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S1. Details of the molecular dynamics simulations
A machine-learning-based deep potential (DP) model has recently been developed for the Fe-H-He systems 1 and provides improved quantitative accuracy for interactions involving small H/He clusters and vacancy-containing configurations. However, its computational cost is approximately three orders of magnitude higher than that of optimized EAM potentials 1. The present study involves a large number of extended-timescale tensile simulations, including loading cases requiring several hundred million MD timesteps. The EAM potential developed by Huang et al. 2 was therefore adopted to balance computational efficiency with the atomistic description required for the cavity-mediated deformation mechanisms investigated here. Previous assessments have shown that this potential provides a reasonable description of H and He interactions with vacancies and self-interstitial atom clusters in BCC-Fe 2–4.
To construct the H-containing cavity without introducing unphysical atomic overlap, H atoms were initially distributed randomly within a narrow region adjacent to the inner cavity surface. The system was then energy-minimized and thermally relaxed. During relaxation, the H atoms redistributed within the cavity according to their interactions with the surrounding Fe and He atoms, leading to preferential localization near the cavity surface. The system was subsequently relaxed under NPT conditions to dissipate residual stresses and equilibrated at the prescribed temperature and zero pressure for at least 100 ps. For the simulations performed at 723 K, an adaptive timestep was employed during the initial relaxation and equilibration, varying approximately between 0.1 and 1 fs according to the instantaneous atomic dynamics. The timestep gradually approached approximately 1 fs after the system reached a stable equilibrium state. This procedure yielded mechanically stable core-shell cavities in which He predominantly occupied the cavity interior while H preferentially accumulated near the cavity surface. The same model-construction and equilibration procedure was applied to the other temperatures considered in the tensile simulations, with the equilibration temperature set to the corresponding target temperature. The equilibrated configurations were then used as the initial structures for the extended-timescale tensile simulations described in the main text.
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[bookmark: OLE_LINK170]Fig. S1. Schematic illustration of the construction and characterization of the H-He core-shell cavity model. (a) Schematic of a spherical cavity containing H and He atoms embedded in a BCC Fe single-crystal matrix. (b) Cavity surface identified using the construct surface mesh (CSM) algorithm, with the reconstructed surface rendered in orange. (c) Central cross-sectional view of the cavity model with a slice thickness of 10 Å, showing the spatial distribution of Fe, H, and He atoms.
[bookmark: OLE_LINK39]S2. Thermodynamic analysis of H trapping in core-shell cavities
After the cavity structure, characterized by its size and He/V ratio, has been prescribed, the thermodynamic tendency for H incorporation was evaluated by calculating the change in Gibbs free energy associated with the capture of H atoms from the surrounding matrix. The Gibbs free-energy change for the capture of the i-th H atom is written as
									(S1)
where ∆H, ∆S, and T denote the enthalpy change, entropy change, and thermodynamic temperature of the trapping process, respectively.
[bookmark: OLE_LINK18]Following the thermodynamic formulation adopted in previous studies 3,5,6, the enthalpy change of the system is expressed as:
		(S2)
[bookmark: OLE_LINK7]The parameters , , and  correspond to the binding energies of the vacancy, He atom, and H atom to the cavity, respectively. Here, m, n, and i denote the numbers of vacancies, He atoms, and H atoms in the resulting stable complex HiHenVm.
The configurational entropy contribution associated with H trapping is approximated as 3,4:
				(S3)
[bookmark: OLE_LINK6]Here, kB represents the Boltzmann constant, and CV, CHe, and CH correspond to the concentrations in the matrix of the system. Combining Eqs. (S1)-(S3) gives the total Gibbs free-energy change associated with the incorporation of H atoms into the cavity:
