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As a core fuel material for nuclear reactors, the segregation of non-metallic impurities and the hydrogen
embrittlement effect at the grain boundaries of metallic uranium pose a serious threat to the long-term
service safety of fuel elements. In this study, density functional theory (DFT) was employed to
systematically compare the segregation behaviors of six typical non-metallic atoms (C, N, O, Si, P, and S)
at uranium grain boundaries and reveal their synergistic regulatory mechanisms on grain boundary
strength and hydrogen embrittlement. The key findings are as follows: all non-metallic elements exhibit
an intrinsic tendency to segregate spontaneously at grain boundaries; the closer the site is to the grain
boundary core, the stronger the segregation tendency and the more stable the binding state. Non-
metallic elements weaken grain boundaries, with Si, P, and S inducing a significantly more pronounced
weakening effect than C, N, and O. This difference is primarily attributed to the size-mismatch strain
caused by the disparity in atomic radius between non-metallic dopants and the uranium matrix. The
dominant mechanism underlying the synergistic grain boundary weakening by hydrogen and non-

metallic elements is the chemical contribution: the weak bonds formed between hydrogen and non-
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Accepted 26th March 2026 metallic atoms replace the original strong non-metal-U bonds, resulting in a significant reduction in
electron cloud density at grain boundaries. This study clarifies the non-metallic segregation at uranium

DOI: 10.1035/d6ra01229a grain boundaries and its influence on hydrogen behavior at the atomic scale, providing a key theoretical
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1 Introduction

Uranium is an important nuclear fuel and a component mate-
rial with high chemical reactivity.*”> During usage, it readily
reacts with environmental media, such as water, oxygen, and
hydrogen, causing corrosion damage.>* Hydrogenated corro-
sion is characterized by a fast corrosion rate, significant
degradation of the surface state and mechanical properties, and
severe harm to uranium materials. Grain boundaries, as
common defects and fast diffusion channels in materials, are
the main sites for hydrogen segregation and embrittlement.
Additionally, during preparation and processing, metallic
uranium inevitably incorporates trace levels of non-metallic
impurity atoms (e.g., C, N, O, Si, P, and S). Driven by thermo-
dynamics, these impurity atoms also tend to segregate at the
grain boundaries. This segregation not only directly alters the
grain boundary structure but also interacts in a complex
manner with hydrogen, thereby significantly affecting the
segregation behavior and embrittlement effect of hydrogen.
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basis for the design of uranium-based fuels with enhanced resistance to hydrogen embrittlement.

Therefore, revealing the segregation behavior of non-metallic
atoms at grain boundaries and their nature of interaction
with hydrogen is a key factor for understanding the microscopic
mechanism of uranium hydrogen corrosion and developing
strategies for anti-hydrogen embrittlement control.

Studies on the grain boundary structure of uranium and
hydrogen behavior have shown that experimental research on
uranium corrosion®® generally confirms the grain boundaries
as the preferred sites for hydrogen corrosion. Theoretically, we
used first-principles calculations to reveal that typical uranium
grain boundaries have a significantly higher hydrogen capture
capacity than the bulk phase. Hydrogen atoms tend to diffuse
within grain boundaries and rarely diffuse from grain bound-
aries into the bulk phase. The reconstruction of local electronic
states at the hydrogen atom grain boundaries weakens
uranium-uranium metallic bonds, thereby undermining grain
boundary strength.’ Jin et al'* used the same method and
found that hydrogen atom capture in the twin-boundary region
stems from the s-d interaction between hydrogen and uranium
atoms, which produces the hydrogen capture effect.

Researchers have also explored the role of non-metallic
impurities in uranium systems. Kautz et al.'> used scanning
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electron microscopy and atomic probe tomography to conduct
an in-depth characterization of non-metallic inclusions in as-
cast low-enriched uranium nuclear fuel plates. They found
that inclusions mainly exist at grain boundaries, with C and O
as the two main types of non-metallic inclusions (with various
morphologies) and Si and H as common impurities. Shamir
et al.®® found through hydrogenation corrosion experiments
that carbon impurities can promote hydride formation. Demint
et al.™* showed in their experimental study that trace silicon
impurities can rapidly accelerate the hydrogenation rate of
uranium; the mechanism involves the disruption of the
uranium lattice by silicon atoms, significantly reducing the
critical strain required for hydride formation. For theoretical
research, Houao" used density functional theory to systemati-
cally study the interactions between O atoms and different
crystal planes of o-U and y-U. Wang et al.'®" revealed the
distribution characteristics of hydrogen in biphasic uranium
through dynamic Monte Carlo simulations.

Existing experimental and theoretical studies have explored
the hydrogen embrittlement behavior of uranium and the
effects of non-metallic impurities. However, most studies focus
on the influence of single hydrogen or single non-metallic
impurities, and the synergistic mechanism of non-metallic
segregation and hydrogen behavior at grain boundaries still
lacks a systematic microscopic understanding. In particular,
key scientific issues—such as the segregation behavior of non-
metallic atoms at uranium grain boundaries, the regulation of
hydrogen segregation following non-metallic segregation, and
the physical basis of grain boundary strength weakening
induced by the hydrogen-non-metallic synergistic effect—have
not been clearly elucidated.

