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a b s t r a c t 

Helium is a common nuclear reaction product, and it plays an important role in radiation-induced void 

swelling. Although extensive studies have been conducted to investigate the helium effects in metals and 

alloys, most of them were based on the post-irradiation analyses or computer simulations. Conclusive 

evidence that can demonstrate how voids evolve in the presence of He under high-temperature radiation 

remains limited. In this work, we performed in situ heavy ion radiation studies in a transmission electron 

microscope to compare the radiation response of the preexisting nanovoids in single crystal copper sub- 

jected to a single beam of 1 MeV Kr ions and a sequential dual beam of 14 keV He ion and 1 MeV Kr ion 

at 350 °C. Our studies revealed that the nanovoids would contract continuously until being eliminated 

when irradiated by a single beam of Kr ions. In comparison, the nanovoids in helium-injected Cu could 

reach a stable state and eventually stopped shrinking. Moreover, the influence of helium on the kinetics 

of void/bubble evolution under heavy ion irradiation was discussed within the framework of a proposed 

critical bubble model and bubble coarsening model. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The problem of void evolution under irradiation environment 

as been of great interest as void swelling has been widely 

bserved in irradiated nuclear materials [1] . The nucleation and 

rowth of voids are heavily influenced by various parameters, such 

s impurity and gases [2] . As a common nuclear reaction product 

rising from α decay or Deuterium-Tritium (DT) fusion, Helium 

He) is the most important impurity that is inevitably present in 

he structural materials for fission reactors or in the plasma-facing 

aterials for future fusion reactors [ 3 , 4 ]. To simulate its effects

n void swelling from fission or fusion neutrons, multi-ion-beam 

echnique has been proposed with He injected before or during 

nergetic heavy ion irradiation [ 5 , 6 ]. The injected He is barely

oluble in solids, and it tends to diffuse rapidly through the crystal 

attice and combines with excess vacancies to precipitate as He 

ubbles [ 7 , 8 ]. Note that the bubbles are very different from voids.

n general, the former ones refer to pressurized cavities usually 
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ith a small size ( < 5 nm) and a spherical shape, while the latter

nes are defined as large cavities under low-pressure or vacuum 

hat exhibit facets along the close packed planes of the host lattice 

9] . Whether a bubble can convert to a void is determined by 

rradiation conditions and the material’s microstructures [ 10 , 11 ]. 

ccording to previous studies, the addition of He can have oppo- 

ite effects on void swelling [12–16] . To understand the different 

ehaviors of bubbles and voids under high-temperature irradiation 

nvironment, more in-depth investigations are required. In addi- 

ion, most of the previous studies are based on post-irradiation 

nalyses [17–22] , and there are few studies on the kinetics of void 

volution during ion irradiation process. 

In situ transmission electron microscopy (TEM) ion irradiation 

xperiment provides a unique opportunity for real-time obser- 

ation of damage evolution in irradiated materials [23–25] . This 

echnique enjoys the advantages of well-controlled experimental 

onditions and high-dose radiation damage in a short time [26] , 

nd it has been applied to refine classical theories and validate 

omputer simulations [ 27 , 28 ]. However, the in situ studies that can 

emonstrate how He impacts void evolution (growth or shrinkage) 

uring an irradiation process remain limited because of experi- 

ental difficulties. Although a couple of in situ TEM studies were 

https://doi.org/10.1016/j.actamat.2022.118293
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eported on the irradiation-induced cavities [29–32] , they have 

rimarily focused on the bubble nucleation process or the inter- 

ctions between bubbles and internal defects, such as dislocations 

29] and grain boundaries [30] . It must be noted that the void 

mbryos are so tiny in the early stage of their nucleation that they 

annot be well imaged via a defocus or overfocus imaging con- 

ition [33] . Also, considering the free surface effect of TEM foils, 

t is difficult to examine void growth and swelling [34] . Recently, 

ome in situ Kr ion irradiation studies have been performed in Cu 

ith deliberately introduced nanovoids prior to irradiation [ 35 , 36 ]. 

sing this method, we have successfully obtained the kinetics of 

rradiation-induced void spheroidization, shrinkage and migration 

n single-crystal Cu with preexisting nanovoids [ 37 , 38 ]. The main 

bjective for the current work is to explore the He effects on the 

ucleation and growth (or shrinkage) of voids under in situ heavy 

on irradiation environment near the peak swelling temperature, 

50 °C for Cu [39] . Moreover, the fluence of pre-injected He 

s as high as 2600 appm, which is significant and relevant for 

nderstanding the void swelling in fusion materials [3] . 

. Experimental 

Highly-textured Cu (110) films, ∼2 μm thick, were deposited 

n Si (112) substrates using direct current magnetron sputtering 

echnique at room temperature. More detailed information regard- 

ng the sputtering deposition can be found elsewhere [37] . Plane- 

iew TEM specimens were fabricated from as-deposited Cu films 

ia polishing, dimpling, and low-energy (3.5 keV) Ar ion milling. 