[bookmark: OLE_LINK5]			(S4)
Eq. (S4) describes H trapping by a pre-existing cavity whose vacancy and He contents are specified. In the present treatment, the cavity is therefore regarded as the initial structural state, and its formation, growth, collapse, and He emission are not explicitly included in the free-energy calculation. For a stable cavity with a fixed He/V ratio, the vacancy- and He-related contributions remain constant during successive H-capture events. These terms can therefore be separated from the H-dependent contribution, giving the simplified expression in Eq. (S5):
				(S5)
[bookmark: OLE_LINK8][bookmark: OLE_LINK215]This formulation allows the thermodynamic preference for H retention to be evaluated as a function of cavity size, He/V ratio, temperature, and matrix H concentration. In particular, the preferred H occupancy is identified from the minimum of the resulting Gibbs free-energy profile. The formulation should be interpreted as a thermodynamic description of H exchange between the matrix and a pre-existing cavity, rather than as a kinetic model of H transport or cavity evolution.
The applicability of this approximation to H retention in cavities under fusion-relevant irradiation conditions relies on two considerations. First, the cavities considered here are treated as pre-existing, structurally stable defects over the time scale relevant to H exchange. Their structural evolution is therefore separated from the H-trapping process considered in the present thermodynamic treatment. Second, H atoms exhibit high mobility in BCC-Fe at elevated temperatures, whereas the H-cavity binding energies considered here are relatively moderate 7–9.Consequently, H atoms can exchange between the matrix and cavity surface on time scales substantially shorter than those associated with the evolution of the larger cavity structure. Under a prescribed irradiation temperature and sustained matrix H concentration, the H occupancy of a stable cavity can therefore be approximated by a dynamic equilibrium between H capture and release.
Within this framework, the calculated Gibbs free-energy minimum represents the thermodynamically preferred H occupancy under the prescribed conditions. It does not imply that the H-trapping process is kinetically instantaneous or that the entire irradiated material is in global thermodynamic equilibrium. Rather, it provides an equilibrium-based estimate of H retention for a given pre-existing cavity structure and matrix composition.
S3. Physical parameter calculations
To reliably characterize the dynamic evolution of BCC-Fe containing core-shell cavities under applied loading, an accurate evaluation of atomic-level stress is required, particularly for subsequent analysis of local stress-field variations. Following the Virial theorem 10, the per-atom stress tensor is given by
						(S6)
where  is the atomic volume, mi is atomic mass, vi refers to the thermal vibration velocity of atoms, and Fij denotes the interaction force between atoms i and j. α and β represent the Cartesian components. The first term corresponds to the kinetic contribution, whereas the second term represents the virial contribution arising from interatomic interactions. The atomic volume was determined using Voronoi tessellation implemented through the VORO++ package 11.
Because stress is a second-order tensor, its hydrostatic component can be obtained from the trace of the atomic stress tensor. The average pressure inside the cavity, including the contribution of the H and He atoms, was therefore calculated as 12–14:
					(S7)
where σ11(i), σ22(i), and σ33(i) are the diagonal components of the stress tensor for the ith H/He atom,  is its Voronoi volume, and V is the total Voronoi volume occupied by all H and He atoms inside the cavity.
To investigate the effect of H/He within the cavity on the deformation of the surrounding matrix atoms, the local von Mises shear strain was evaluated from the atomic-level strain field 15. This quantity was obtained from the von Mises shear invariant based on the difference in atomic configurations between the current and reference states 16,17, and is expressed as:
			(S8)
where ηij is the Green-Lagrangian strain tensor obtained from the atomic strain analysis implemented in OVITO 18.