Based on this, the present study systematically investigates
the segregation behavior of six typical non-metallic atoms at
uranium grain boundaries using density functional theory. We
calculated segregation energy, grain boundary energy, and
strengthening energy to characterize the effect of segregation on
the properties of grain boundaries. By decomposing the
mechanical and chemical contributions of strengthening energy,
combined with density of states (DOS), Crystal Orbital Hamilto-
nian Population (COHP), and differential charge density analysis,
we revealed the regulatory mechanism of non-metallic doping on
bonding at grain boundaries. We further investigated the influ-
ence of non-metallic segregation on hydrogen segregation
behavior. Through the analysis of strengthening energy, inter-
action energy, and bonding in hydrogen-non-metallic co-doping
systems, we elucidated the chemical nature of the synergistic
effect of hydrogen and non-metals in weakening the grain
boundary strength. We verified the evolution law of grain
boundary strength through first-principles tensile testing. The
results of this study will provide an important theoretical basis
for the anti-hydrogen embrittlement design and service-life
prediction of uranium-based fuel materials.

2 Calculation methods

All the computational work in this study was performed using
the Vienna Ab initio Simulation Package (VASP) based on first-
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principles calculations within the framework of density func-
tional theory (DFT)."** The exchange-correlation interactions
between electrons were described by the Generalized Gradient
Approximation (GGA-PBE) functional.**** The interactions
between ions and electrons were treated using the projector
augmented-wave (PAW) method, with the plane-wave cutoff
energy set to 500 eV. The k-point mesh sampling of the Brillouin
zone was generated via the Monkhorst-Pack scheme. Specifi-
cally, a9 x 9 x 9 k-point grid was employed for unit cell opti-
mization, while a 5 x 3 x 1 k-point grid was adopted for the
optimization of grain boundary models. During the structural
relaxation process, the shape and volume of the unit cell were
fixed, and all atomic positions were allowed to relax freely until
the convergence criteria were satisfied: the total energy was
converged to 10 * eV per atom, and the maximum force acting
on each atom was less than 0.02 eV A™". Previous studies have
demonstrated that the correlation effects of 5f electrons in
metallic uranium are less pronounced compared to those in its
oxides (e.g., UO,).”* Therefore, neither spin-orbit coupling
(SOC) nor strong electron correlation effects were considered in
the present work.

In this work, the symmetric tilt grain boundary (STGB),
a type frequently observed in experiments, was investigated. It is
designated based on the coincidence site lattice (CSL) model,>*
namely the Y 3[110](111) grain boundary. The atomic struc-
tures of grain boundaries were generated using Aimsgb,* an
open-source Python library dedicated to constructing periodic
grain boundary configurations. For the > 3[110](111) grain
boundary, one unit cell was rotated by approximately 70.53°
relative to the other around the [110] axis of symmetry, with the
(111) plane defined as the grain boundary plane. For the o-
uranium metal, the minimal grain boundary structure con-
structed by Aimsgb, which contains a single unit cell, comprises
12 atoms for the ) 3[110](111) grain boundary. In this study,
a supercell containing 48 atoms was adopted for the )3
[110](111) grain boundary system. Specifically, a 24-atom
supercell was first established using Aimsgb, in which each
grain consists of two body-centered cubic (bcc) unit cells;
subsequently, the 48-atom supercell used in the calculations
was constructed as a 2 x 1 x 1 supercell by extending two such
24-atom cells along the x-axis. Fig. 1 displays the schematic of
the grain boundary model, where Site 1, Site 2, Site 3, and Site 4
represent the four typical doping sites for non-metallic atoms.

Grain boundary energy is defined as the difference between
the total energy of the grain boundary model and the total
energy of the bulk model, divided by the interface area of the
grain boundary model. Grain boundaries can represent the
stability of grain boundary structures, and the calculation
formula is as follows:

YY) = (EGPY — Eod )2 x S, 1)

where Y is the doped solute element, Eg¢ * is the energy of the
doped grain boundary structure, Eom <~ is the energy of the
uranium bulk doped supercell, and S is the interface area of the

grain boundary. The lower the energy at the grain boundary
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Fig. 1 Grain boundary model and doping sites.

interface, the stronger the bonding force between the two
grains, indicating a more stable grain boundary structure.

To characterize the segregation tendency of non-metallic
atoms, segregation energy was employed to quantify their
segregation capability at the grain boundary, which is defined
as the difference between the doping energy of non-metallic
atoms at the grain boundary and that in the bulk lattice envi-
ronment. The corresponding calculation formula is given as
follows:

EQs = (E&s — Ecp) — (Evuik — Evu). (2)

Its physical meaning is as follows: a negative segregation
energy value indicates that non-metallic atoms tend to segre-
gate preferentially at grain boundary sites. Conversely, a posi-
tive segregation energy value implies that these atoms are more
inclined to stay in the bulk lattice environment.

Strengthening energy is used to characterize the effect of
non-metallic atom doping on the grain boundary strength, and
the corresponding calculation formula is given below:

Ey: = (E&s — Egg) — (E¥s — Ers), (3)

where Efs and Eyg refer to the total energy of solute atoms doped
on the free surface and the complete free surface model,
respectively. The more negative the strengthening energy, the
more the doped solute atoms can enhance the bonding strength
of grain boundaries. Similarly, when the strengthening energy
is positive, it means that the doping of solute atoms will weaken
the bonding strength of grain boundaries.