In situ TEM irradiation experiments were conducted in the In- 

ermediate Voltage Electron Microscope (IVEM) at Argonne Na- 

ional Laboratory (IL, USA). The IVEM consists of an ion acceler- 

tor attached to a Hitachi-90 0 0 TEM microscope with ion beam 

ncident at ∼30 o to the electron beam. Before irradiation, all TEM 

pecimens were ramped up to a final temperature of 350 °C and 
nnealed at the maximum temperature for ∼0.5 h. Two sets of in- 

ependent heavy ion irradiation experiments were performed us- 

ng a single beam of 1 MeV Kr ++ , and a dual beam of 14 keV He + 

nd 1 MeV Kr ++ . For single-beam irradiation, the specimen was 

irectly irradiated by 1 MeV Kr ++ to a fluence of 2.0 × 10 14 ions 

m 
−2 with a flux of ∼9.4 × 10 10 ions cm 

−2 s −1 ; for dual-beam irra-

iation, the specimen was first injected by 14 keV He + to a fluence 
f 3.1 × 10 15 ions cm 

−2 with a flux of ∼6.25 × 10 11 ions cm 
−2 s −1 ,

hen followed by the irradiation of 1 MeV Kr ++ with the same ion 

uence/flux as those in single-beam case. Both single- and dual- 

eam irradiations were conducted at 350 °C. During irradiation, the 
icrostructural evolutions were characterized by the Hitachi-90 0 0 

EM operated at 200 kV, and a series of TEM micrographs were 

aken at certain doses and He concentrations when the ion beams 

ere stopped. After irradiation, the specimens were reexamined at 

oom temperature by an FEI Talos 200X TEM microscope also op- 

rated at 200 kV. The radiation dose (in dpa) and injected He con- 

entration (in at. %) were calculated by Stopping and Range of Ions 

n Matter (SRIM) with Kinch-Pease method [40] . 

. Results 

Fig. 1 (a) and (b) are the bright-field TEM micrographs, recorded 

long Cu [110], of plane-view specimens showing the representa- 

ive faceted nanovoids with dark and white Fresnel fringes, respec- 

ively at under-focus ( �f = -1.5 μm) and over-focus ( �f = + 1.5

m) imaging conditions. Before in situ irradiation, the annealed 

ample at 350 °C for 0.5 h still contained faceted nanovoids, as 
emonstrated by Fig. 1 (c). The TEM foil thickness was measured 

y convergent beam electron diffraction (CBED) technique [41] . 

ig. 1 (d) is the parallel K-M fringes for the area of irradiation, taken 
2

nder two-beam conditions with ( 31 1 ) strongly excited. The cor- 

esponding foil thickness λ was estimated as ∼115 nm based on 

he plot of ( s i /n k ) 
2 
versus ( 1 /n k ) 

2 
in Fig. 1 (e). The SRIM calculated 

epth profiles of ion concentration and dose in Fig. 1 (f) and (g) 

uggest that the majority of 1 MeV Kr ++ transmitted through the 

EM foil and produced 1.0 dpa damage, while most of the 14 keV 

e + remained inside the foil and amounted to 0.26 at. % He (2600 

ppm). 

.1. In situ 14 keV He + injection 

Fig. 2 shows the formation of He bubbles during the injec- 

ion of 14 keV He + into a TEM specimen at 350 °C. Initially in
ig. 2 (a), there are some preexisting nanovoids introduced by film 

eposition. By a fluence of 1 × 10 15 ions/cm 
2 in Fig. 2 (b), small 

ubbles started emerging from the matrix. The bubbles reached 

 maximum diameter ( ∼2 nm) by 2 × 10 15 ions/cm 
2 as shown 

n Fig. 2 (c). In the meantime, the bubble density kept increasing 

radually. At the end of He injection in Fig. 2 (d), the bubble den-

ity was around 1.8 × 10 22 /m 
3 . It should be emphasized that the 

reexisting nanovoids gradually became gas-filled and pressurized 

ith increasing He fluence, seemingly identical to the He bubbles 

n nature. However, for simplicity and discussion, we still differ- 

ntiate preexisting voids from bubbles according to their creation 

istory and the difference in morphology. In the following sections, 

oids only refer to the preexisting large cavities before irradiation, 

hile bubbles refer to the tiny cavities nucleated from the matrix 

uring dual-beam irradiation. As what we will present later, the 

oids and bubbles behave in quite different ways under the same 

eavy ion irradiation environment, although they both have a mix- 

ure of vacancies and He atoms. 

.2. In situ 1 MeV Kr ++ irradiation 

According to our previous in situ study [37] , the faceted voids 

n Cu tend to become spherical when irradiated by 1 MeV Kr ++ 

t 350 °C, and the spheroidization process is able to complete at a 

ather low dose, ∼0.15 dpa. For a spherical void, therefore, its size 

an be well characterized by its diameter. Moreover, in situ TEM 

xperiment permits continuous observations on specific voids to 

nvestigate their size evolution. The void evolution between dual- 

eam (preinjected with He) irradiation and single-beam irradia- 

ion is compared in Fig. 3 . Sequential TEM snapshots were taken 

ver 0.25 to 1.00 dpa when all the irradiated voids are spherical. 

s shown in Fig. 3 (a)-(d), the single-beam irradiated voids ex- 

ibit a wide variety of shrinkage behaviors. It seems that most of 

hem shrank rapidly and eventually disappeared at a certain dose, 

ut some of them could survive the Kr ++ irradiation to 1.00 dpa. 
or instance, 6 typical survivals labelled by A-F are all present in 

ig. 3 (a)-(d). In particular, the void A has an initial diameter that is 

lightly smaller than another two voids G and H, as demonstrated 

n Fig. 3 (a). However, with increasing dose, the larger voids G and 

 shrank in a much faster way and totally disappeared at 1.00 dpa 

n Fig. 3 (d), while the void A barely reduced in size. Such variations 

n shrinkage behavior might be associated with the different void 

ositions inside TEM foil, which will be discussed later in detail. 

