top site on the surface. HO can
spontaneously dissociate on the U surface into H* + OH™ or O* + 2H*. Moreover, the adsorption energies of both
complete and partial dissociation configurations are significantly higher than those of molecular adsorption, indicating
that complete dissociation is thermodynamically most stable. Electronic structure analysis further confirms that the
bonding strength between the dissociation products and uranium is stronger than that of the intact H>O molecule. Zhu et
al. reached similar conclusions on the y-U (001) and (100) surfaces [31, 32]. On the y-U (001) surface, H2O also prefers
parallel top-site adsorption. The dissociation barrier of H>O is much lower than the adsorption energy, and the entire
process is highly exothermic, indicating that dissociation occurs very readily [31]. On the y-U (100) surface [32], the
adsorption energies for molecular adsorption, partial dissociation, and complete dissociation are 2.28 eV, 3.23 ¢V, and
4.32 ¢V, respectively, with complete dissociation being the most favorable. Stepwise dissociation path analysis (as
shown in Fig. 3) reveals that both the initial and complete dissociation steps are exothermic reactions with very low
energy barriers (0.52 eV and 0.22 eV, respectively). Furthermore, in a multi-molecule environment, the dissociation
barrier decreases further: when two water molecules coexist, the dissociation barrier is only 0.07 eV, releasing 1.89 eV
of heat; with four water molecules, the dissociation barrier disappears completely [32], indicating that intermolecular
synergistic effects are crucial.
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Figure 3 Water Dissociation Energy Barrier [32]
2.3 Partial Dissociation

Experimental studies: Shamir et al. found that when the oxide film coverage on the U surface exceeds 60% [28], the
adsorbed H>O molecules are more likely to undergo only partial dissociation, generating OH- and H*. Balooch using
Temperature Programmed Desorption (TPD) [33], further confirmed that OH™ from partial dissociation can be detected
on both U and uranium oxide surfaces. In addition, Danon et al. also used TPD to study mildly and heavily oxidized U
samples [34], suggesting that water molecules may undergo reversible chemisorption and partial dissociation at weak
binding sites on the U surface. Baker et al. proposed that OH" is the diffusing species [26]. This view is supported by the
identification of hydrides in the reaction products and by the higher reaction rate compared to dry oxygen under the
same conditions. Baker’s mechanism indicates that water undergoes partial dissociation on the oxide surface [26]:
H,O0 - OH +H", while at the metal-oxide interface: H +e” —H-. Subsequently, H has two reaction paths: reacting
with U at the metal-oxide interface: 3H-+U — UH, or diffusing to the gas-oxide interface to form molecular hydrogen:

2H-— H, o

Theoretical calculations: Li studied the adsorption, diffusion, and dissociation of H2O on the a-U (001) surface using
generalized gradient density functional theory [35]. The most stable configuration remains top-site adsorption parallel to
the surface, with an adsorption energy of 0.58 eV. The main mechanism originates from the spatial overlap of the H.O
1b1 orbital with the uranium 6d orbital, accompanied by weak overlap of the 3al orbital (a T orbital formed by O 2py
and H 1s) with the U 6d orbital. The diffusion barrier of H2O between adjacent top sites is 0.20-0.23 eV, indicating that
surface migration is facile. The dissociative adsorption of OH+H is 1.24-1.39 eV higher in energy than molecular

adsorption, and the dissociation barrier is 0.56-0.62 eV, suggesting that under appropriate thermal activation, adsorbed
water molecules tend to dissociate into OH™ and H atoms.

3 CORROSION OF METALLIC URANIUM IN A WATER-OXYGEN MIXED GAS

In actual storage environments, metallic uranium rarely encounters absolutely dry oxygen or pure water vapor; instead,
it is more often exposed to a water-oxygen mixed atmosphere. The corrosion kinetics of metallic uranium in a H,O-O»
mixture are similar to those in pure oxygen or pure water vapor systems, macroscopically characterized mainly by a
brief initial parabolic stage followed by a long-term linear stage [36]. In the parabolic stage, the corrosion rate decreases
with time; after entering the linear stage, the weight gain becomes linear with time. During the corrosion process of
metallic uranium in H>O-O;, water molecules act as a “catalyst”. Specifically, in the early stage when O, and H>O
coexist, metallic uranium preferentially reacts with O», and water molecules only participate in regulating the reaction
process without being consumed themselves (as shown in Fig. 4); only when oxygen is nearly completely consumed
(the critical value is approximately P, =2Pa , which depends on conditions such as temperature), no hydrogen is