In the case of non-metallic atom-doped grain boundaries,
the calculation formula for the segregation energy of hydrogen
atoms at these grain boundaries is given as follows:

H H,Y,NU Y, NU H,Y,NU Y, NU
Ego = (EGB — EGg ) — (Bviik ~ — Epik ), (4)
where Egp ™Y and Egp © represent the total energies of the non-

metallic atom-doped grain boundary with hydrogen
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incorporation and without hydrogen, respectively. Corre-
spondingly, Ebui” and Expw denote the total energies of the
non-metallic atom-doped bulk lattice with hydrogen incorpo-
ration and without hydrogen, respectively.

When hydrogen atoms segregate at grain boundaries where
non-metallic atoms have already segregated, interactions occur
between hydrogen and non-metallic atoms. The calculation
formula for their binding energy is given as follows:

Eypd = (EGgNY — EEY'Y) — (&Y — EGR). (5)

where Egp'C and Eqp represent the total energy of pure metal
uranium grain boundary hydrogenation and hydrogen removal,
respectively.

In the first-principles tensile test, the center of the grain
boundary was designated as the initial fracture plane. The tensile
process was simulated by continuously introducing an incre-
mental separation distance to this fracture plane, with a step size
of 0.5 A per displacement. At each separation distance, the size
and shape of the supercell were kept fixed, and the calculations
were performed with the same computational precision and
algorithm as those used for the grain boundary structural opti-
mization.>*” During the tensile process, the energy change per
unit area of the grain boundary, defined as the separation energy
(Wsep'), is given by the following formula:

E(.X) — EO

X __
Ween' = Sca

(6)
where E(x) and E, represent the total energies of the tensile
model at a separation distance of x A and 0.0 A, respectively. The
separation energy corresponding to the state where the grain
boundary is completely fractured into two separate free surfaces
is defined as the fracture energy (Wyep). The Rose equation was
employed to fit the separation energy data,*® which is expressed
as follows:

AX) = Weep — Weep(1 + xI0)e P, (7)

where A is the feature separation distance. By taking the deriv-
ative of flx), the relationship between tensile stress and sepa-
ration distance can be obtained as follows:

f(x) = P Wsepxllz. (8)

The maximum value of f/(x), which is the theoretical tensile
strength oy, is obtained at a separation distance of 4 as
follows

O max :f’(k) = Wsep/(;{e) (9)

3 Results and discussions

3.1 Segregation of non-metallic elements at the grain
boundaries

Six typical and commonly observed non-metallic elements were
selected for this study, including C, N, and O from the second

© 2026 The Author(s). Published by the Royal Society of Chemistry
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period, as well as Si, P, and S from the third period. First, we
investigated the tendency for segregation of these non-metallic
elements at the grain boundaries of metallic uranium and their
corresponding effects on the grain boundary energy. Fig. 2
presents segregation energies and grain boundary energies of
non-metallic elements at uranium grain boundaries. A negative
segregation energy value indicates a preferential tendency for
non-metallic elements to segregate at grain boundaries. As
shown in the figure, segregation energies of C, N, O, Si, P, and S
are all negative at the four doping sites, demonstrating that
these elements possess an intrinsic thermodynamic tendency to
segregate spontaneously at uranium grain boundaries. Kautz
et al.” conducted an in-depth characterization of non-metallic
inclusions in the as-cast low-enriched uranium fuel plates
using scanning electron microscopy and atomic probe tomog-
raphy techniques. They found that C and O inclusions mainly
occurred in the grain boundary region, and Si was a common
co-segregated impurity. This is consistent with our calculation
that C, O, and Si have negative segregation energies. Overall, the
absolute values of segregation energy exhibit a decreasing trend
from Site 1 (closest to the grain boundary) to Site 4 (farthest
from the grain boundary). This observation suggests that the
closer a non-metallic element is to the grain boundary, the
stronger its tendency to segregate and the more stable its
binding state at the interface. The atomic arrangement at grain
boundaries is loose and highly distorted, which can accom-
modate non-metallic elements of varying atomic sizes more
effectively and release the associated strain energy. The grain
boundary energy of the pure uranium grain boundary is 0.7 J
m ™. After doping with non-metallic elements, grain boundary
energies at all four sites are lower than this value, indicating
that doping with non-metallic elements enhances the stability
of grain boundaries from an energetic perspective. The segre-
gation energies and grain boundary energies of different non-
metallic elements show an identical trend, which is attributed
to the fact that both parameters are primarily determined by the
energies of the doped grain boundary and bulk lattice systems.
Among the selected elements, S exhibits the lowest segregation
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energy and the lowest grain boundary energy, whereas N has the
highest values for both properties. Notably, both the segrega-
tion energy and grain boundary energy tend to decrease with the
increasing atomic number of dopant elements. In summary,
non-metallic elements C, N, O, Si, P, and S can segregate
spontaneously at uranium grain boundaries and effectively
reduce the grain boundary energy.