Fig. 3 (e-h) are the sequential TEM snapshots for the void evolu- 

ion with preinjected He before Kr ++ irradiation (see Section 3.1 ). 
t has been found that abundant bubbles rapidly nucleated ho- 

ogeneously from the matrix, and they soon became saturated 

hroughout the sample upon Kr ++ irradiation. By 0.25 dpa in 
ig. 3 (e), the bubble density jumped to 1.47 × 10 23 m 

−3 . After 

hat, however, the bubbles remained stable with little changes in 

ize and density, albeit ongoing Kr ++ irradiation, as demonstrated 

n Fig. 3 (e-h). The preexisting voids, on the other hand, behaved 
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Fig. 1. Microstructures of as-deposited film and SRIM calculation of in situ heavy ion irradiation studies. (a, b) Under-focus ( �f = -1.5 μm) and over-focus ( �f = + 1.5 

μm) plane-view TEM micrographs of as-deposited single crystal (110) Cu film, with dark and white Fresnel fringes surrounding faceted nanovoids. The inserted SAD pattern 

shows single crystal-like diffraction along the Cu < 011 > zone axis. (c) Preexisting faceted nanovoids annealed at 350 °C for ∼0.5 h before irradiation (0 dpa). (d) Parallel K-M 

fringes in a convergent-beam diffraction pattern taken under two-beam conditions with ( 31 ̄1 ) strongly excited. (e) Plot of ( s i / n k ) 
2 
against ( 1 / n k ) 

2 
. The TEM foil thickness is 

extrapolated to be 115 nm from the intercept 1 /λ2 . (f, g) Depth profiles of ion concentration and radiation dose along ion penetration depth calculated by SRIM. 

Fig. 2. In situ TEM snapshots showing the formation of bubbles during He injection at 350 °C. The enlarged views in (b-d) demonstrate the nucleation and growth of small 

bubbles (marked by arrows). 

3 
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Fig. 3. Sequential TEM snapshots comparing the void shrinkage between (a-d) single-beam (1 MeV Kr ++ ) and (e-h) dual-beam (14 keV He + followed by 1 MeV Kr ++ ) 
irradiations over 0.25 to 1.00 dpa at 350 °C. (a-d) Most of the voids irradiated by single 1 MeV Kr ++ shrank continuously, but their shrinkage rates varied. A-F mark the 

voids with a lower shrinkage rate that survived the irradiation to 1dpa; H and G mark the voids with a higher shrinkage rate that eventually vanished during the Kr ++ 

irradiation. (e-h) In the presence of He, the irradiated voids first shrank gradually but then stopped shrinking when their size reduced to several nanometers. Representative 

voids are indicated by the numbers 1-20. 
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ifferently. In general, the larger voids first shrank, but in a later 

tage they stopped shrinking even when Kr ++ irradiation contin- 
ed. Some voids were carefully tracked as labelled by the num- 

ers 1-20 in Fig. 3 (e)-(h). Note that voids19 and 20 were obvi- 

usly changing their positions with respect to the others. More de- 

ailed analyses on the void position change can be found in Sup- 

lementary Fig. S1 and S2. Considering the irradiated sample had 

ragmented into pieces after unloading from the IVEM column, we 

ssume that the relative position changes for some voids, (e.g., 

oids19 and 20), might be caused by sample tilting when cracks 

ere propagating at local regions. However, a careful inspection of 

upplementary Fig. S2, the superimposed maps of all the voids at 

ifferent doses, reveals that the small void 15 was clearly moving 

elative to the other voids around. As demonstrated in Fig. 4 (a), 

oid 15 is only 7.6 nm in diameter, smaller than its neighboring 

oids 13, 14 and 16, and it is very close to void 16. With increasing

ose, however, void 15 was obviously moving away from void 16, 

nd their distance was increasing several times from 13 to 28 nm 

t 1.00 dpa as shown in Fig. 4 (d). The Kr ion irradiation-induced 

oid (without He) migration has been reported in our recent in 

itu TEM irradiation study [37] . Moreover, it has been reported that 

mall gas bubbles can migrate and coalesce into large ones when 

eceiving sufficient thermal activation energies [ 42 , 43 ]. This state- 

ent is also consistent with our current in situ observations, and 

he evidence of bubble migration and coalescence is demonstrated 

n Fig. 4 (c-d). As shown in Fig. 4 (a-b), in addition to the large voids

3-16, there are a number of small bubbles randomly distributed in 

he observed area. With increasing dose, the small bubbles expe- 

ienced a spatial redistribution, indicative of their migrations. By 

.75 dpa in Fig. 4 (c), a large bubble ( ∼5.6 nm in diameter) was

resent in the yellow circle, presumably resulting from the bubble 

igration and coalescence. The new-born large bubble remained 

table thereafter without any growth in size, as demonstrated in 

ig. 4 (d). 
d

4 
.3. Bubble evolution 

Fig. 5 shows the evolutions of bubble diameter D B and density 

B for dual-beam irradiation. The entire process can be divided 

nto two major parts, namely He + injection and Kr ++ irradiation, 
hich can be further subdivided into 6 separate stages depending 

n the variations of D B and ρB . Among different stages, Stage 1 

efers to the incubation period when no bubbles could be detected 

y TEM, and it is followed by Stage 2 when bubbles started to nu- 

leate and grow with increasing D B / ρB . In Stage 3, D B reached a

aximum value ( ∼2.5 nm), while ρB kept increasing with increas- 

ng He fluence. After He + injection, ρB was still relatively low, but 

t jumped dramatically when Kr ++ irradiation occurred in the be- 
inning of Stage 4. Beyond 0.25 dpa in Stage 5, the bubbles became 

aturated throughout the sample with little changes of ρB and D B . 

