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Abstract
Research on the corrosion behavior of packaging container materials in deep
geological disposal of high-level radioactive waste is of great significance. Us-
ing tin bronze C5191 as a candidate material for packaging containers and
BS03 groundwater as a simulated solution, accelerated corrosion experiments
on tin bronze materials under neutron irradiation-groundwater coupling were
conducted, while first-principles calculations were employed to compute the ad-
sorption energy, Bader charge transfer number, and partial density of states
of SO42- in groundwater on CuSn(110) perfect and defect surfaces, thereby ex-
plaining the corrosion acceleration mechanism through theoretical calculations.
The results indicate that under different experimental conditions, the corrosion
rate of tin bronze increased from 0.516 �m/a to 17.9 �m/a, the adsorption en-
ergies of SO42- in groundwater on CuSn(110) perfect and defect surfaces were
-5.311 eV and -5.691 eV, respectively, and the Bader charge transfer numbers
were -0.3271 and -0.5166, respectively, demonstrating that SO42- more read-
ily interacts with defect surfaces. During co-adsorption, the adsorption energy
decreased to -12.391 eV, and the Bader charge transfer numbers increased to
-6.0639 and -6.0074, indicating that the radiolysis products of H2O promoted
the adsorption of SO42- on metal defect surfaces; the experimental and theoret-
ical calculation results are consistent, proving that the irradiation-groundwater
coupling effect significantly accelerates the corrosion rate of tin bronze.
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Abstract
[Background] The selection of disposal canister materials is crucial in the deep
geological disposal of high-level radioactive waste, as metal packaging containers
serve as the first engineering barrier to isolate the waste. [Purpose] This study
aims to investigate the accelerated corrosion mechanisms of tin bronze C5191
under the coupled effects of neutron irradiation and groundwater. [Meth-
ods] Using tin bronze C5191 as a candidate packaging container material and
BS03 groundwater as a simulated solution, corrosion acceleration experiments
were conducted under neutron irradiation-groundwater coupling. Additionally,
first-principles calculations were performed to determine the adsorption energy,
Bader charge transfer numbers, and projected density of states (PDOS) of SO4

2−

in groundwater on intact and defective CuSn(110) surfaces, thereby elucidating
the corrosion acceleration mechanism through theoretical analysis. [Results]
The results indicate that under varying experimental conditions, the corrosion
rate of tin bronze increased from 0.516 �m・a−1 to 17.9 �m・a−1. The adsorp-
tion energies of SO4

2− on intact and defective CuSn(110) surfaces were -5.311
eV and -5.691 eV, respectively, with Bader charge transfer numbers of -0.3271
and -0.5166, demonstrating that SO4

2− interacts more readily with defective
surfaces. Upon co-adsorption, the adsorption energy decreased to -12.391 eV,
and the Bader charge transfer numbers increased to -6.0639 and -6.0074. [Con-
clusions] This study demonstrates that the radiolysis products of H2O enhance
the adsorption of SO4

2− on metal defect surfaces. The experimental and theo-
retical results are consistent, proving that the irradiation-groundwater coupling
effect significantly accelerates the corrosion rate of tin bronze.

Keywords: High-level waste packaging container, Tin bronze, Neutron irradi-
ation, Corrosion acceleration, First-principles