3.2 Mechanism of the influence of non-metallic elements on
grain boundary strength

Based on the Rice-Wang grain boundary embrittlement
model,* the effect of doped atoms on grain boundary strength
can be quantified using strengthening energy. Among the four
doping sites, Site 1 exhibits the lowest segregation energy for
non-metallic elements; thus, strengthening energies of various
elements at this specific site were calculated, as presented in
Fig. 3. The strengthening energy can be decomposed into two
components: mechanical contribution and chemical contribu-
tion.*® Specifically, the mechanical contribution refers to the
energy difference between the metallic uranium atomic struc-
ture before and after solute atom doping, and the sum of
mechanical and chemical contributions equals the total
strengthening energy. The calculated strengthening energies of
all selected non-metallic elements at the grain boundary are
positive, indicating that these elements all act to weaken grain
boundaries. Among them, Si induces the most significant
weakening effect, with a strengthening energy of 2.9 eV, and its
large mechanical contribution is identified as the primary cause
of grain boundary embrittlement. Demint et al.** found in their
experiments that trace amounts of silicon impurities can
rapidly accelerate the rate of uranium hydrogenation reaction.
The mechanism they proposed is that silicon atoms disrupt the
lattice structure of uranium, significantly reducing the critical
strain required for hydride formation. This is highly consistent
with the conclusion based on our calculations. The strength-
ening energies of S and P are the second highest after Si, with
their mechanical contributions being comparable to each other.
Notably, the chemical contribution of P exerts a grain boundary
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Fig. 2 Non-metallic elements in the uranium grain boundaries: (a) segregation energy and (b) grain boundary energy.
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Fig. 3 Strengthening energy and mechanical and chemical contri-
butions of the non-metallic elements.

strengthening effect, whereas that of S leads to grain boundary
weakening. In contrast, grain boundary embrittlement effects
induced by C, N, and O are relatively minor. The strengthening
energy of C is almost entirely derived from its mechanical
contribution. The mechanical contributions of N and O are
quite similar; however, their chemical contributions differ
distinctly: N has a chemical contribution of —0.1 eV, which
enhances grain boundary strength, while O has a chemical
contribution of 0.36 eV, which weakens the grain boundary.

In terms of the mechanical contribution, the values for C, N,
and O are significantly lower than those for Si, P, and S. As can
be seen from the atomic radii listed in Table 1, non-metallic
elements with smaller atomic radii correspond to smaller
mechanical contributions, while those with larger atomic radii
give rise to larger mechanical contributions. This observation
indicates that the mechanical contribution to strengthening
energy is primarily derived from the size-mismatch strain
induced by larger dopant atoms, which constitutes the main
cause of grain boundary embrittlement related to strengthening
energy. In contrast, chemical contributions vary among
different elements, with both positive and negative values
observed. This variation mainly originates from the bond
strength between non-metallic atoms and metallic uranium
atoms: a higher bond strength results in a negative chemical
contribution, whereas a lower bond strength leads to a positive
chemical contribution.

The density of states (DOS) can reflect the bonding charac-
teristics between atoms. In this study, the partial density of

Table 1 Atomic radii and electronegativities of the non-metallic
elements

Non-metallic elements  C N o Si P S
Atomic radius (A) 077 070 0.66 1.17 110 1.04
Electronegativity 2.5 3.0 3.5 1.8 2.1 2.5
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states (PDOS) of the six selected non-metallic elements doped at
grain boundaries of metallic uranium were calculated, as pre-
sented in Fig. 4. Near the Fermi level, the 5f orbitals of uranium
atoms dominate with the highest peak intensity, while the
d orbitals are distributed within the same energy range. The key
distinction among the different non-metallic dopants lies
primarily in the p orbitals of doped elements. Specifically, the p
orbitals of O, Si, and S exhibit relatively weak intensity, and their
PDOS peaks show no obvious hybridization with uranium
orbitals, which corresponds to their chemical contribution to
weakening the grain boundaries. For N, a distinct hybridization
peak is observed in the energy range of —5.2 eV to —4.0 eV,
which is mainly attributed to the strong hybridization between
the p orbitals of N and the d orbitals of U, indicating a prom-
inent bonding interaction. In addition, clear characteristic
peaks are detected near —4.0 eV for C and near —4.5 €V for P,
respectively. The chemical contribution of C is close to zero as
its bonding strength is comparable to that of the U-U bond,
leading to no significant tendency toward either strengthening
or weakening the grain boundaries. Collectively, the C, N, and P
elements provide strong chemical bonding reinforcement via
their high-density p-electron states, which undergo intense
hybridization with the d orbitals of uranium in the energy range
of approximately —5.5 eV to —4.5 eV.

