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Figure 1 Molecular dynamics model.
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Figure 2 SRIM simulation of 140 keV irradiation on copper. (a) One-dimensional damage range, (b) irradiation damage distribution, (c) depth

distribution of 140 keV irradiation damage in dpa.
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Figure 3 Structural and surface characteristics of micro-nano two-level porous copper before and after proton irradiation. (a), (b) Before irradiation;
(c), (d) pore size distribution of micro-nano dual-scale porous copper; (e), (f) after irradiation.
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Figure 4 Microstructure of micro-nano two-level porous copper at different depths after proton irradiation. (a) Overall situation; (b)—(d) distribution
of ligament defects within the range of 0400 nm; (e)—(g) defect distribution within the range of 400—1200 nm.
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Figure 5 Evolution of irradiation damage and temperature distribution induced by a 5 keV surface PKA. (a)—(d) Temporal evolution of irradiation
damage; (e) fraction of different atom types over time; (f)—(h) temperature distribution during the irradiation process.
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Figure 6 Evolution of near-surface irradiation-induced Frenkel pairs and the corresponding local stress field distribution. (a)—(d) Temporal evolution
of Frenkel defects; (e)—(h) distribution of the stress field during irradiation.

2036



I ERE: FARE 202544 55 E OHE12M

ERMEE K.

K845 & W-STTVE S DXAS T 71k, REGHR Tt
F AR ML RE A 3k 24 v R BRI . A 4 S E R T
Z A BN ZS AR EAE ML B 9T B, B HH 2R 0 a] B
JR 1~ 2 I HE I 3 PR BT RV SR8, A R A B
FISCIT R R M H Y SO P 57, 321 3 B A
PEFFEE TR, 1B T AL R 25 [ 75 R AT 5 ) 44 425 14
T 2R TR AV 5 I 4% P YO8 2K 3 B3 P b L) s P L —,
ERMEGIIMIER T, TR R A IFRA

i H R T (I8 () R (d)), 2 i FE I8 76 R T Rl B4
AT ] LB e R v P27 N = et Ml 4. 2 (2
SRR AT Ft A FR B 4% B TRT B R (I 8(d)~(F)), AT
TEBEE B R & 5K, R O JFA 5 I S 3R i
B R AT A IR . R4 DU TR S5 R B AT R 1
Yehig S AR RS SRR, 1 R (ps) I TR
JRPBEA, Dt R4 I8 R e R o2 . ZRIIE
B, JREE R T sk K A SomiE, IR
I 52 RGBT Bl 7755 SN 77 SR B AL PR 1.

(2)1200 | —FEMJEAT (b) —ZET | (c) 16 i 45
— AR T 600 - — BT © ] %i%ﬁﬁﬁ
1000 F 147
12 H
m 800f [T 400 - gw
& 600 F ’i" o st
B 40 V &0 > il
r H
4l
200- 0_ —‘ ’_’ ’_l
2_
| e L
0 10 20 30 40 50 60 70 80 1 2 3 4-10 10+

1 . . L L L . . .
0 10 20 30 40 50 60 70 80

fif A (ps)

i) Cps)

AL BB

B 7 BT W-STTVARI I 5 A AH PR AR IR SRR E I 1735 06 LA S 2o BRI AR ST () 3 e o rh R e B I (] f0 8 45 (b)) 44

AR O RE P BRI BE I ] (4L (o) 2L IR ST 0 A

Figure 7 Temporal evolution of irradiation-induced defects and vacancy cluster size from surface and bulk PKAs based on the W-S method.
(a) Defect evolution during surface irradiation; (b) defect evolution during bulk irradiation; (c) size distribution of vacancy clusters.
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Figure 8 (a)—(f) Comparison of near-surface defect evolution and dislocation network absorption processes based on the W-S and DXA methods.

2037



She G Ak T 17 2 [R5 PR -0 P 2 2 LR 5 R 05 5 1 ek o i v R LA F 7

4

25 (2) £1x10"7 ion/em’ (IR IRFIE T, ZFLAIAHHE
ARSI I A 4 T RSN R S LR, R RIS Z ARSI, [5)I 30 717 A 5% BBE 52 24

SIE IR AR IR S 54 T2 e i, RGN T 2~5 nm P BRRGH, BRSNS S AL HiE. SFTZE

TR R RS R TR IR T MR S M s S e el SRS,
R T IR (3) HEF TN ST BIASRE B g 2 5k 1 2 THT

(1) SRIMAEH M, 140 keVIE TXHMRMAER S  CIIERRARHE T IKA0T), B BRHR T B 7 FL AT

FBEAE TR FE R [ 400~800 nmFUR TG Y, Hifig BN, AZ N ANE] T B M- R S, S
A7 T 700 nmAit; EALLEAR N B B 5 5%

%k

21

22

Tunes M A, Stemper L, Greaves G, et al. Prototypic lightweight alloy design for stellar-radiation environments. Adv Sci, 2020, 7: 2002397
Duzellier S, Gordo P, Melicio R, et al. Space debris generation in GEO: Space materials testing and evaluation. Acta Astronaut, 2022, 192: 258—
275