Introduction
Driven by dual-carbon goals, nuclear power technology is flourishing, while the
safe disposal of radioactive waste has become an urgent issue to address [1,2].
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Currently, deep geological disposal is the most widely recognized method for
high-level radioactive waste internationally [3,4]. As the first engineering bar-
rier in contact with high-level radioactive waste [5,6], the long-term safety and
effectiveness of disposal canisters are paramount. Irradiation and groundwater
corrosion are critical factors affecting canister lifespan and safety. Researchers
worldwide have investigated the irradiation behavior of candidate materials such
as industrial pure titanium [7], titanium alloys [8,9], carbon steel [10], stainless
steel [11], and nickel-based alloys [12]. Tin bronze has also been considered
as a candidate material due to its excellent mechanical properties, thermal
stability, and resistance to hydrogen embrittlement [13,14]. Given that geo-
logical repositories for high-level radioactive waste require timescales exceeding
ten thousand years, safety assessment is essential. Under extreme conditions,
packaging container materials may remain in environments with coupled neu-
tron irradiation and groundwater for extended periods, warranting attention
to the irradiation effects and corrosion acceleration mechanisms of tin bronze.
Current neutron source designs are diverse and increasingly mature [15,16], fa-
cilitating irradiation experiments on canister materials. Johansson et al. [17]
conducted corrosion experiments on copper-cast iron canisters and found that
bentonite type is a crucial factor affecting sulfide production, with sulfides and
sulfate-reducing bacteria on material surfaces significantly influencing corrosion.
Björkbacka et al. [18] demonstrated that copper corrosion accelerates under 𝛾
irradiation at 0.37 and 0.77 kGy・h−1, as hydroxyl radicals produced by 𝛾 ir-
radiation oxidize copper, with localized corrosion features arising from anodic
reactions at corrosion centers and cathodic reactions in surrounding areas. Gao
et al. [14] showed that tin content, microstructure, and environmental factors
such as anion species in corrosive media (Cl−, SO4

2−, HCO3
−, NO3

−) and pH
affect the initial corrosion behavior of tin bronze. Shen et al. [19] simulated
corrosion behavior of reactor alloy materials using quantum mechanics-based
density functional theory, calculating system energy changes, chemical bond
reconstruction, and charge transfer to analyze adsorbate behavior on crystal
surfaces. Chen et al. [20] applied first-principles calculations based on density
functional theory and semi-classical Boltzmann transport theory to investigate
interface stability, electronic structure, bonding properties, and thermoelectric
transport performance of CuSn/Cu interfaces with different crystallographic
orientations, calculating ideal adhesion forces for various interfaces.

While numerous studies have addressed groundwater corrosion experiments for
high-level waste disposal canisters, research on irradiation-groundwater coupling
effects and microscale simulations remains limited. This paper employs first-
principles calculations to further investigate the corrosion mechanisms of tin
bronze at the atomic scale. By combining experiments with theoretical calcula-
tions, neutron irradiation-corrosion experiments were conducted on tin bronze
C5191 in simulated solutions with varying Cl− and SO4

2− concentrations. Si-
multaneously, first-principles calculations using MedeA-VASP software based
on density functional theory were performed to analyze the adsorption behavior
of SO4

2− and water radiolysis products on material surfaces, providing refer-
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ence for studying corrosion behavior of high-level waste canister materials under
irradiation-corrosion coupling.

1. Materials and Methods
1.1 Materials and Instruments

Tin bronze C5191 was selected as the experimental material, with chemical
composition shown in Table 1 . The material was cut into cylindrical specimens
of $�$10 mm × 10 mm with a thickness of 5 mm, then progressively polished
with sandpaper (2000#, 3000#, 5000#, 7000#) and polishing paste (10000#).
After cleaning with deionized water, degreasing with anhydrous ethanol, and
drying, the samples were weighed, numbered, and stored sealed.

A solution containing Cl− and SO4
2− sodium salts was prepared to simulate

groundwater from the 500 m deep BS03 borehole in the Beishan area of Gansu
Province [21]. Using the average concentrations (Cl−: 1261.3 mg/L, SO4

2−:
1259.7 mg/L) as the standard solution, concentrations were increased to 4×,
8×, and 16× (hereinafter denoted as 1×, 4×, 8×, and 16×).

The main instruments used in the experiments included: a 600 kV ns pulsed neu-
tron generator (China Institute of Atomic Energy), CP124C electronic analyti-
cal balance (Ohaus Shanghai Instruments), PHS-3C precision pH meter (Shang-
hai Zhiguang Instruments), sandpaper (Shanghai Hongce Instrument Technol-
ogy), polishing paste (Hangzhou Kraftwell Industrial), and Nova NanoSEM 450
field emission scanning electron microscope (SEM, FEI Czech).