n Stage 6, the bubbles were subject to coarsening with slight in- 

rease in average size and decrease in density. It is worth point- 

ng out that some He-vacancy clusters might have formed during 

e + injection, but they are too tiny to be detected by TEM. These 

lusters would further combine with excess vacancies and finally 

volve into bubbles. This assumption accounts well for a dramatic 

ensity increase (from 1.8 × 10 22 /m 
3 to 1.47 × 10 23 /m 

3 ) upon 

r ++ irradiation in Stage 4. The underlying mechanism of bubble 

volution will be discussed later. At this point, we simply regard 

ubbles as a mixture of He atoms and vacancies, based on which 

wo important conclusions can be drawn: (1) during He + injection, 
ubble nucleation and growth are limited by low dose (0.1 dpa), in 

ther words, scanty vacancies; (2) during Kr ++ irradiation, bubble 
rowth might be limited by a shortage of He atoms. 

.4. Void evolution 

The variations of void radius R for single- and dual-beam irra- 

iations are shown in Fig. 6 (a). With increasing time (or dose), it 



C. Fan, Z. Shang, M. Li et al. Acta Materialia 240 (2022) 118293 

Fig. 4. A sequence of enlarged TEM snapshots at the same location containing the voids 13-16 labelled in Fig. 3 (e-h), showing the migration of void 15 and the formation 

of a large bubble between voids 13 and 14. The newly-formed bubble is marked by the yellow circle in (c) and (d). 

Fig. 5. Evolutions of bubble size D B (diameter) and density ρB under dual-beam irradiation. The entire process is divided into 6 different stages according to the variations 

of ρB and D B . Stage 1: incubation period. Stage 2: nucleation and growth. Stage 3: size maximization. Stage 4: density increment. Stage 5: density saturation. Stage 6: 

coarsening. 
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s evident that the slopes for individual void shrinkage curves are 

xponentially decreasing for single-beam irradiation (blue curves) 

ut gradually leveling off for dual-beam case (red curves), indicat- 

ng the void shrinkage behavior is strongly dependent on He and 

oid size. The corresponding average growth rate �R/ �t (nm/s) is 

lotted as function of void radius R in Fig. 6 (b). The variations of

oid shrinkage rate on radius can be simplified into 3 scenarios: 

1 when R > 5 nm, �R/ �t decreases with decreasing R for both 

rradiations; 2 © when R < 5 nm, �R/ �t drops dramatically with 

ecreasing R for single-beam irradiation, 3 © while �R/ �t increases 

nd approaches zero (no shrinkage) at R ≈ 3nm for dual-beam ir- 
adiation. v  

5 
.5. Post-irradiation analysis 

After irradiation, the single-beam irradiated TEM specimen re- 

ained intact when cooling to room temperature from 350 °C, so 
t could be carefully reexamined to identify the irradiation-induced 

efect clusters. Its bright-field [110] down-zone TEM micrograph in 

ig. 7 (a) clearly reveals numerous triangular defects with two re- 

aining spherical voids. The triangular features are identified as 

tacking fault tetrahedrons (SFTs) by the HRTEM image in Fig. 7 (b), 

s they all exhibit a peculiar V-shaped open triangle consisting of 

wo {111} planes and are in good agreement with previous obser- 

ations [44] . The SFTs range from 1 to 7 nm in edge length L ,
SF T 
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Fig. 6. Evolution of void size under dual- and single-beam irradiation over 0.25 to 1.00 dpa. (a) Void radius R versus radiation dose and time. (b) The average void size 

variation rate �R / �t (nm/s) plotted as a function of R . 

Fig. 7. Post-irradiation analysis of single-beam irradiated Cu (110). (a) Bright-field TEM micrograph showing two remaining voids surrounded by numerous SFTs. (b) HRTEM 

image of triangular SFTs. The inset plot in (a) shows the size distribution of SFT edge length, L SFT . 
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s shown by the inset in Fig. 7 (a). The dual-beam irradiated TEM 

pecimen, on the other hand, embrittled to pieces after unloading 

rom IVEM. This embrittlement could be caused by the formation 

f high-density He bubbles [45] . Furthermore, it is assumed that 

he irradiation-induced vacancy clusters in Cu would exist in the 

orm of bubbles, rather than SFTs, when sufficient He exists [2] , 

ecause He can enhance the stability of bubbles due to its high 

inding energy with vacancies [46] . 