S4. Quantitative evolution of microstructural defects under different temperatures and strain rates
[bookmark: OLE_LINK133]The quantitative evolution of dislocation density, cavity volume, and cavity number corresponding to the deformation behavior discussed in the main text is summarized in Figs. S2 and S3. These data provide quantitative support for the cavity-mediated deformation mechanisms presented in the main text.
[image: ]
Fig. S2. Dynamic evolution of (a-c) dislocation density and (d-f) cavity volume and number in BCC-Fe with different cavity structures under tensile loading at a strain rate of 1×106 s-1 and at temperatures of (a, d) 300 K, (b, e) 723 K, and (c, f) 973 K.
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[bookmark: OLE_LINK110][bookmark: OLE_LINK111]Fig. S3. Dynamic evolution of (a-c) dislocation density and (d-f) cavity volume and number in BCC-Fe with different cavity structures under tensile loading at 723 K and at strain rates of (a, d) 1×107 s-1, (b, e) 1×108 s-1, and (c, f) 1×109 s-1.


S5. Supporting evidence for the interfacial distribution of H during deformation
This appendix presents the radial pair distribution functions (PDFs) of H for all investigated core-shell cavity structures under different temperatures (Fig. S4) and strain rates (Fig. S5). These results provide quantitative evidence that H remains predominantly localized at the cavity-matrix interface throughout deformation, supporting the mechanistic interpretation developed in the main text.
[image: ]
Fig. S4. The radial pair distribution functions (PDFs) of H in cavities with different structures at various deformation stages, evaluated at a strain rate of 1×106 s-1 and temperatures: (a) 300 K, (b) 723 K, and (c) 973 K. The characteristic peak at approximately 0.74 Å corresponds to H2 molecules formed within the cavity core, whereas peaks at approximately 1.7-1.77 Å indicate H atoms localized at the cavity surface, highlighting the dominant interfacial distribution of H.
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[bookmark: OLE_LINK66]Fig. S5. The radial pair distribution functions (PDFs) of H in cavities with different structures at various deformation stages, evaluated at a temperature of 723 K and strain rates: (a) 1×107 s-1, (b) 1×108 s-1, and (c) 1×109 s-1. The characteristic peak at approximately 0.74 Å corresponds to H2 molecules formed within the cavity core, whereas peaks at approximately 1.7-1.77 Å indicate H atoms localized at the cavity surface, highlighting the dominant interfacial distribution of H.