To quantitatively characterize the bonding strength between
non-metallic atoms and metallic uranium at uranium grain
boundaries, we calculated the Crystal Orbital Hamilton Pop-
ulation (COHP) of chemical bonds formed between non-
metallic atoms and their nearest neighboring uranium atoms,
as illustrated in Fig. 5. A positive COHP value represents
bonding interactions, whereas a negative value indicates anti-
bonding interactions. The wider the positive region of the curve
below the Fermi level and the higher the peak intensity, the
more fully the bonding orbitals are filled, signifying stronger
bonding interactions. In the C-, N-, and P-doped systems,
distinct and sharp negative COHP peaks are observed in the
energy range from —5 eV to —2 eV below the Fermi level. This
observation demonstrates intense orbital overlap between these
non-metallic atoms and uranium, leading to the formation of
strongly bonded states with high localization and low energy.
Meanwhile, their antibonding states lie above the Fermi level
and remain unoccupied by electrons, which constitutes the
typical electronic structural feature of strong covalent bonds. In
contrast, for the other three non-metallic elements (O, Si, and
S), the negative COHP peaks corresponding to their bonding
states are generally broader with lower peak intensities. In some
of these systems, energy levels of the antibonding states are
closer to the Fermi level or even partially occupied, which
reduces the net bonding strength and results in overall weak
bonding interactions. The Integrated Crystal Orbital Hamilton
Population (ICOHP) value provides a quantitative measure of
bond strength: the more negative the ICOHP value, the stronger
the bonding interaction. The ICOHP of non-metallic bonds with
uranium and hydrogen is shown in Table 2. Significant differ-
ences exist in the bonding strength between non-metallic atoms
and uranium. Specifically, the C-U bond exhibits the most
negative ICOHP value of —5.890 eV per bond, indicating the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Density of states plots of the uranium grain boundaries doped with non-metallic elements. Density of states doped with non-metallic

elements: (a) C; (b) N; (c) O; (d) Si; (e) P; (f) S.

strongest covalent bonding interaction among all studied pairs.
N-U and P-U bonds show the second-highest bonding strength,
with their ICOHP values also falling in a highly negative range.
The O-U bond has the least negative ICOHP value of —0.978 eV
per bond, suggesting weak covalent character and low bond
strength for this pair. Based on the absolute values of ICOHP,
the bonding strength order for the six types of bonds is deter-
mined as follows: C-U > N-U > P-U > Si-U > S-U > O-U.
While previous sections have provided a static characteriza-
tion of non-metallic element-doped grain boundaries, we
further employed first-principles tensile tests to dynamically
monitor the fracture process of these grain boundaries, as
depicted in Fig. 6. In the separation distance range of 0-1 A,
atoms at the grain boundary were able to rearrange themselves,
which partially offset the applied separation displacement and
thus resulted in a slight variation in separation energy. As the
separation distance increased further, the separation energy
rose sharply; this stage can be analogized to the plastic defor-
mation regime in mechanical tensile tests. Finally, when the
separation distance reached 4-6 A, the variation in separation
energy gradually slowed down, and the separation energy
approached its maximum limit, which is defined as the fracture
energy. The relevant fracture parameters are summarized in

© 2026 The Author(s). Published by the Royal Society of Chemistry

Table 3. Among all the studied systems, the pure uranium grain
boundary exhibited the highest fracture energy of 3.292 J m 2.
After doping with non-metallic elements, the fracture energy of
grain boundaries decreased universally, with the S-doped
system showing the lowest value of 2.325 J m 2. This trend is
consistent with the strengthening energy data reported earlier.
The tensile stress was derived from fitting the separation energy
data using the Rose equation. It first increased rapidly to a peak
value and then decreased gradually, with the maximum tensile
stress achieved at a separation distance of 1.5 A. This trend is in
good agreement with the variation tendency of the separation
energy.

Fig. 7 depicts the bond length variations of specific
uranium-uranium bonds during the tensile process for both
undoped and non-metallic element-doped grain boundaries.
Bond 1 refers to the bond length between U6 and U35, while
Bond 2 denotes that between U19 and U30. Bond 1 represents
the bond length variation of atoms on one side of the fracture
plane. Initially, as the separation distance increases, the bond
length increases progressively, corresponding to the elastic
deformation stage. Typically, after reaching the maximum value
at a separation distance of 1-2 A, the length of Bond 1 begins to
decrease. This phenomenon indicates that with the expansion

RSC Adv, 2026, 16, 22048-22061 | 22053
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Fig. 5 (a) C-U, (b) N-U, (c) O-U, (d) Si-U, (e) P-U and (f) S—U bond COHPs in the grain boundaries.

of the fracture plane, interlayer atomic interactions weaken, 1 and eventually converges to a constant value of 2.55 A. The
allowing atoms in the lower layer to pull atoms on the fracture uniform convergence of all Bond 1 lengths to the same value
plane back toward the plane, which reduces the length of Bond can be attributed to the fact that the lower layer beneath the
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Table 2 ICOHPs of the non-metallic elements (unit: eV)

Non-metallic

elements C N (0] Si P S

Y-U —5.890 —-5.563 —0.978 —2.468 —3.477 —1.388
Y-H —0.155 —0.196 —0.095 —-0.371 —0.357 —0.314
H-U —1.664 —-2.267 —2.188 —-1.572 —1.985 —2.150

fracture plane is a pure uranium surface, whereas doped non-
metallic atoms are located on the upper surface. Moreover, at
the initial stage of tension, the length of Bond 1 in doped
systems is shorter than that in the pure uranium system, which
is induced by the doping of non-metallic atoms. Bond 2
(between U19 and U30) is identified as the primary bond that
ruptures during the grain boundary separation process. In the
early stage of tension, the bond length undergoes relatively
minor changes due to strong interatomic interactions. When
the separation distance ranges from 1.5 A to 2.5 A, the lengths of
Bond 2 in all non-metallic doped systems start to increase
rapidly, marking the onset of the plastic deformation stage.
Eventually, the interatomic interactions between the upper and
lower layers diminish continuously, leading to a persistent
elongation of the U-U bond length.