produced during this process. When the oxygen partial pressure falls below this critical value, water molecules then
react as a reactant with metallic uranium, and the reaction rate of U begins to increase. At this point, the reaction rate
becomes entirely dependent on the water vapor pressure, and H» begins to be generated [37]. The discovery of this
“catalytic” mechanism provides important clues for understanding the phenomenon of accelerated corrosion of metallic
uranium by H20-O», but a clear theoretical explanation of how water molecules influence the corrosion reaction
pathway and rate through microscopic interactions is still lacking.
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3.1 Experimental Studies

The corrosion of uranium in H>O0-O: is a complex process influenced by multiple environmental factors [38-41].
Studies have shown that water significantly accelerates the corrosion rate of uranium (as shown in Fig.5) [41].
Experimental data indicate that under the same temperature and pressure conditions, the corrosion rate of uranium in
H20-0; can be 2-5 times higher than that in a pure oxygen environment [41]. Humidity and temperature are important
factors affecting the corrosion kinetics. Furthermore, the composition of corrosion products of U in H>O-O is also more
complex. In addition to typical uranium oxides (e.g., UO2 and UQ3), it is often accompanied by the formation of
uranium hydroxides (e.g., U(OH)4) or hydrated uranium oxides (e.g., UsOs-nH20). Existing experimental observations
show that at low temperatures (e.g., 0—75°C) [42], humidity can significantly accelerate corrosion, and both
temperature and humidity also affect the ductility of uranium, with the degree of influence related to factors such as
surface oxidation, heat treatment, and specimen shape. Recent research has utilized X-ray Diffraction (XRD) to study
the surface oxidation of uranium metal in air at 50-300 °C, establishing the kinetic expression for the formation of UO,.
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Figure 5 Corrosion Rate of Uranium Metal [41]

Early research on the corrosion mechanism of uranium in H>O-O; was not in-depth, and it was once believed that the
corrosive medium was single. For example, Haschke compared the corrosion kinetics data and corrosion product
characteristics of uranium in dry air [43], water vapor, and humid air, and proposed that O* is the only diffusing
medium. He suggested that H from H>O does not enter the oxide lattice but adsorbs on the oxide surface and
recombines with O> to form H»0, i.e., water-catalyzed oxidation. Colmenares and Weirick et al. proposed that corrosion
primarily originates from O generated by O, dissociation [44,45], and that water vapor only increases microdefects in
the corrosion product. O enters the oxide lattice as O% and diffuses via an interstitial mechanism. Kondo et al. argued
that the introduction of water vapor generates H atoms or H» [15], which then form hydrides; hydrides act as
intermediates to increase the reaction rate, so the presence of water promotes the corrosion process to a certain extent.
However, these views were later overturned by the isotopic tracer experimental results of Baker et al. [46]. That
experiment showed that OH is the main medium in the diffusion process, and O, does not directly participate in the
reaction but combines with hydrogen in the corrosion product to form water. Colmenares et al. further pointed out that
water vapor synergizes with oxygen to form OH in the oxide lattice [47], thereby accelerating corrosion. McGillivray et
al. used secondary ion mass spectrometry with isotopic labeling of '*O to analyze the isotopic composition of the oxide
in depth. When H2'®0 was labeled [48], the proportion of '®0 in the oxide layer was 70-75%, proving that water
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molecules participate in the reaction and contribute the main oxygen source. When 30, was labeled, 80 was still
detected, indicating that oxygen also directly participates in the oxidation process. Based on this, McGillivray pointed
out that oxidation is driven by the co-diffusion of O* from O» and OH- from H»O, rather than a single pathway. The
adsorption of H20O occurs on top of the pre-adsorbed oxygen layer, suppressing hydrogen generation. This view is now
widely accepted in the scientific community. Based on this co-medium mechanism, Allen et al. further proposed a
microchannel transport model for the corrosive medium [18]: when the thickness of the oxide film on the uranium
surface exceeds 3 nm, the diffusion of corrosive media (OH-, O%, O, etc.) is mainly controlled by microchannels in the
oxide film. Among these, the transport rate of OH~ is higher than that of O%* and does not significantly affect the
transport efficiency of O%. When the oxygen content is high, oxygen transport dominates in the microchannels, and the
promoting effect of water is not obvious; under low-oxygen conditions, OH" transport can still proceed effectively.