. Discussion 

In conventional studies, cavity is a genetic term for describing 

he 3D vacancy (V) defect clusters with various geometric configu- 

ations depending on material properties and the nature of defect 

lusters [9] . Before our discussion, it is necessary to clarify differ- 

nt vacancy clusters. In the presence of He, they can be subdi- 

ided into three types [47] : (1) He-V clusters that are at atomic 

cale with a very high He/V ratio, (2) bubbles that are typically 

everal nanometers in diameter with approximately equal num- 

ers of Vs and He atoms, and (3) voids that are usually larger 

han a few ten nanometers filled with pure vacancies or a small 
6 
mount of He atoms. According to our in situ TEM observations in 

ections 3.1 - 3.4 , these three types of cavities behave distinctly and 

nly the bubbles can remain stable against high-temperature ion 

rradiation. In contrast, most of the He-V clusters in Fig. 2 might 

e too tiny to be detected by TEM, but they tend to grow rapidly 

nd evolve into stable bubbles as shown in Fig. 3 (e)-(h). The voids 

n Fig. 3 , however, tend to shrink and finally either disappear un- 

er single-beam irradiation in Fig. 3 (a)-(d), or develop into stable 

ubbles under dual-beam irradiation in Fig. 3 (e)-(h). The forma- 

ion and growth of atomic He-V clusters are beyond the capability 

f our experiments due to the TEM resolution limit, and the reader 

an find some relevant atomistic simulation studies elsewhere [48–

0] . 

In the following sections, we will begin with the introduction 

f a common theoretical framework for describing the kinetics of 

avity growth. After that, our attention will be paid to the evolu- 

ions of voids and bubbles and the correlation between theoret- 

cal predictions and our in situ experimental data points. In the 

nd, two proposed bubble coarsening models, migration and coa- 

escence and Ostwald ripening, will be briefly discussed based on 

ur experimental observations and theoretical calculations. 
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Fig. 8. Interactions between point defects and a spherical void (or bubble) with its 

radius R and internal pressure of p . C i and C v : the interstitial and vacancy concen- 

trations in the matrix; C V v : the vacancy concentration at void surface; C 
0 
v : thermal 

equilibrium vacancy concertation; ˙ R + v and ˙ R 
−
i 
: the variation rates due to the fluxes 

of vacancies and interstitials into the void, respectively; ˙ R −e : the shrinkage rate due 
to the thermal emission of vacancies from the void surface. 
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.1. Kinetics of cavity growth 

The growth (or shrinkage) of a cavity in irradiated materials 

s determined by its interaction with radiation-induced defects. 

ssume a spherical void (or bubble), with a radius of R , that 

hrinks/grows via absorbing vacancies/interstitials from the ma- 

rix, and concurrently via emitting vacancies from its surface, as 

chematically illustrated in Fig. 8 . Its shrinkage ( ̇ R −
i 
) and growth 

 ̇ R + v ) rates due to the absorption of interstitials/vacancies are given 

espectively by [51] : 

˙ 
 
−
i 

= −D i C i 
R 

(1) 

˙ 
 
+ 
v = 

D v C v 

R 
(2) 

here C i/ v is the interstitial/vacancy concentration (atomic frac- 

ion) arising from the radiation damage in the matrix, and D i/ v is 

he interstitial/vacancy diffusion coefficient. In addition, its shrink- 

ge rate ( ̇ R −e ) due to thermal vacancy emission is given by: 

˙ 
 
−
e = −D v C 

V 
v 

R 
(3) 

here C V v is the vacancy concentration at void surface, as schemat- 

cally shown in Fig. 8 . The net void growth rate ˙ R , therefore, is the

um of three terms above and in the form of: 

˙ 
 = 

˙ R + v + 
˙ R −
i 

+ 
˙ R −e (4) 

At a given temperature T , the interstitial/vacancy diffusion co- 

fficient D i/ v for face-centered cubic (FCC) metals can be estimated 

y [51] : 

 i/ v = αa 2 υexp 

(
S i/ v m 

k 

)
exp 

(
−E i/ v m 

kT 

)
(5) 

here α is a constant, 1/2 for D i and 1 for D v ; a is the lattice con-

tant, 0.3615 nm for Cu; S i/ v m 
is the interstitial/vacancy migration 

ntropy that can be neglected, and E i/ v m 
is the interstitial/vacancy 

igration energy, 0.12/0.8 eV for Cu; υ is the Debye frequency 

 ∼10 13 s −1 ) and k is the Boltzmann’s constant. Moreover, the va- 

ancy concentration at void surface, C V v in Eq. (3) , is related to the

oid radius R and internal pressure p, given by: 

 
V 
v = C 0 v exp 

[
− �

kT 

(
p − 2 γ

R 

)]
(6) 
7 
here � is the atomic volume, 1.18 × 10 −29 m 
−3 for Cu, and γ

s the surface energy, 1.71 J/m 
2 for Cu at 350 °C [52] . The thermal

quilibrium concentration of vacancies, the term C 0 v in Eq. (6) , can 

e described by: 

 
0 
v = exp 

(
S v 
f 

k 

)
exp 

(−E v 
f 

kT 

)
(7) 

here S v 
f 
is the vacancy formation entropy, 2.4 k for Cu, and E v 

f 
is

he vacancy formation energy, ∼1.27 eV for Cu. 

Eqs. (1 - 7 ) reveal that the solution to ˙ R depends on the calcu- 

ation of point defect concentration C i/ v . Given a certain irradia- 

ion system, its instant C i/ v is determined by a series of compli- 

ated processes, including defect production, diffusion, recombina- 

ion, and interactions with defect sinks; the local change of C i/ v can 

e mathematically described by the point defect balance equations 

PDBEs) [ 53 , 54 ]. Unfortunately, the PDBEs are nonlinear differential 

quations, so it is usually difficult to get their analytical solutions. 

o address this issue, we follow the critical bubble model (CBM) 

eveloped by Stoller et.al [ 55 , 56 ], and define a dimensionless pa-

ameter S E v that is written in terms of C i/ v as: 

 
E 
v = 

D v C v − D i C i 
D v C 

o 
v 

(8) 

The S E v in Eq. (8) is also known as the effective vacancy super- 

aturation [19] . For a non-irradiation system at thermally equilib- 

ium state, C v = C o v and C i can be neglected, so S 
E 
v = 1; for an irra-

iation system, S E v could be >> 1 when it is vacancy-rich, or << 1 

hen it is interstitial-rich. 