S6. Effect of matrix H concentration on cavity-mediated deformation
To verify that the deformation mechanisms identified in the main text are not specific to the matrix H concentration adopted in the MD simulations, additional calculations were performed for matrix H concentrations of 100, 500, and 1000 appm under otherwise identical loading conditions (723 K and 1×106 s-1). The corresponding stress-strain responses, tensile strengths, dislocation evolution, and cavity evolution are summarized in Figs. S6 and S7.
[image: ]
Fig. S6. (a-c) Stress-strain responses of BCC-Fe containing a H-He co-occupied cavity under hydrostatic tensile loading at 723 K and a strain rate of 1×106 s-1 for matrix H concentrations of (a) 100 appm, (b) 500 appm, and (c) 1000 appm. The magnified insets correspond to the gray shaded regions and illustrate the evolution of curves for different cavity structures at various H concentrations. (d) Tensile strengths of BCC-Fe with cavities of different structures at each H concentration, determined from the peak stresses in panels (a)-(c).
[image: ]
Fig. S7. Dynamic evolution of (a-c) dislocation density and (d-f) cavity volume and number in BCC-Fe with different cavity structures under tensile loading at 723 K and a strain rate of 1×106 s-1 for matrix H concentrations of (a, d) 100 appm, (b, e) 500 appm, and (c, f) 1000 appm.
The results demonstrate that the effect of H on cavity-mediated plasticity remains operative throughout the investigated concentration range. Increasing the matrix H concentration progressively enhances the reduction in tensile strength, promotes dislocation emission, and accelerates cavity evolution. Importantly, these additional results confirm that the deformation mechanism established in the present study is robust over a representative range of matrix H concentrations relevant to fusion environments. The matrix H concentration mainly regulates the extent of H-assisted plasticity and damage evolution, whereas the complementary physical roles of confined He and interfacial H remain unchanged. Therefore, the use of 1000 appm matrix H concentration throughout the main text provides a representative condition for elucidating the atomistic mechanisms of H-He-controlled cavity-mediated plasticity.
Reference
1.	Wu, F. et al. Deep learning-based neural network potential for investigating the synergistic effect of H and He in BCC-Fe. Comput. Mater. Sci. 246, 113434 (2025).
2.	Huang, H. X. et al. Investigating the synergistic evolution of H and He with irradiation defects in Fe by a new Fe-H-He ternary potential. J. Nucl. Mater. 607, 155687 (2025).
3.	Wang, J. et al. Evolution of cavities in BCC-Fe with coexisting H and He under fusion environments. Acta Mater. 299, 121477 (2025).
4.	Wang, J. et al. Stress-driven dynamic evolution of core-shell structured cavities with H and He in BCC-Fe under fusion conditions. Scr. Mater. 280, 117341 (2026).
5.	Hou, J. et al. Hydrogen bubble nucleation by self-clustering: Density functional theory and statistical model studies using tungsten as a model system. Nucl. Fusion 58, 096021 (2018).
6.	Luo, F. et al. Quantitative method to predict the energetics of helium-nanocavities interactions in metal systems based on electrophobic interaction. J. Mater. 10, 725–737 (2024).
7.	Ortiz, C. J., Vila, R. & Pruneda, J. M. Ab initio study of helium and hydrogen interactions in α-Fe. 1–5 (2012).
8.	Hayward, E. & Deo, C. Synergistic effects in hydrogen–helium bubbles. J. Phys. Condens. Matter 24, 265402 (2012).
9.	Luo, F. et al. Dynamic investigations on hydrogen-helium interaction around the vacancy in BCC iron from ab-initio calculations. Nucl. Fusion 63, 046005 (2023).
10.	Thompson, A. P., Plimpton, S. J. & Mattson, W. General formulation of pressure and stress tensor for arbitrary many-body interaction potentials under periodic boundary conditions. J. Chem. Phys. 131, (2009).
11.	Rycroft, C. H. VORO++: A three-dimensional Voronoi cell library in C++. Chaos 19, (2009).
12.	Torres, E. et al. Atomistic simulations and experimental measurements of helium nano-bubbles in nickel. J. Nucl. Mater. 495, 475–483 (2017).
13.	Hatton, P., Perez, D., Frolov, T. & Uberuaga, B. P. He bubble-induced phase transformation of W grain boundaries revealed by accelerated molecular dynamics. Acta Mater. 269, 119821 (2024).
14.	Yang, L. et al. Effects of local structure on helium bubble growth in bulk and at grain boundaries of bcc iron: A molecular dynamics study. Acta Mater. 97, 86–93 (2015).
15.	Shimizu, F., Ogata, S. & Li, J. Theory of shear banding in metallic glasses and molecular dynamics calculations. Mater. Trans. 48, 2923–2927 (2007).
16.	Wang, X. D. et al. Atomic picture of elastic deformation in a metallic glass. Sci. Rep. 5, 1–6 (2015).
17.	Zare Chavoshi, S., Branicio, P. S. & An, Q. Transition between Hall-Petch and inverse Hall-Petch behavior in nanocrystalline silicon carbide. Phys. Rev. Mater. 5, 1–11 (2021).
18.	Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool. Model. Simul. Mater. Sci. Eng. 18, 015012 (2010).

1

image2.jpg
(a) 300 K

A~

@\
|

Dislocation density (10'® m

Dislocation density (1()16 m'z)

(¢) 973 K

A~
o

Dislocation density (10'® m

10.0

0
=

4
=

.
=

2.0

0.0

=
=

g
=

3.0

?\
=

=
=

g
=

&
=

Strain (%)
6 9 12 15

He/V =0 (Void)

He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

60 920 120 150
Time (ns)
Strain (%)

6 9 12 15

He/V =0 (Void)

He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

60 90 120 150
Time (ns)
Strain (%)
6 9 12 15
He/V =0 (Void)
He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

60 920 120 150
Time (ns)

(d) 300 K

_— N W
e e N =

N A N
S <&@
S <&

Volume (nm?®) Cavity number
e
e o

&

Strain (%)
1 2 3

—a=— He/V =0 (Void)

—o—He/V = 0.2 (With H)
—t—He/V = 0.5 (With H)
—v—He/V = 0.8 (With H)