3.2 Theoretical Calculations

Theoretical calculations: Existing theoretical studies have mostly focused on the initial reaction step of co-adsorption of
water and oxygen. Skomurski et al. investigated the co-adsorption behavior of H,O and O; on the stable UO2(111)
surface [49]. They found that when water molecules and oxygen atoms are co-adsorbed on the UO: surface, the
presence of water significantly lowers the energy barrier for uranium oxidation compared to simple oxygen adsorption
under dry conditions. The key mechanism is that adsorption of polar water molecules induces changes in the electronic
structure in the near-surface region of UO»; this subtle adjustment makes it easier for the adsorbed oxygen atoms to
transition from a high-spin state to a low-spin state, thereby greatly promoting charge transfer between the oxygen
atoms and surface uranium atoms and triggering uranium oxidation. By calculating the adsorption energies for different
spin configurations, Skomurski quantitatively compared the oxidation pathways under dry and wet conditions [49]. The
results show that, in the presence of water, the activation energy for the oxidation process decreases from 1.66 eV under
dry conditions to 0.50 eV. According to the Boltzmann equation, this reduction in energy barrier makes the oxidation
rate on the UO»(111) surface change from negligible to almost instantaneous. Qu Xin et al. systematically studied two
co-adsorption mechanisms of O, and H20 on the UO; surface [50, 51]. The first mechanism involves the co-adsorption
of Oz and H20 molecules on the surface, as shown in Fig.6. Calculations show that O significantly promotes the
dissociation of H»O, and the smaller the distance between them, the stronger the promoting effect. The dissociation
process consists of two steps.

First, the co-adsorbed O: molecule strongly attracts a hydrogen atom in the nearby H»O, causing the hydrogen to move
toward O and leading to breakage of the H-O bond; then, the hydrogen atom generated by dissociation interacts with
the UO; surface, causing O; to decompose into two oxygen atoms, one of which combines with hydrogen to form an
OH group. Subsequently, the dissociated O atom and the OH group diffuse to stable adsorption sites on the surface,
completing the dissociation process.

The second mechanism is that O» preferentially adsorbs on the surface (as shown in Fig.7), which also greatly enhances
the dissociation tendency of H>O. The subsequently adsorbed H>O molecule first reorients from vertical to horizontal.
Under the joint attraction of the pre-adsorbed oxygen atom and surface atoms, one of its H-O bonds breaks, generating a
hydrogen atom and an OH group; this hydrogen atom then combines with a pre-adsorbed oxygen atom to form a new
OH group, while the original OH group diffuses toward a bridge site.
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Figure 6 Dissociation Pathway of H>O and O Co-adsorption [50]
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Figure 7 Dissociation Pathway of O» Pre-adsorption [50]

The above analysis indicates that the promoting mechanism in the early stage of the reaction mainly originates from the
strong attraction of oxygen atoms to the hydrogen in H»O, thereby pulling the hydrogen atom out of the H>O molecule.
However, how H»O affects the pathway and rate of the corrosion reaction through microscopic interactions i.e., the
specific details of its “catalytic mechanism” has not yet been fully elucidated.

The root of the above research bottleneck can be largely attributed to the scale limitations faced by current theoretical
calculations. Limited by the inadequacies of simulation systems in both spatial and temporal dimensions, existing
models struggle to fully reproduce the complex reaction networks involving multiple molecules, multiple steps, and
long-range cooperation that occur in actual corrosion processes. The lack of computational scale often leads to the
simplification or neglect of key intermediate states, structural reconstructions, and dynamic evolution pathways, thereby
undermining the authenticity and predictive power of computational results.
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Figure 8 Adsorption Energy and Adsorption Configuration of O Atoms on a-U(100) at Different Coverages [52]

Taking the oxidation process of 0-U as an example [52]: As shown in Fig. 8, the initial oxidation behavior of its (100)
surface is significantly influenced by oxygen atom coverage. At low coverage (<0.75 ML), O atoms mainly occupy
surface hollow sites, and the relaxation of surface uranium atoms is not obvious. As the coverage increases (0.75-2 ML),
the adsorption energy decreases nearly linearly. At 1 ML, O atoms and surface U atoms arrange to form a surface
structure with a U:O ratio of 1:1 (as shown in Fig. 8 I). When the coverage exceeds 2 ML, the original highly symmetric
structure (e.g., at 1 ML) disappears. The surface undergoes undulating reconstruction, with some O atoms diffusing into
the subsurface, gradually forming structurally complex intermediate phases of uranium oxide (II, III, IV). Especially
under full coverage (e.g., 3 ML), the surface structure approaches that of the UO»(100) surface, indicating that the initial
oxidation of the a-U(100) surface tends to ultimately form the UO2(100) surface. Thus, studying only the adsorption of
a single oxygen atom cannot fully reveal the structural evolution during the oxidation process.