Using Eq. (8) and substituting Eqs. (5) - (7) into Eq. (4) yield: 

˙ 
 = 

D v C 
0 
v 

R 
S E v −

D v C 
0 
v 

R 
exp 

[
− �

kT 

(
p − 2 γ

R 

)]
(9) 

Eq. (9) indicates that, the growth rate of an individual void ˙ R is 

eadily calculated if S E v and p are known. In the following sections, 

he void growth rate will be calculated at a high dose, > 0.25 dpa, 

hen defects are saturated and the irradiated material reaches a 

teady state [57] . 

.2. Void shrinkage under single-beam irradiation 

In the case of the single-beam heavy ion irradiation by 1 MeV 

r ++ , p = 0, the ˙ R in Eq. (9) is thus simplified to be a function

f the single parameter S E v . The variations of ˙ R over S E v = -200 to

00 are plotted in Fig. 9 (a). The calculations reveal that the void 

ucleation and growth ( ̇ R > 0) can be triggered only when S E v > 1.

etting ˙ R = 0 ( p = 0) in Eq. (9) gives the critical size R c for a void

mbryo that can evolve into a stable void, in the form of: 

 c = 

2�γ

kT ln S E v 
(10) 

On the other hand, if S E v < 1, ˙ R < 0, it indicates the shrinkage

f preexisting voids, which is consistent with our in situ observa- 

ions demonstrated in Fig. 3 (a)-(d). As shown in Fig. 9 (b), when S E v 
s set in a range of -300 to 1, the measured data points for void

hrinkage under single-beam irradiation can be well described by 

he proposed CBM model presented in Section 4.1 . 

The fitting results in Fig. 9 (b) suggest that the single-beam ir- 

adiation provides more interstitials than vacancies, which sup- 

resses void nucleation and promotes void shrinkage rather than 

rowth. The underlying mechanisms can be rationalized by two 

actors. First, the interstitial diffusion coefficient D i is higher than 

he vacancy diffusion coefficient D v , because interstitial has a lower 

igration energy E i m 
, as demonstrated by Eq. (5) . Second, although 

rradiation creates equal numbers of interstitials and vacancies, the 

raction of clustered vacancies is higher than that of interstitials. As 
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Fig. 9. Void shrinkage under single-beam irradiation by 1 MeV Kr ++ ( p = 0). (a) Predictions of void growth rate with increasing S E v from -200 to 100, plotted as a function 

of void radius R . Void nucleation and growth can occur when S E v > 1 and R > R c . (b) The predictions fit well with experimental data points when S E v ranges from -300 to 1. 
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emonstrated in Fig. 7 , a large fraction of the irradiation-induced 

acancies would aggregate into immobile SFTs, a special 3D va- 

ancy cluster widely observed in FCC metals with medium-to-low 

tacking fault energies [ 58 , 59 ]. One SFT is composed of 6 immo-

ile 1/6 < 110 > stair-rod dislocations and 4 intrinsic {111} stacking 

aults [ 60 , 61 ]. The stable dislocation structure of SFTs makes it dif-

cult for them to interact with other point defects [ 62 , 63 ]. In con-

rast, the preexisting nanovoids can easily absorb a net number of 

nterstitials, resulting in void shrinkage as shown in Fig. 3 (a)-(d). 

onsequently, the system appears to be ‘interstitial-rich’ with S E v 
 1, and the preexisting voids progressively shrink with increas- 

ng dose. We speculate that radiation-induced void swelling might 

ccur if there are high-density interstitial-biased sinks, such as dis- 

ocations [64] . 

.3. Foil surface effect on void shrinkage 

Although a majority of the voids tend to shrink prominently un- 

er 1 MeV Kr ++ irradiation, some of them reduce slightly in size, 

uch as the survivals A-F in Fig. 3 (a)-(d). Moreover, the void shrink- 

ge rate varies from one to another, and the S E v in Fig. 9 (b) falls in

 broad range between -300 and 1. Similar void shrinkage behavior 

as also been reported by the in situ TEM annealing study on the 

rradiation-induced voids in Al [65] . The fact that voids shrink over 

 wide range of rates may arise from their different distances to 

he TEM foil surface. It has been pointed out that the near-surface 

oids shall shrink faster by yielding their vacancies to free surface 

65] , and significant void swelling suppression have been observed 

t depths within ∼400 nm from the surface in ion irradiation stud- 

es [34] . Such assumption also agrees with our TEM observation 

resented in Supplementary Fig. S3; the void porosity decreases 

ith decreasing film thickness, indicating that the foil surface can 

acilitate void shrinkage at thinner areas. 