Peak Stress |

0 10 20 30

Time (ns)
(e) 723 K Strain (%)
1 2 3

_— N W
R —

Volume (nm®) Cavity number
N A
& & &

& & & & &

— D
==

o
S &

N L N
o
e

Volume (nm®) Cavity number =5
&
e

—a— He/V =0 (Void)

—o—He/V = 0.2 (With H)
b= He/V = 0.5 (With H)
—v— He/V = 0.8 (With H)

10 20 30
Time (ns)

1 2 3

—a— He/V =0 (Void) |
—o—He/V = 0.2 (With H),
—+—He/V = 0.5 (With H):
—v—He/V = 0.8 (With H), ,





image3.jpg
7T o-1
(a) 1x107 s Strain (%)
— 0 3 6 9
< 10.0
= He/V =
Sc 8.0 He/V =
\’ He/V =
.,;? 6.0 He/V =
=
= 4.0
=
=
*§ 2.0
=
2 0.0 *'
= 3 6 9
Time (ns)
S -1
(b) I1x10°s Strain (%)
0 3 6 9

—
\P

.0

°
=

g
=

—
—

Dislocation density (1()16 m'z)
=N
—

0.0 0.3 0.6 0.9

Time (ns)
9 ¢-1
(C) I1x10%s Strain (%)
—_ 0 3 6 9
“_12.0

He/V =0 (Void)

He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

g
—

=
=

Dislocation density (10'°® m

0.00 003 0.06 009
Time (ns)

He/V =
He/V =
He/V =
He/V =

(d) 1x107 57! Strain (%)
12 15 0 2 4 6 8

40
. === He/V = () (Void) .
0 (Void) 3() He/V =0.2 (With 1) | | TYucleation
0.2 (With H) e He/V = 0.5 (With H) | |
20 He/V = 0.8 (With H) |

0.5 (With H)
0.8 (With H)

I e ‘an
/.
| 1 J
| 25/
4

Peak Stress ! !l

Volume (nm’) Cavity number
=

12 15
Time (ns)
8 -1
(e) 1x10°s Strain (%)
12 15 L 300 2 4 6 8
. S —=—He/V=0(Void) | | Nucleation
0 (VO"?) § 20 b——He/vV = 0.2 (With H) ueent
0.2 (With H) = —+— He/V = 0.5 (With H): :
0.5 (With H) 2> 10 }p——He/V=08(With H)
0.8 (With H)| >
O () be===eosssyssssees
- 800
g 600 i
o eak Stress : : ::
E 400 111
= 200
S 0
1.2 1.5 0.0 0.2 0.4 0.6 0.8
Time (ns)
9 -1
(f) 1x10% s Strain (%)
12 15 . 0 2 4 6 3
v 15
= —=—He/V =0 (Void) Nucleation
§ 10 |——He/V = 0.2 (With H)
2 5|——He/V =08 (With H)
E
& 0
- > 800
E 600
<P’
= 400
= 200
o
> (

0.12 0.15 0.00 0.02 0.04 0.06 0.08
Time (ns)




image4.jpg
(a) 300 K (b) 723 K (¢) 973 K

| He/V = 0.2 (With H)

He/V = 0.2 (With H)

He/V = 0.2 (With H)

The PDF of H atoms, g() The PDF of H atoms, g(r) The PDF of H atoms, g(r)

He/V = 0.5 (With H) He/V = 0.5 (With H) He/V = 0.5 (With H)

He/V = 0.8 (With H) He/V = 0.8 (With H) He/V = 0.8 (With H)

The PDF of H atoms, g(r) The PDF of H atoms, g(r) The PDF of H atoms, g(r)
The PDF of H atoms, g() The PDF of H atoms, g(r) The PDF of H atoms, g(r)

_ h I ——

00.74 2 4 6 3 10 12 00.74 2 4 6 3 10 12 00.74 2 4 6 3 10 12
Pair separation distance (A) Pair separation distance (A) Pair separation distance (A)

Elastic deformation Peak stress Dislocation emission Cavity nucleation





image5.jpg
He/V = 0.8 (With H)

00.74 2 4 6 3 10 12
Pair separation distance (A)

Elastic deformation

(b) 1x108 s°!