A similar phenomenon also occurs on the y-U(100) surface [52]. As the oxygen coverage increases from 1 ML to 3 ML,
this surface successively undergoes the formation of an ordered UO layer, the construction of an O-U-O
three-dimensional framework, significant surface relaxation, and energy fluctuations of about 0.37 eV, ultimately
leading to spallation of the oxide layer due to a lattice mismatch of up to 57.9% between the oxide layer and the
substrate. This series of changes encompasses various complex mechanisms including surface reconstruction, atomic
embedding, and interlayer expansion.

If the computational scale is limited, it is difficult to fully simulate such dynamic oxidation pathways accompanied by
significant structural relaxation, let alone effectively bridge the cross-scale mechanisms from initial adsorption to bulk
corrosion. Therefore, insufficient computational scale has become a key obstacle restricting in-depth research on the
corrosion behavior of uranium in H>O-0Ox.
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4 CORROSION OF METALLIC URANIUM IN H:

Hydrogen generated by the uranium-water reaction is one of the important sources of external hydrogen in uranium
materials. The reaction process is:

U+(2+x)H,0 > UO,,, +(2+x)H,

In a pure water vapor environment, the corrosion process of metallic uranium is accompanied by the release of
hydrogen gas and the formation of surface oxides. At the same time, the hydrides formed by corrosion can further react
with water vapor to generate oxides and release hydrogen gas. The generated hydrogen gas partially dissociates into
active hydrogen atoms on the uranium surface and is adsorbed; these atoms subsequently penetrate into the uranium
metal lattice, leading to the formation of hydrides such as uranium hydride (UH3). Since the density of the hydride is
much lower than that of the metal matrix, its formation is accompanied by significant volume expansion, inducing stress
within the material, which in turn leads to microcracks, pulverization, and even structural collapse. Therefore, the study
of uranium-water corrosion naturally leads to an in-depth investigation of its “downstream effects”, which are directly
related to the long-term structural integrity and safe service performance of uranium materials in hydrogen-containing
environments.

24X

4.1 Evolution of Kinetic Stages

For metallic uranium with a pre-oxidized surface, the hydriding reaction process typically exhibits characteristic stages,
generally divided into three consecutive stages: the induction period, the nucleation and growth of UH3 sites, and the
bulk reaction stage [53, 54]. On a mildly oxidized metal surface, the initial development of hydrides usually appears as
discrete, growing “spots” [55-60]. For a hydride spot to nucleate, the hydrogen flux at the metal surface must exceed the
hydrogen flux diffusing into the bulk metal, thereby achieving local saturation [61, 62]. Since both fluxes vary
exponentially with temperature, if the gas pressure is insufficient, the nucleation rate may be limited [62]. The number
density of hydride spots is finite, depending primarily on the solubility of H in the metal and the metal's microstructure
[57]. If a sufficient hydrogen source is available, the nucleation centers tend to grow radially and eventually form a
continuous hydride layer on the metal surface. This layer then thickens via a "shrinking core" morphology, ultimately
consuming the entire metal [63, 64].

It is now generally accepted that before hydride nucleation, hydrogen must penetrate the passive oxide layer on the
metal surface; this process is termed the induction period [53, 57, 65]. When hydrogen permeates through the oxide
layer, it tends to accumulate at the oxide-metal interface. When the hydrogen concentration in the metal at this interface
exceeds the solubility limit of the hydride, the gas-solid hydriding reaction occurs. The hydrogen concentration at the
interface depends on the net balance between the input flux of hydrogen atoms crossing the oxide-metal boundary and
the output flux diffusing into the metal substrate. For surface-oxidized uranium, the hydrogen accumulation process
prior to hydride formation can be summarized by the following basic steps [66]:

Surface adsorption: Physical adsorption of H> on the oxide surface, followed by dissociation into two H atoms or ions
for diffusion or chemisorption.