1.2 Irradiation-Corrosion Conditions

Corrosion experiments were divided into non-irradiated and neutron-irradiated
groups. The non-irradiated group involved immersing non-irradiated metal sam-
ples in simulated solution. The neutron-irradiated group included three condi-
tions: (1) both metal and solution irradiated, (2) metal irradiation only, and (3)
solution irradiation only. The neutron irradiation environment was provided by
the 600 kV ns pulsed neutron generator at the China Institute of Atomic Energy.
During irradiation, the simulated solution and metal samples were positioned in
the outer and inner periphery of the target position, respectively, with neutron
flux rates of 3.50$×10^{7}$ n・cm−2・s−1 for metal samples and 1.73$×10^{6}$
n・cm−2・s−1 for the solution. The irradiated surface served as the working
surface. Pretreated tin bronze samples were immersed in simulated solutions of
varying concentrations to replicate the corrosion environment of disposal can-
isters in groundwater, with the working surface facing upward. Each sample
group contained 20 mL of simulated solution with an initial pH of 7.80$±$0.02.
After 30 days of immersion at ambient temperature, samples were removed,
acid-cleaned, dried, and weighed. The corrosion status of non-irradiated and
neutron-irradiated samples before and after immersion in different concentra-
tion solutions is shown in Figure 1 [Figure 1: see original paper].
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The corrosion rate of tin bronze was determined using the chemical immersion
method [22]. The corrosion rate v (�m・a−1) is expressed as:

𝑣 = 8.76 × 104 × Δ𝑚
𝜌 × 𝑠 × 𝑡

where Δm is the mass loss after corrosion (g), � is the sample density (g・cm−3),
s is the sample surface area (cm2), and t is the corrosion time (h).

1.3 Calculation Methods and Model Establishment

The calculations in this study were based on first-principles methods using
density functional theory (DFT) [23], with Medea-VASP software employed for
simulating intact and defective CuSn(110) surfaces. The exchange-correlation
interaction between electrons was treated using the generalized gradient
approximation (GGA) with the PBE functional. Optimized CuSn crystal cells
were cleaved to create surfaces and establish adsorption models, as shown
in Figure 2 [Figure 2: see original paper]. For structural optimization, the
plane wave cutoff energy was 450 eV, the Brillouin zone k-point mesh was set
to 1$×3×3, 𝑡ℎ𝑒𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑚𝑒𝑡ℎ𝑜𝑑𝑓𝑜𝑟𝐶𝑢𝑆𝑛(110)𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠𝑤𝑎𝑠𝑀𝑒𝑡ℎ𝑓𝑒𝑠𝑠𝑒𝑙 −
𝑃𝑎𝑥𝑡𝑜𝑛𝑤𝑖𝑡ℎ𝑎𝑠𝑚𝑒𝑎𝑟𝑖𝑛𝑔𝑤𝑖𝑑𝑡ℎ𝑜𝑓0.2𝑒𝑉 , 𝑡ℎ𝑒𝑓𝑜𝑟𝑐𝑒𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛𝑤𝑎𝑠0.02𝑒𝑉 ·
𝑛𝑚{-1}, 𝑎𝑛𝑑𝑡ℎ𝑒𝑠𝑒𝑙𝑓 − 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡𝑓𝑖𝑒𝑙𝑑(𝑆𝐶𝐹)𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛𝑤𝑎𝑠1.0×10{-5}$ eV. After
optimization, the CuSn unit cell lattice parameters were a=b=4.19, c=5.09,
which are close to reference values [24] of a=b=4.12, c=5.13, confirming the
reliability of the structure.

2. Results and Discussion
2.1 Corrosion Behavior Analysis

2.1.1 Corrosion Rate The relationship between mass loss, corrosion rate,
and solution concentration for tin bronze under different irradiation conditions
is shown in Figure 3 [Figure 3: see original paper]. Under identical solution
concentrations, condition 1 (both metal and solution irradiated) exhibited the
greatest mass loss, reaching a maximum of 0.001 g at 16× solution concentra-
tion. Under the same irradiation conditions, the corrosion rate of tin bronze
increased nonlinearly with solution concentration. At 16× concentration, the
corrosion rate of non-irradiated tin bronze increased by 19.9%. As evident from
Figure 3, when both metal and solution were irradiated, the corrosion rate of tin
bronze was highest at all concentrations and increased most rapidly, reaching a
maximum value of 17.9 �m・a−1. The corrosion rate under metal irradiation con-
ditions was higher than under solution irradiation alone. When the irradiation
effects on metal coupled with radiolysis products from water, the metal cor-
rosion acceleration was most severe [25]; moreover, irradiation-induced defects
on the metal surface had a greater impact on corrosion than water radiolysis
products.
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2.1.2 Corrosion Morphology The original sample morphology is shown in
Figure 4 Figure 4: see original paper, with all SEM images magnified 1500×.
The pretreated material surface was smooth and flat with minor scratches. The
micro-morphology of non-irradiated tin bronze after 30 days of immersion in
standard and 16× concentration groundwater simulated solutions is shown in
Figures 4(b) and 4(c). At standard concentration, surface corrosion was not
obvious, while in 16× concentration solution, the metal surface exhibited dense
corrosion pits, consistent with the result shown in Figure 3 that the corrosion
rate was highest at 16× concentration.