3.3 Synergistic effect of non-metallic atoms and hydrogen

To investigate the effect of non-metallic atom segregation on
hydrogen segregation behavior, non-metallic atoms were first
placed at Site 1, their optimal segregation site. Hydrogen atoms
were then introduced to segregate within this grain boundary
model, with a total of four segregation sites considered. These
sites include Site 1%, the interstitial site closest to Site 1, as well
as Sites 2 to 4, where the distance from the grain boundary
increases progressively. The calculated segregation energies are
presented in Fig. 8. For a given pre-segregated non-metallic
element, the segregation energies at the four sites exhibit
a regular distribution pattern: the segregation energy is the
lowest at Site 1*, which is closest to the grain boundary. When
hydrogen atoms are forced to occupy Site 1%, a site adjacent to
this segregation trap, the system achieves the lowest energy
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Table 3 Parameters related to the fracture of grain boundaries in first
principles tensile testing

Fracture energy Tensile strength

System gm™? (Gpa)
Clean GB 3.292 0.978
C-doped GB 3.023 0.864
N-doped GB 2.880 0.866
O-doped GB 2.805 0.808
Si-doped GB 3.167 0.952
P-doped GB 2.421 0.568
S-doped GB 2.325 0.560

state. As the distance from the grain boundary increases, the
segregation energy rises gradually. This trend indicates that as
the position moves away from the strong bonding region and
strain field of the grain boundary core, the local atomic envi-
ronment tends to resemble that of the bulk lattice, thus
requiring higher additional energy to relocate hydrogen atoms
to these sites. These results demonstrate that pre-segregated
non-metallic atoms do not alter the fundamental segregation
tendency of hydrogen atoms; instead, hydrogen atoms continue
to co-segregate with non-metallic atoms at the grain boundary
core. In the subsequent analysis, we focus on the scenario in
which hydrogen atoms segregate at the grain boundary core.
As revealed by the above analysis, hydrogen atoms tend to co-
segregate with non-metallic elements at the grain boundary
core. The segregation and interaction energies of hydrogen
atoms in non-metallic element-segregated grain boundaries
were calculated, with the results presented in Fig. 9. The
segregation energy of hydrogen atoms in the pristine grain
boundary is —2.776 eV. After the segregation of C, N, and O
atoms at the grain boundaries, the hydrogen segregation energy
increases to 0.226 eV, 0.767 eV, and 1.023 eV, respectively. In
contrast, the segregation of elements from the third period
generally leads to a decrease in the hydrogen segregation
energy. Specifically, the segregation energy of hydrogen shows
negligible variation before and after Si doping, with a value of
—0.142 eV. Following the doping of P and S atoms, the hydrogen
segregation energy decreases further, which facilitates the
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Fig. 6 Perfect grain boundaries and non-metallic element-doped grain boundaries: (a) separation energy and (b) tensile stress plots.
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Separation(A)

boundary model during the stretching process for (a) U6-U35 and (b)

segregation of hydrogen atoms at grain boundaries. The inter-
action energy quantifies the interaction intensity between
hydrogen atoms and other non-metallic elements: a positive
value indicates a repulsive interaction between hydrogen and
dopant elements, while a negative value signifies an attractive
interaction. Among the studied non-metallic elements, repul-
sive interactions are observed between each non-metallic
element and hydrogen atoms. Notably, the repulsive effect
of N atoms is the strongest, with an interaction energy of
0.805 eV, whereas Si atoms exhibit the weakest repulsive effect,
corresponding to an interaction energy of 0.202 eV. In
summary, repulsive interactions exist universally between non-
metallic elements and hydrogen atoms, and doping of P and S
elements can promote the segregation of hydrogen atoms at
uranium grain boundaries.

In Fig. 10, blue bars represent the strengthening energies of
metallic uranium grain boundaries doped with individual non-
metallic atoms, orange bars denote the strengthening energy of
uranium grain boundaries doped with individual hydrogen
atoms, and gray bars indicate the increment in strengthening
energy induced by the co-doping of hydrogen atoms with each
non-metallic element. The total strengthening energy of the
hydrogen-doped systems can be obtained by summing the
values of the blue bars and the corresponding gray bars. The
strengthening energy of a single hydrogen atom is 3.37 eV,
which exerts the most severe embrittlement effect among the
tested dopants. This finding confirms that hydrogen embrit-
tlement is a critical factor responsible for the degradation of
mechanical properties in uranium-based materials. After the
introduction of hydrogen atoms into the non-metallic element-
doped grain boundary systems, strengthening energies of these
systems increase significantly, indicating a further exacerbation
of the grain boundary embrittlement effect. The embrittlement
potency of individual dopant atoms follows the order: Si > S > P
>0 >N > C. In contrast, the total embrittlement potency of co-
doped systems (non-metallic elements plus hydrogen) follows
the sequence: P > Si > S > O > N > C. This result demonstrates
that hydrogen atoms exhibit the strongest synergistic effect with
phosphorus atoms. In summary, non-metallic elements