Permeation diffusion: Hydrogen, either as molecules or, after dissociation, as atoms/ions, penetrates and diffuses
through the oxide layer covering the metal surface toward the interior.

Concentration buildup: Hydrogen atoms accumulate at the oxide-metal interface until the concentration reaches the
hydride solubility limit, triggering the reaction.

Cohen et al. developed a model that combines diffusion characteristics and surface properties to quantitatively describe
the first two steps [67]: the adsorption step is described as a function of the sticking probability on the oxide film
surface and the desorption rate constant; the permeation step is controlled by the oxide film thickness and the diffusion
rate constant. If uranium is exposed to an atmosphere containing hydrogen, oxygen, and water vapor simultaneously,
the reaction induction period is significantly prolonged and the reaction rate is suppressed [58, 68]. This is because
oxidation enhances the surface passive layer, or because oxygen and water vapor compete with hydrogen for surface
adsorption sites [62, 69]; at the same time, they may saturate the oxide layer, block diffusion channels [70], or generate
competing anions [71], thereby hindering the hydriding reaction. First-principles calculations provide atomic-scale
insight into this complex process from induction to phase transformation. Taylor et al.[72, 73], based on DFT
calculations, revealed the microscopic mechanism of the a-U to UH3 phase transformation. They found that the
formation of a hydrogen-saturated o-U phase is the rate-limiting step for hydride nucleation, and the accompanying
volume expansion constitutes the main energy barrier. Once saturation is reached, the subsequent transformation to
a-UH3 has no significant kinetic barrier. This theoretical finding perfectly explains the induction period behavior
observed in experiments and the key role of hydrogen concentration buildup in triggering the phase transformation.

4.2 Nucleation Sites and Grain Boundary Hydrogen Behavior

The initial growth of hydrides on the uranium surface typically begins at discrete, isolated points or regions [56],
indicating that specific surface sites have higher reactivity toward the hydriding reaction [74], and these nucleation sites
are mainly located at the metal-oxide interface [75]. The prerequisite for hydride phase precipitation is that the local
hydrogen concentration in the metal exceeds its solubility limit. Taking the natural uranium-hydrogen system as an
example, the surface oxide layer exhibits spatial inhomogeneity in composition and thickness, and is often accompanied
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by defects, microcracks, and topographical undulations. This microstructural heterogeneity leads to differences in the
physical adsorption of hydrogen on the surface and in its permeation through the oxide layer, thereby forming local
“active” regions. In these regions, hydrogen can accumulate more rapidly and reach a critical concentration, inducing
preferential nucleation [76]. Based on growth rates and specific nucleation sites [56], four typical nucleation types have
been identified, which are closely related to surface damage, point defects, inclusions, and crystal defects [56, 62].
Notably, the metallic lattice defects that provide nucleation sites (such as grain boundaries and inclusions) are strongly
linked to the structural integrity of the overlying oxide layer [77, 78].

Among the numerous defect sites, grain boundaries are preferential locations for hydride nucleation, particularly in
high-purity metals with a low density of inclusions. Studies have shown that grain boundaries generally exhibit higher
hydrogen diffusion coefficients than the grain interior, providing diffusion channels for hydrogen to enter the
subsurface of the metal [79]. Meanwhile, grain boundaries that intersect the surface at an acute angle exhibit higher
activity due to their large exposed area and geometric favorability for rapid accumulation of hydrogen at the wedge tip
[80]. Furthermore, the oxidation rate in the early stage of metal oxidation is orientation-dependent [78]. Differences in
oxidation rates among grains of different orientations induce stress at oxide-oxide interfaces, causing structural
discontinuity of the oxide layer at grain boundaries, which further enhances hydrogen permeation capability [81].

In response to the above experimental observations, Li et al. used first-principles calculations to elucidate at the atomic
scale the mechanisms of preferential hydrogen segregation at grain boundaries and the initiation of hydrogen
embrittlement [82]. Their study of three typical symmetric tilt grain boundaries in uranium showed that the grain
boundary structure significantly affects hydrogen behavior: the higher the grain boundary energy, the stronger the
trapping capability for hydrogen atoms. Hydrogen atoms tend to diffuse horizontally within the grain boundary region
and have difficulty penetrating into the grain interior. Electronic structure analysis reveals that the uranium 6d orbitals
and hydrogen 1s orbitals hybridize to form bonds at the grain boundary. Furthermore, first-principles tensile tests
confirm that the U-H bonds formed by hydrogen dissolution lead to a significant decrease in electron density and
bonding strength of adjacent critical intergranular U-U bonds across the grain boundary. This is the fundamental cause
of hydrogen embrittlement at uranium grain boundaries and also theoretically explains why hydrides tend to nucleate at
defects such as grain boundaries.