.4. Bubble nucleation and void shrinkage under dual-beam 

rradiation 

According to our in situ dual-beam irradiation observations, He 

an affect cavity evolution generally in two aspects: (1) promoting 

ubble nucleation, and (2) retarding void shrinkage. A quantitative 

omputation of their growth rate ˙ R in Eq. (9) requires the evalua- 

ion of the magnitude of internal pressure p, apart from the effec- 

ive vacancy supersaturation S E v . Assume a cavity at the thermody- 

amically equilibrium state has its internal pressure p balanced by 
8 
ts surface tension γ , then the corresponding equilibrium pressure 

p 0 is given by the well-known capillarity equation [66] : 

p 0 = 

2 γ

R 
(11) 

Using Eq. (11) and taking a typical value of R = 1 nm for the

mall He bubbles in Cu at 350 °C, we arrive at an equilibrium pres- 

ure p 0 of 3.42 GPa. This estimation suggests that the real pres- 

ure within nanometer sized He bubbles is extremely high. Unfor- 

unately, an accurate equation of state for such small high-pressure 

ubbles is still lacking [ 66 , 67 ]. So far, some proposed equations of

tate include the simple models of ideal gas, van der Waals, and 

ard sphere [67] , as well as empirical relations based on experi- 

ental results [68] . Note that all these models have their advan- 

ages and limitations. Whether they are valid or not depends on 

avity pressure, temperature, and volume. Here, for simplicity, we 

onsider a modified ideal gas model to describe the bubbles or 

oids under dual-beam irradiation, which shows: 

p = 

3 n He kT 

4 πR 3 
κ (12) 

here κ is defined as the real gas compressibility factor, a ratio of 

he real pressure to the ideal gas pressure, and κ = 1 applies for 

deal gas [67] . In addition, n He is the number of He atoms inside

avity, and it can be estimated using the He/V ratio ν: 

 He = 

4 πR 3 

3�
ν (13) 

It has been pointed out that after He atoms are trapped by 

 cavity in metals they can barely escape [47] . As such, the cav- 

ty pressure p increases with increasing ν until it approaches a 

aximum value p max beyond which the internal pressure may 

e released via dislocation loop punching [69] . In FCC meals, the 

unched dislocation loop can be assumed as a prismatic Frank 

oop. Setting its Burgers vector magnitude as b ( ∼2.1 nm for Cu) 

ives [47] : 

p max = 

2 γ

R 
+ 

μb 

R 
(14) 

here μ is the shear modulus, ∼48.3 GPa for Cu [68] . 

Using the empirical equation of state established by Mills et al 

70] , Donnelly estimated the He/V ratios under p 0 and p max of the 

pherical bubbles in Cu at room temperature [68] . His estimations 

re listed in Table 1 , together with the corresponding He atom 

umbers n He calculated using Eq. (13) . As shown in Fig. 5 and 6 ,

he stable He bubbles in our dual-beam irradiation study at 350 °C 
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Fig. 10. Bubble nucleation and void shrinkage under dual-beam irradiation. (a) The net growth rate (red curve) of a void (or bubble) resulting from defect absorption (dotted 

green curve) and vacancy emission (dotted blue curve). R He c refers to the predicted stable size in the presence of He. (b) Predictions of growth rate with increasing S E v from 

-10 to 20. (c) Predictions of growth rate with increasing n He from 100 to 10 0 0 0. (d) Correlation between experimentally measured void shrinkage rates (red data points) and 

CBM predictions (solid curves). The predictions fit well with experimental data points only when R > 5 nm and S E v ranges from -160 to -40. 

Table 1 

Estimations of equilibrium and maximum pressures, He/V ratios, and He atom num- 

bers for small bubbles in Cu (after [68] ). p 0 : equilibrium pressure; p max : maximum 

pressure; ν: He/V ratio; n He : the number of He atoms. 

Cavity radius 

R (nm) 

Equilibrium state [Eq. (11)] Maximum state [Eq. (14)] 

p 0 (GPa) v n He p max (GPa) v n He 

1 2.8 1.02 362 13.6 1.71 607 

2 1.4 0.80 2271 6.8 1.37 3889 

3 0.9 0.67 6420 4.5 1.20 11496 
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lso range from 1 to 3 nm in radius. However, due to high temper-

ture effect, the equilibrium He atom numbers in Table 1 should 

e overestimated compared with our case. 

To reveal the influence of He on cavity evolution, we first con- 

ider an ideal gas system ( κ = 1) under non-irradiation state 

 S E v = 1). Setting n He as 10 0 0 and substituting Eq. (12) into

q. (9) yield the variation of cavity growth rate as a function of 

avity radius, as shown by the red solid line in Fig. 10 (a). The total

rowth rate in Fig. 10 (a) results from two contributions: ˙ R + v + ˙ R −
i 

he net point defect diffusion from the matrix, and ˙ R −e the vacancy 
9 
hermal emission of cavity itself; they are also plotted in green and 

lue dotted lines, respectively, in Fig. 10 (a). As ˙ R −e always leads to 

avity shrinkage, the cavity can only grow or remain stable when it 

eceives more vacancies than interstitials from the matrix. In other 

ords, S E v must be positive for cavity nucleation and growth. When 

 
E 
v decreases, the cavity can reach a stable state if ˙ R + v + ˙ R −

i 
= ˙ R −e . In 

his case, the growth rate curve intersects with ˙ R = 0 at a criti- 

al value, as denoted by the R He 
c in Fig. 10 (a). Note that unlike the

nstable critical size R c defined in Eq. (9) , R 
He 
c refers to a stable

ritical size, since the cavity will grow ( ̇ R > 0) if R < R He 
c , or it will

hrink ( ̇ R < 0) if R > R He 
c . In addition, Eq. (9) also indicates that

e can decrease vacancy emission rate ˙ R −e by increasing internal 

ressure p, which might stabilize voids by reducing their shrink- 

ge rate. 