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Non-metallic elements and their hydrogen doping enhance-
ment energy.

generally induce grain boundary embrittlement in uranium,
with hydrogen exerting the most pronounced embrittlement
effect. Moreover, hydrogen displays a synergistic and additive
effect on the embrittlement behavior of other segregated
elements; it can interact with these co-segregated elements to
jointly exacerbate grain boundary embrittlement of uranium.
To explore the fundamental factors underlying the degra-
dation of grain boundary strength induced by hydrogen atom
doping, we calculated the mechanical and chemical contribu-
tions to grain boundary strength before and after hydrogen
doping, with the results presented in Fig. 11. The mechanical
contribution reflects the weakening effect on grain boundary
strength caused by mechanical factors such as interatomic
geometric matching and stress distribution. Prior to hydrogen
doping, the mechanical contributions of C, N, and O to the
weakening effect are relatively low, falling within the range of
0.4-0.5 eV. Among the studied elements, Si exhibits the highest
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mechanical contribution of 2.1 eV, followed by a slight decrease
for P and S. These results indicate that in the absence of
hydrogen, the mechanical effect of Si induces the most
pronounced grain boundary weakening, whereas the mechan-
ical weakening effects of other atoms are relatively insignificant.
After hydrogen doping, mechanical weakening contributions
corresponding to all segregated atoms increase by approxi-
mately 0.2-0.4 eV. This observation demonstrates that hydrogen
doping enhances the grain boundary weakening effect induced
by mechanical factors, though the overall increment remains
relatively small. The chemical contribution characterizes the
weakening effect on grain boundary strength arising from
chemical factors, including interatomic chemical bonding and
electronic interactions. In hydrogen-free systems, the chemical
weakening contributions of C, N, O, P, and S are extremely low,
being close to zero or even negative (a negative value indicates
that the chemical effect enhances grain boundary strength).
Only Si shows a moderate positive weakening contribution in
the hydrogen-free state. These findings suggest that in the
absence of hydrogen, chemical factors exert minimal influence
on grain boundary strength and even produce a certain
strengthening effect in some cases. In stark contrast, after
hydrogen doping, chemical weakening contributions of all
segregated atoms experience a substantial increase, which is far
higher than those in the single-element doping state. This
indicates that hydrogen doping transforms chemical factors
into the dominant driver of grain boundary strength degrada-
tion, with the weakening magnitude far exceeding that induced
by mechanical factors. In summary, the sharp surge in chemical
contribution is the fundamental reason for hydrogen-doping-
induced grain boundary weakening, which is closely related to
the breakage of chemical bonds at grain boundaries and to the
alteration of electronic interactions caused by the introduction
of hydrogen atoms.

To uncover the chemical origin of the degradation of grain
boundary strength induced by hydrogen doping, we calculated
the Crystal Orbital Hamilton Population (COHP) and Integrated
Crystal Orbital Hamilton Population (ICOHP) between
hydrogen (H) atoms and non-metallic atoms segregated at grain
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Fig. 12 (a) C—H, (b) N-H, (c) O-H, (d) Si—H, (e) P-H and (f) S—H bond COHPs in the grain boundaries.

boundaries. The results were then compared with the previously ICOHP values, provides a direct quantitative measure of
obtained bonding data for non-metallic atoms and uranium, as  bonding strength. In this work, we found that the absolute
illustrated in Fig. 12. Integral analysis of COHP curves, namely ICOHP values of all H-non-metal bonds are far smaller than
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those of the corresponding non-metal-U bonds. This result
clearly confirms that, in the uranium grain boundary environ-
ment, the direct bonding strength between hydrogen atoms and
non-metallic impurity atoms is significantly attenuated
compared with that between non-metallic atoms and the
uranium matrix. Below the Fermi level, in contrast to the sharp,
deeply negative bonding-state peaks of Y-U bonds, most Y-H
bonds are dominated by antibonding states. This observation
stands in stark contrast to the characteristic feature of strong
Y-U bonds, where the antibonding states are generally
completely unoccupied. Collectively, the COHP analysis
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Table 4 Parameters related to the fracture of grain boundaries in first
principles tensile testing

Fracture energy Tensile strength

System gm™? (Gpa)
Clean GB 3.098 0.960
C-doped GB 2.846 0.923
N-doped GB 2.821 0.929
O-doped GB 2.965 0.853
Si-doped GB 2.390 0.572
P-doped GB 2.250 0.555
S-doped GB 1.888 0.510

demonstrates that the direct chemical bonding strength formed
between hydrogen atoms and non-metallic impurity atoms at
uranium grain boundaries is much weaker than the bonding
strength between the same non-metallic atoms and the
uranium matrix.