After initial nucleation at active sites, the subsequent growth dynamics of hydrides are strongly regulated by stress and
the integrity of the oxide layer. Experimental observations have revealed that before the formation of macroscopically
visible hydride spots, submicron-scale hydride nuclei often form and grow. If the volume expansion of a nucleus is
insufficient to rupture the overlying oxide layer, a compressive stress field develops that intensifies as the nucleus
grows, leading to growth retardation or even deceleration. If the oxide layer remains intact, nucleus growth stalls at a
certain critical size (typically less than 3-4 um), forming so-called “small-size” precipitate colonies [83]. Conversely, if
a growing hydride nucleus ruptures the oxide layer, the compressive stress is relieved, and growth is no longer
mechanically constrained by the oxide layer, thereby entering a rapid growth stage and forming typical “large-size”
precipitate colonies. This indicates that the final morphology and growth rate of hydrides are essentially the result of a
dynamic interplay between local hydrogen concentration buildup and the stress field.

4.3 Bulk Reaction and Stress Effects

As individual hydride sites undergo linear lateral growth and eventually coalesce [57], the metal surface gradually
becomes completely covered by hydride. Once the surface sites merge into a continuous layer, the bulk reaction begins,
and the kinetic mode transitions to a decelerating linear relationship [84], with the reaction front advancing into the
metal interior. Under steady-state conditions, the UH3 layer propagates into the bulk metal at a constant velocity,
maintaining a fixed adherent thickness. Due to the significant volume expansion and lack of coherency between the
hydride product and the metal matrix, the reaction induces stress cracking, leading to spallation of the hydride along
planes parallel to the metal surface. At the nanoscale, this volume-expansion-induced cracking of the parent metal, in
turn, provides pathways for hydrogen ingress, thereby accelerating local reactions [85].

Uranium materials may be subjected to internal, external, surface, and interfacial stresses during manufacturing [86, 87],
machining [88], and even corrosion processes [89]. Depending on the source and stage, these stress-induced strains can
be mainly summarized as: internal strains introduced by thermal processing during fabrication, external strains
remaining after mechanical working, and corrosion-induced strains generated during oxidation and hydriding. Some
DFT studies suggest that internal tensile or expansive strains may promote UH3 formation, whereas compressive strains
may inhibit the reaction [72, 73]. Experiments by Stitt et al. have also observed that UHs preferentially forms at
geometric tips with high tensile stress [90]. However, how strain specifically regulates hydriding kinetics, particularly
its influence in practical engineering applications, remains unclear. This is because traditional DFT calculations are
limited by system size and cannot simulate the dynamic coupling of stress with multiple processes such as hydrogen
diffusion and hydride nucleation and growth, while experiments struggle to isolate strain effects at the atomic scale.

4.4 Advances in Theoretical Simulation and Future Challenges

To explore the microscopic mechanism of the uranium hydriding reaction, significant progress has been made in
theoretical simulation studies in recent years. In addition to the aforementioned research on phase transformation
mechanisms and grain boundary behavior, Liu Min systematically investigated the structural evolution of
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uranium-hydrogen compounds under pressures ranging from 0 to 300 GPa using crystal structure prediction algorithms
combined with first-principles calculations [91]. They predicted 20 uranium hydrides (including seven new structures)
and found that hydrogen-rich phases exhibit potential superhard characteristics due to enhanced covalent bonding under
high pressure, providing a basis for understanding uranium-hydrogen behavior under extreme conditions. Chen et al.
[92] combined computational and experimental approaches to systematically study the mechanism by which niobium
improves the hydrogen corrosion resistance of uranium-niobium alloys. They found that niobium influences hydrogen
behavior in distinctly different ways in dilute and concentrated alloys by forming hydrogen traps or “Nb-influenced
channels,” and that the growth of the resulting hydride (B-UH3) expels niobium atoms to form a Nb-rich layer,
producing a self-limiting effect. In terms of potential development, the ChIMES reactive force field model developed
by Soshnikov et al. [93], parameterized by fitting DFT data, can accurately reproduce the basic physical properties of
a-U, a-UHs, and B-UHs, and precisely predict defect formation energies and hydrogen diffusion barriers. The
computational efficiency of this model is much higher than that of DFT, providing a highly efficient and accurate
preliminary tool for studying the uranium hydriding mechanism on larger spatiotemporal scales.