The micro-morphology of materials after 30 days of immersion under three ir-
radiation conditions in standard, 4×, 8×, and 16× concentration solutions is
shown in Figure 5 [Figure 5: see original paper]. After neutron irradiation,
sample surface roughness increased and holes appeared. Irradiation produces
primary knock-on atoms that undergo cascade collisions, generating numerous
vacancies and self-interstitial defects that gradually evolve into visible defects
such as voids and dislocation loops over time [26]. The results show that tin
bronze underwent primarily localized corrosion, with varying degrees of corro-
sion observed at all concentrations. Under condition 1 (both metal and solution
irradiated), large corrosion pits aggregated at 16× concentration, while under
conditions 2 and 3, corrosion pits were smaller and more dispersed. Although
corrosion pits were also present on tin bronze surfaces under conditions 2 and
3, the corrosion was slightly less severe than under condition 1. As observed
in Figures 5(a4, b3), fewer corrosion pits aggregated on the tin bronze surface,
with slight corrosion traces near scratches. Under identical simulated solution
concentrations, irradiation significantly accelerated tin bronze corrosion.

2.2 Adsorption Mechanism Analysis

2.2.1 SO4
2− Adsorption on Intact and Defective CuSn(110) Surfaces

Residual neutrons and 𝛾 radiation from high-level radioactive waste cause irra-
diation damage such as atomic displacement in metal canister materials [27]. In
first-principles calculations, a defective CuSn(110) surface (missing 2 Sn atoms
from the surface layer) was constructed to simulate irradiation damage. The
optimized adsorption models are shown in Figures 2(a) and 2(b). Adsorption
energy E�ds was calculated to investigate adsorption characteristics on material
surfaces:

𝐸ads = 𝐸post-ads − 𝐸pre-ads − 𝐸𝑥

where E�ds is the adsorption energy, E������ds is the total optimized energy after
adsorption, E�����ds is the total optimized energy before adsorption, and E� is
the optimized energy of the adsorbate.

The Hole site was selected on both intact and defective CuSn(110) surfaces for
SO4

2− adsorption. The adsorption energy of SO4
2− on the intact CuSn(110)
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surface was -5.311 eV, while on the defective surface it was -5.691 eV. Both
values are less than 0, satisfying the thermodynamic condition for spontaneous
adsorption. In all cases, the adsorption energy on defective surfaces was lower,
indicating that defective surfaces are more susceptible to adsorption and form
more stable adsorption configurations. Since irradiation creates defective metal
surfaces that more readily interact with anions in solution, this corresponds with
the experimental conclusion that irradiation accelerates metal surface corrosion.

Bader charge transfer calculations for SO4
2− on intact and defective CuSn(110)

surfaces were performed to analyze atomic charge changes in the adsorption
system, with results shown in Table 2 . Cu13, Cu16, Sn15, and S exhibited
electron gain, while O showed electron loss. The total charge transfer numbers
were -0.3271 and -0.5166 for intact and defective surfaces, respectively. The
defective surface lost more electrons than the intact surface, indicating stronger
interaction between SO4

2− and metal atoms on defective surfaces. This charge
transfer promotes the formation of Cu-O bonds between O in SO4

2− and Cu on
the surface during adsorption, stabilizing the adsorbed system.