To gain deep insights into the intrinsic nature of interactions
between hydrogen atoms and non-metallic atoms at uranium
grain boundaries from an electronic perspective, this study
further calculated and analyzed the charge density difference
and Bader charge of the H-non-metal bonding regions, with the
results presented in Fig. 13. The values in red represent the
number of electrons lost by non-metallic atoms, while the
values in black denote the number of electrons lost by hydrogen
atoms. This figure visually demonstrates charge redistribution
during the bonding process, with yellow regions indicating
electron accumulation and cyan regions representing electron
depletion. In the current bonding environment, electrons do
not flow unidirectionally from hydrogen atoms to the more
electronegative non-metallic atoms. On the contrary, both
hydrogen and non-metallic atoms donate electrons to the
bonding region between them. The charge density maps show
that the accumulated electrons (yellow regions) are mainly
concentrated in the area slightly offset toward the non-metallic
atom side along the central axis of the Y-H bond. This obser-
vation indicates that the Y-H bond exhibits distinct covalent
bonding characteristics. In addition, across the studied
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Fig. 14 Perfect grain boundaries and non-metallic hydrogenation doped grain boundaries (a) separation energy; (b) tensile stress.
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systems, both non-metallic atoms (C, N, O, Si, P, S) and
hydrogen atoms show electron loss characteristics (positive
values for both red and black numbers), suggesting that elec-
trons are transferred from these two types of atoms to the
surrounding uranium atoms. In summary, after hydrogen
doping, this specific electronic structure leads to an overall
reduction in the electron cloud density of chemical bonds at
grain boundaries. This finding directly corresponds to the
chemical weakening mechanism revealed by the COHP analysis
above—where strong non-metal-U bonds are replaced by weak
H-non-metal bonds—thus explaining the fundamental origin of
hydrogen-doping-induced grain boundary strength degradation
from an electronic perspective.

We performed first-principles tensile tests on systems co-
doped with non-metallic atoms and hydrogen. Fig. 14(a) and
(b) depict the variations in separation energy and tensile stress
with separation distance, respectively. The calculation results
are shown in Table 4. The plateau value at the end of the
separation energy curve corresponds to the fracture energy. As
shown in the figures, both the fracture energy and maximum
tensile stress of all non-metal-H co-doped systems are lower
than those of the grain boundary with hydrogen atoms alone.
Among these systems, the fracture energies of C-, N-, and O-
doped systems are significantly higher than those of Si-, P-,
and S-doped systems, which is consistent with the strength-
ening energy results reported earlier. A higher fracture energy
corresponds to a larger maximum tensile stress, indicating that
the strengthening energy parameter influences the mechanical
properties at grain boundaries. Another noteworthy observation
in Fig. 14(a) is that the separation energy curves of Si-H, P-H,
and S-H co-doped systems exhibit an extended tensile stage.
This phenomenon is mainly attributed to the fact that the
atomic radii of Si, P, and S are larger than those of other
elements, leading to a prolonged interatomic interaction stage
during the tensile process. Despite this extended interaction
period, the fracture energies of these three co-doped systems
remain relatively low, which highlights the necessity of strictly
controlling the doping levels of these three elements in
uranium materials.

4 Conclusions

In this work, density functional theory (DFT) was employed to
systematically elucidate the segregation behaviors of six typical
non-metallic atoms at the uranium Y 3[110](111) grain
boundary, as well as their regulatory mechanisms for hydrogen
segregation, grain boundary bonding, and strength evolution.
The main conclusions are summarized as follows:

All non-metallic elements exhibit an intrinsic tendency to
segregate spontaneously at grain boundaries. The closer the site
is to the grain boundary core, the stronger the segregation
tendency and the more stable the binding state of dopant
atoms. All non-metallic elements act to weaken uranium grain
boundaries, with Si, P, and S inducing a much more significant
weakening effect than C, N, and O. This distinction is primarily
attributed to the size mismatch strain caused by the difference
in atomic radii between non-metallic dopants and the uranium
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matrix. The bonding strength between non-metallic elements
and uranium follows the sequence: C-U > N-U > P-U > Si-U >
S-U > O-U.

The core mechanism underlying the synergistic grain
boundary weakening effect induced by non-metallic elements
and hydrogen is dominated by chemical contributions: the
weak bonds formed between hydrogen and non-metallic atoms
replace the original strong non-metal-U bonds at grain bound-
aries, leading to a significant reduction in the electron cloud
density of interfacial chemical bonds. Further charge density
difference analysis confirms that the electron loss of non-
metallic atoms and the electron accumulation characteristics
jointly weaken electronic interactions at grain boundaries, and
this chemical weakening effect far outweighs the influence of
mechanical contributions.

This study clarifies the regulatory effects of different non-
metallic atoms on the stability of uranium grain boundaries
and the behavior of hydrogen atoms and reveals the electronic
structure origin of the synergistic grain boundary weakening
effect caused by non-metal-H co-segregation. It provides
a microscopic theoretical basis for optimizing the hydrogen
embrittlement resistance of uranium-based fuels and thus
reveals important guiding principles for the safe in-service
performance of nuclear fuel elements.

Future research will focus on the actual service environment
of reactors, systematically exploring the evolution of segrega-
tion behavior of non-metallic atoms under extreme conditions,
as well as changes in the synergistic mechanism of hydrogen
and non-metallic atoms; at the same time, by combining
experimental characterization techniques, the applicability of
theoretical models in complex environments is verified, further
improving the theory of uranium based fuel grain boundary
strengthening and anti-hydrogen embrittlement control,
providing more comprehensive theoretical support for the long-
term safe service of nuclear fuel elements.
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