However, in addressing the key scientific question of how strain dynamically and coupledly regulates hydriding kinetics,
existing first-principles calculations are limited by scale, while empirical potentials may lack the accuracy to describe
the complex coupled process of stress-diffusion-chemical reaction. Developing a high-fidelity MLIP for the U-H system
is a critical pathway to overcome this bottleneck. MLIP can achieve large-scale, long-time molecular dynamics
simulations containing realistic surface morphologies, grain boundary structures, and variable stress fields with
near-DFT accuracy. Using MLIP, one can simulate the diffusion pathways of hydrogen atoms under stress fields, the
nucleation and growth of hydrides at stress concentrations, and the dynamic feedback mechanism between stress and
the corrosion reaction. This will allow direct resolution of the microscopic picture of strain-regulated hydriding kinetics
from atomic trajectories, providing a revolutionary theoretical tool for understanding the hydrogen corrosion behavior
of uranium under complex engineering environments and predicting its long-term safety.

5 CONCLUSION

The study of the corrosion mechanism of metallic uranium in humid environments is undergoing a profound
transformation from macroscopic phenomenon observation to microscopic mechanism analysis. This article
systematically reviews the progress in computational simulation studies of uranium corrosion in pure water,
water-oxygen coexisting environments, and hydrogen atmospheres, and points out that the fundamental challenge
currently facing this field stems from the severe spatiotemporal scale limitations of traditional theoretical simulation
methods. Constrained by enormous computational costs, conventional DFT calculations struggle to reproduce the
complex networks involving multiple molecules, multi-step reactions, and concomitant dynamic surface reconstruction
that occur in actual corrosion processes. This “common scale bottleneck™ has directly led to controversies and blind
spots regarding the core mechanisms in three key environments: in pure water, the initial dissociation pathway of water
molecules on the uranium surface remains unclear; in water-oxygen coexisting environments, the “catalytic” effect of
water molecules lacks atomic-scale microscopic picture support; in hydrogen corrosion environments, the dynamic
regulation mechanism of local strain on hydriding kinetics has yet to be clarified.

To completely move beyond the stage of simplified static models in understanding key mechanisms, the research
frontier must shift toward seeking a new paradigm that balances quantum mechanical accuracy and molecular dynamics
efficiency. Future research on the corrosion behavior of uranium in humid atmospheres is recommended to focus on the
following three dimensions:

(1) Construct a high-fidelity MLIP for the U-H2O system to resolve fundamental controversies. In response to the
fundamental controversy over the water dissociation mechanism in pure water, there is an urgent need to develop a
dedicated MLIP for the U-H20 system. By simulating the interaction of water molecules with large systems possessing
realistic surface morphologies on the nanosecond timescale, the dissociation pathways and probabilities can be
statistically analyzed, providing direct atomic-scale evidence for the controversy.

(2) Use MLIP to dynamically resolve the microscopic picture of water “catalysis”. To address the lack of detail on the
catalytic mechanism in the H>O-O> environment, MLIP can be used to simulate the entire process of co-adsorption,
reaction, and ion transmembrane diffusion of water and oxygen molecules on dynamically evolving surfaces. MLIP has
already demonstrated excellent capability in handling multi-molecule environments in studies of oxide-water interfaces
such as hematite [94], rutile TiO> [95], and MgO [96], achieving dynamic process simulations with computational
efficiency thousands of times higher than conventional DFT. Drawing on these achievements, the catalytic role of water
molecules in uranium corrosion can be directly interpreted from atomic trajectories.

(3) Extend the MLIP for the U-H system to reveal the coupling mechanism between stress and hydriding kinetics, as
well as data gaps. Regarding the influence of local strains induced by manufacturing, processing, and irradiation on
hydrogen corrosion, existing DFT and empirical potentials cannot describe the complex “stress-diffusion-phase
transformation” coupling process. Constructing an MLIP for the U-H system is a key pathway to simulate hydrogen
atom diffusion under stress fields, hydride nucleation in stress-concentrated regions, and dynamic feedback mechanisms,
thereby providing a revolutionary theoretical tool for understanding the hydrogen corrosion behavior of uranium under
complex engineering environments.
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