Reddy M R. Effect of low earth orbit atomic oxygen on spacecraft materials. J Mater Sci, 1995, 30: 281-307

Shumov A E, Novikov L S, Shaevich S K, et al. Results of the Komplast experiment on the long-term exposure of materials specimens on the ISS
surface. Adv Space Res, 2015, 56: 2188-2195

Bringa E M, Monk J D, Caro A, et al. Are nanoporous materials radiation resistant? Nano Lett, 2012, 12: 3351-3355

Fu E G, Carter J, Swadener G, et al. Size dependent enhancement of helium ion irradiation tolerance in sputtered Cu/V nanolaminates. J Nucl
Mater, 2009, 385: 629-632

Rodriguez-Nieva J F, Ruestes C J, Tang Y, et al. Atomistic simulation of the mechanical properties of nanoporous gold. Acta Mater, 2014, 80:
67-76

Caro M, Mook W M, Fu E G, et al. Radiation induced effects on mechanical properties of nanoporous gold foams. Appl Phys Lett, 2014, 104:
233109

Jernkvist L O, Massih A R. Multi-field modelling of hydride forming metals. Part I: Model formulation and validation. Comput Mater Sci, 2014,
85: 363-382

Kandare S P, Bhoraskar V N, Phatangare A B, et al. Effect of 6 MeV electron irradiation on nano-Cu,ZnSnS,. J Mater Sci-Mater Electron, 2021,
32: 19042-19051

Chen Y, YuK Y, Liu Y, et al. Damage-tolerant nanotwinned metals with nanovoids under radiation environments. Nat Commun, 2015, 6: 7036
Dillon S J, Tang M, Carter W C, et al. Complexion: A new concept for kinetic engineering in materials science. Acta Mater, 2007, 55: 6208—6218
Kernohan R H, Wechsler M S. Neutron irradiation of Cu-Al at elevated temperatures. J Phys Chem Solids, 1961, 18: 175-180

LiJ, Fan C, Li Q, et al. In situ studies on irradiation resistance of nanoporous Au through temperature-jump tests. Acta Mater, 2018, 143: 30-42
Liu W, Ji Y, Tan P, et al. Irradiation induced microstructure evolution in nanostructured materials: A review. Materials, 2016, 9: 105
Makarochkin A, Yahel E, Makov G. Blister growth model in proton-irradiated metals—Application to tungsten irradiated by MeV protons. J Nucl
Mater, 2022, 564: 153712

Fu E G, Caro M, Zepeda-Ruiz L A, et al. Surface effects on the radiation response of nanoporous Au foams. Appl Phys Lett, 2012, 101: 191607
Sun C, Bufford D, Chen Y, et al. In situ study of defect migration kinetics in nanoporous Ag with enhanced radiation tolerance. Sci Rep, 2014, 4:
3737

Kolluri K, Demkowicz M J. Coarsening by network restructuring in model nanoporous gold. Acta Mater, 2011, 59: 7645-7653

Yang Z'Y, Jiao F F, Lu Z X, et al. Coupling effects of stress and ion irradiation on the mechanical behaviors of copper nanowires. Sci China-Phys
Mech Astron, 2013, 56: 498-505

Hu Z Y, Chen H Q, Zhao Y B, et al. Abundant free surface in nanoporous copper films enhancing tolerance against helium ion irradiation. J
Alloys Compd, 2020, 843: 155829

Stoller R E, Toloczko M B, Was G S, et al. On the use of SRIM for computing radiation damage exposure. Nucl Instruments Methods Phys Res

2038


https://doi.org/10.1002/advs.202002397
https://doi.org/10.1016/j.actaastro.2021.12.036
https://doi.org/10.1007/BF00354389
https://doi.org/10.1016/j.asr.2015.08.011
https://doi.org/10.1021/nl201383u
https://doi.org/10.1016/j.jnucmat.2008.12.308
https://doi.org/10.1016/j.jnucmat.2008.12.308
https://doi.org/10.1016/j.actamat.2014.07.051
https://doi.org/10.1063/1.4882275
https://doi.org/10.1016/j.commatsci.2013.11.034
https://doi.org/10.1007/s10854-021-06420-5
https://doi.org/10.1038/ncomms8036
https://doi.org/10.1016/j.actamat.2007.07.029
https://doi.org/10.1016/0022-3697(61)90160-3
https://doi.org/10.1016/j.actamat.2017.09.054
https://doi.org/10.3390/ma9020105
https://doi.org/10.1016/j.jnucmat.2022.153712
https://doi.org/10.1016/j.jnucmat.2022.153712
https://doi.org/10.1063/1.4764528
https://doi.org/10.1038/srep03737
https://doi.org/10.1016/j.actamat.2011.08.037
https://doi.org/10.1007/s11433-013-5008-6
https://doi.org/10.1007/s11433-013-5008-6
https://doi.org/10.1016/j.jallcom.2020.155829
https://doi.org/10.1016/j.jallcom.2020.155829
https://doi.org/10.1016/j.nimb.2013.05.008