He/V = 0.5 (With H)

He/V = 0.8 (With H)

The PDF of H atoms, g(r) The PDF of H atoms, g(r) The PDF of H atoms, g(r)

00.74 2 4 6 3 10 12 00.74 2 4 6 3 10

Pair separation distance (A)
Peak stress Dislocation emission

Pair separation distance (A)
Cavity nucleation

12




image6.jpg
(b)

~_
o
-’

10 10
3 3
~ ~
& 6 = 6
O O
N’ \
2 4 2 4
L L
u u
~ ~
N 9 @ )
e He/V = 0.2 (Without H) = He/V = 0.2 (500appm H) = He/V = 0.5 (Without H) == He/V = (0.5 (500appm H)
0 ———He/V = 0.2 (100appm H) = He/V = 0.2 (1000appm H) 0 ———He/V = 0.5 (100appm H) = He/V = 0.5 (1000appm H)
0 3 6 9 12 15 0 3 6 9 12 15
(¢) (d) Strain (%)
10
3 0 appm [ 100 appm [ 500 appm [ 1000 appm
He/V = 0.2 (With H)
8 2 622
—_ — | 7.98
s - | 7.92
=~ > 7.78
@, = | He/V = 0.5 (With H)
N’ S
: : ;792
2 4 2 7.61
L > 7.45
- - | 7.4
~—
n = | He/V =0.8 (With H)
7.17
= He/V = 0.8 (Without H) = He/V = 0.8 (500appm H) o 7.03
0 ———He/V = 0.8 (100appm H) = He/V = 0.8 (1000appm H)

0 3 6 9 12 15
Strain (%) Tensile strength (GPa)




image7.jpg
(2) 100 appm g . (%) (d) 100 appm g5, (o)

—_ 0 3 6 9 12 15 0 1 2 3 4 5
< 8.0 f |

—o— He/V = 0.2 (With H) i Nucleation

L9
e

He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

P
o

s He/V = 0.5 (With H)
—v— He/V = 0.8 (With H)

N

)
—
(e

=~

=
S
S

g
=

|
|
Peak Stress |
|
|

N A N
S <&@
S &

&
=

Dislocation density (10'® m
Volume (nm?®) Cavity number
e

&

0 30 60 90 120 150

—

10 20 30 40 S0

Time (ns) Time (ns)
(b) 500 appm g0 (24) (€) 500 appm  g¢0in (%)
S g 00 3 6 9 12 15 300 1 2 3 4 S

—e— He/V = 0.2 (With H)
s He/V = 0.5 (With H)
—— He/V = 0.8 (With H)

He/V = 0.2 (With H)
He/V = 0.5 (With H)
He/V = 0.8 (With H)

N
o

o

)
_—
(e

=~

=
S
S

2.0

N A N
o
e

|
|
Peak Stress |
|
|

Volume (nm®) Cavity number
e
e o

Dislocation density (10'® m

e

&
=

0 30 60 90 120 150 0 10 20 30 40 50
Time (ns) Time (ns)
(C) 1000 Appm - g¢rain (%) (f) 1000 APppm - g¢rqain (%)
—~ 0 3 6 9 12 15 - .0 1 2 3 4 S
v 8.0 — _g 30 ) T
= HeV=02(WithH) [ '8 T eV %lt: E;:
\& . b He/V = (). it |
= 6.0 He/V =0.5 (With H) = —— He/V = 0.8 (With H)
A He/V = 0.8 (With H) Z 10 |
2 4.0 o
= - 600
= =
2 2.0 £ 400
E’ <)
S = 200
@ C
= >

0 30 60 90 120 150
Time (ns)





image1.jpeg
0 o'e 50’0 - s
h-4 vw : % n
2 & s:000%8
ﬁyﬁ% A
5 S3iit
LS _
; 2 3 .
BRE3382 13338
= 9-9-89 b : y
~ | o
&~
N’
=
S
N
=
Q
an
L
=
S
N
=
w
=
S
N
=
Q
e
"
~
e
N’