To further analyze the interaction of SO4
2− with metal surfaces at the electronic

level, Figure 6 [Figure 6: see original paper] shows the projected density of states
(PDOS) before and after adsorption, with the dashed line indicating the Fermi
level (E=0 eV). The PDOS peaks of SO4

2−-p orbitals are primarily distributed
between -9 and -2 eV, overlapping and hybridizing with the PDOS peaks of Cu13-
d and Cu16-d orbitals, promoting Cu-O bond formation. The SO4

2−-s orbital
showed no overlap with Cu atomic orbitals, indicating that interaction with
surface Cu atoms is mainly mediated by SO4

2−-p orbitals. After adsorption, the
PDOS of Cu13-d and Cu16-d orbitals shifted to lower energy levels, particularly
at peak positions hybridized with SO4

2−-p orbitals, where the peaks were lower
than before adsorption. This corresponds to the reduced system energy after
adsorption, forming a more stable adsorption system. Moreover, the PDOS
energy of the defective CuSn(110) surface was slightly lower than that of the
intact surface, confirming the adsorption energy calculations.

2.2.2 Co-adsorption of SO4
2− and Water Radiolysis Products on

CuSn(110) Surfaces While high-level radioactive waste causes defects in
canister materials, groundwater in the near-field can permeate bentonite and
directly contact the canister, becoming decomposed by irradiation according
to equations (3)-(5). Radiolysis produces radical and molecular products (・
OH, ・O, etc.) with oxidizing properties that alter the redox conditions in the
repository near-field [28].

This study selected ・OH and ・O as research objects due to their significant
impact on corrosion acceleration. Figures 2(c) and 2(d) show co-adsorption
models of water radiolysis products with anions on metal surfaces, investigating
co-adsorption on defective surfaces. Adsorption energy calculations yielded -
9.572 eV for SO4

2− co-adsorbed with・OH on defective CuSn(110) surfaces and
-12.390 eV for co-adsorption with ・O. The lower adsorption energy for SO4

2−
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with ・O indicates a more stable adsorption system.

Bader charge transfer calculations for co-adsorption systems are shown in Table
3 . Negative values indicate electron gain; ・O and ・OH gained electrons while
Cu atoms lost electrons. The total charge transfer for SO4

2− co-adsorbed with
・O on defective CuSn(110) surfaces was -6.0074, lower than the net charge
transfer of -5.4098 for co-adsorption with ・OH, indicating that the SO4

2−-・O
co-adsorption model is more stable.

PDOS analysis of co-adsorption systems is shown in Figure 7 [Figure 7: see
original paper]. Energy distribution shifted to lower energy regions after ad-
sorption, with reduced peak intensities, indicating lower overall system energy.
When SO4

2− co-adsorbed with water radiolysis products on defective CuSn(110)
surfaces, the p orbitals of SO4

2−-・OH were distributed primarily near -4 to -1
eV, overlapping with Cu d-orbitals in this region. The presence of adsorbates re-
duced the original peak intensities of substrate atoms, exhibiting hybridization
coupling. The PDOS peaks of SO4

2−-・O p-orbitals showed greater amplitude
and peak-to-valley distance, with more pronounced changes, indicating that・O
had a greater influence on the adsorption system and interacted more strongly
with Cu atoms. This is consistent with the experimental observation that irra-
diation accelerates metal surface corrosion.

Conclusion
This study investigated the corrosion acceleration mechanism of tin bronze un-
der neutron irradiation-groundwater coupling. Experiments revealed that irradi-
ation significantly accelerates tin bronze corrosion, with the corrosion rate reach-
ing 17.9 �m・a−1 when both samples and simulated solution were irradiated—34.7
times higher than the non-irradiated rate of 0.516 �m・a−1. First-principles cal-
culations demonstrated that irradiation-induced metal surface defects increased
Bader charge transfer by 57.9% and reduced system adsorption energy by 5.7%.
Water radiolysis product ・O further reduced the adsorption energy of SO4

2−

on defective CuSn(110) surfaces to -12.390 eV, enabling SO4
2− to adsorb more

readily on metal surfaces and accelerate material corrosion. Both experimen-
tal and theoretical simulations confirm the corrosion acceleration phenomenon
of tin bronze under irradiation-groundwater coupling, providing reference for
material selection of high-level waste disposal canisters.
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