I ERE: FARE 202544 55 E OHE12M

23

24

25

26

27

28

29

30

31

32

33

34

35

Sect B-Beam Interact Mater Atoms, 2013, 310: 75-80

Jin M, Cao P, Yip S, et al. Radiation damage reduction by grain-boundary biased defect migration in nanocrystalline Cu. Acta Mater, 2018, 155:
410417

Biersack J P, Ziegler J F. The Stopping and Range of Ions in Solids. In: Ryssel H, Glawischnig H. Ion Implantation Techniques. Heidelberg:
Springer Berlin, 1982. 122-156

Nosé S. A molecular dynamics method for simulations in the canonical ensemble. Mol Phys, 1984, 52: 255-268

Hoover W G. Canonical dynamics: Equilibrium phase-space distributions. Phys Rev A, 1985, 31: 1695-1697

Johannessen B, Kluth P, Llewellyn D J, et al. Amorphization of embedded Cu nanocrystals by ion irradiation. Appl Phys Lett, 2007, 90: 073119
Zhao Y, Ning R, Yi X, et al. Formation of multilayer structure and evolution of shape recovery characteristics in proton irradiated TiNi alloy thin
films. Mater Charact, 2020, 164: 110348

Kinchin G H, Pease R S. The displacement of atoms in solids by radiation. Rep Prog Phys, 1955, 18: 1-51

Norgett M J, Robinson M T, Torrens I M. A proposed method of calculating displacement dose rates. Nucl Eng Des, 1975, 33: 50-54
Berthelot A, Hémon S, Gourbilleau F, et al. Nanometric size effects on irradiation of tin oxide powder. Nucl Instruments Methods Phys Res Sect
B-Beam Interact Mater Atoms, 1998, 146: 437442

Lee H G, Yoo S H, Lee B, et al. Free-surface effect on displacement cascades in BCC W: Molecular dynamics study. Nucl Fusion, 2020, 60:
126009

Wang N, Deng H Q, Hu N W, et al. Molecular dynamics simulation of cascade collisions in alpha-iron and vanadium (in Chinese). Sci Sin Tech,
2012, 42: 473-480 [T, XOHERR, WIRESC, 55, a-BRANHL T ZRIDERERE ¥ 2 720 1 S BEURT 7E. b [E 2 BORFRE, 2012, 42: 473-480]
Sang H, Yang A, Zhang Y, et al. The effect of W/Cu phase boundary on the evolution of end-of-range dislocation loop induced by He ion
irradiation at 773 K. Mater Charact, 2025, 224: 114996

Li J, Chen Y, Wang H, et al. In situ study on enhanced heavy ion irradiation tolerance of porous Mg. Scripta Mater, 2018, 144: 13-17

2039


https://doi.org/10.1016/j.nimb.2013.05.008
https://doi.org/10.1016/j.actamat.2018.05.071
https://doi.org/10.1080/00268978400101201
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1063/1.2644413
https://doi.org/10.1016/j.matchar.2020.110348
https://doi.org/10.1088/0034-4885/18/1/301
https://doi.org/10.1016/0029-5493(75)90035-7
https://doi.org/10.1016/S0168-583X(98)00517-5
https://doi.org/10.1016/S0168-583X(98)00517-5
https://doi.org/10.1088/1741-4326/abb038
https://doi.org/10.1016/j.matchar.2025.114996
https://doi.org/10.1016/j.scriptamat.2017.09.018

She G Ak T 17 2 [R5 PR -0 P 2 2 LR 5 R 05 5 1 ek o i v R LA F 7

Proton irradiation damage and free surface annihilation mechanisms
in micro-nano hierarchical porous copper for space environments
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Porous metals, renowned for their low density, high specific strength, and high specific surface area, are widely used in the aerospace
sector. This study addresses the issue of material damage in spacecraft caused by high-energy proton irradiation in space, focusing on
the irradiation behavior and mechanisms of micro-nano hierarchical porous copper. A dealloying method was employed to fabricate
porous copper with a continuous ligament network structure. Subsequently, 140 keV proton irradiation experiments were conducted,
complemented by molecular dynamics simulations to analyze the irradiation damage mechanisms. Microstructural observations
reveal that at an irradiation dose of 1x10'” jons/cm’, an amorphous layer and a defect band form in the near-surface region of the
ligaments. The defect band contains typical irradiation-induced damage features, such as vacancy clusters and stacking fault
tetrahedra. Molecular dynamics simulations further demonstrate that free surfaces act as effective sinks for point defects. However,
the biased absorption of interstitials over vacancies inhibits vacancy-interstitial recombination, promoting vacancy aggregation and
the formation of dislocation networks. The asymmetric stress field near the surface drives the migration of defects toward the surface.
This study provides theoretical insights for the design of irradiation-resistant porous metallic materials from both structural and
mechanistic perspectives.
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