For a cavity with a fixed amount of He atoms, whether it can 

volve into a stable bubble at R He 
c depends on the variation of S E v .

athematically, there could be four cases, as illustrated by the 

our typical curves plotted in Fig. 10 (b). In case I, S E v = -10 and

ll the small cavities have a negative growth rate ˙ R , so they will 

hrink continually and be dissolved in the matrix. In reality, how- 

ver, small gas-filled cavities, such as He bubbles, cannot eventu- 
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Fig. 11. Bubble size distributions at various doses. Each distribution curve is fitted 

from 500 raw data points (see Supplementary Fig. S4). The arrow marks a slight 

shift rightward with increasing dose, indicative of bubble coarsening. 
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lly disappear because there is a minimum volume occupied by gas 

toms [51] . The case I merely applies for large cavities that prefer 

hrinkage to swelling. The case II is in qualitative agreement with 

ur observations in Section 3 where He bubbles can remain sta- 

le at a critical size R He 
c , as illustrated in Fig. 3 . With increasing S E v ,

he stable bubbles will finally turn into unstable voids that tend 

o grow without limit, as demonstrated by case IV. The transition 

tate from bubble to void is presented by case III in Fig. 10 (b). In

his case, there is a critical radius R ∗c that corresponds to the max- 

mum value of stable bubbles. 

Fig. 10 (c) demonstrates the variations of ˙ R with S E v = 1. It 

hows that R He 
c increases from 0.24 to 2.46 nm when n He increases 

rom 100 to 10 0 0. This can account for our in situ observations in

ig. 3 (e-h) where the bubbles evolving from preexisting voids are 

arger than those evolving from invisible He-V clusters, because the 

ormer ones contain more He atoms. 

Eventually, the correlation between measured data points (red 

alls) and theoretical predictions (solid curves) are plotted in 

ig. 10 (d). The plot can be roughly divided into two regions 

ounded by the vertical dashed line. When R > 5 nm, the cavi- 

ies are voids in nature, and their measured growth rates fit well 

ith the calculated curves obtained from Eqs. (9) and (12) by set- 

ing κ = 1 , n He = 6420 (see Table 1 ), and S E v between -160 and -

0. As described by Eq. (8) , S E v indicates the vacancy supersatu- 

ation relative to interstitials. Compared with single-beam irradia- 

ion, the S E v is higher in dual-beam irradiation, because some of the 

rradiation-induced vacancies in the former case cluster into SFTs 

hat are immobile and barely interact with preexisting voids or 

rradiation-induced interstitials. In contrast, the irradiation-induced 

acancies in the latter case form bubbles that can act as effective 

efect sinks and absorb interstitials and vacancies, thus reducing 

he interstitials diffusing into voids, that is, increasing the value 

f S E v in Fig. 10 (d). When R < 5, the cavities transmit progressively

rom voids to bubbles, so the predictions of growth rate using ideal 

as model ( κ = 1) are no longer appropriate. According to a re- 

ent molecular dynamic simulation study by Stoller and Osetsky 

67] , the real gas compressibility factor κ in Eq. (11) increases ex- 

onentially when R deceases to 1-3 nm for the small He bubbles in 

e. Therefore, more accurate calculations regarding the kinetics of 

ubble growth may require further theoretical or simulation stud- 

es on κ . 

.5. Bubble coarsening models: Ostwald ripening vs. migration and 

oalescence 

In the preceding sections, we discussed the void shrinkage un- 

er single- and dual-beam irradiations. This section is mainly con- 

erned with the size change of He bubbles. As shown in Fig. 3 (e-h)

nd Fig. 5 , the density of bubbles decreases while their average 

ize increases during 1 MeV Kr ++ irradiation. The corresponding 
ubble size distributions are shown in Fig. 11 . It has been found 
10 
hat the distribution curves shift rightward with increasing dose 

s the bubbles are subject to coarsening. However, identifying the 

oarsening mechanism is experimentally difficult due to the sam- 

le tilting and shifting as well as resolution limit. Previous stud- 

es have demonstrated that the bubble coarsening is of great com- 

lexity, influenced by factors like stress, microstructure, and tem- 

erature [ 71 , 72 ]. To describe the coarsening process, several mod- 

ls have been proposed; especially, there are two typical models 

hat have been the most frequently discussed and compared, in- 

luding the Ostwald ripening (OR) and the migration and coales- 

ence [73–76] . On the one hand, OR involves the resolution and 

eabsorption of He atoms or vacancies, driven by the concentra- 

ion gradient between the surfaces of small and large cavities [77] . 

ccording to OR model, large cavities are expected to grow by con- 

uming smaller ones. In the current study, however, we did not 

nd the void growth at the expense of small bubbles, but instead 

e observed the void shrinkage, as shown in Fig. 3 (e-h). More- 

ver, our theoretical calculations suggested that bubbles are un- 

ikely to grow through OR, as He is hardly re-dissolved after comb- 

ng with vacancies and being trapped inside bubbles. As for MC, on 

he other hand, it is assumed to be driven by temperature gradient 

nd occurs by surface diffusion [42] . Phase-field simulation studies 

emonstrated that voids may migrate one-dimensionally and up 

he temperature gradient [78] . According to our recent in situ TEM 

rradiation study, however, small voids ( < 6.5 ± 1.5 nm) can move 

andomly and rapidly ( > 0.1nm/s) when irradiated by a single beam 

f 1 MeV Kr ++ at 350 °C without a temperature gradient, presum- 

bly resulting from their direct interactions with radiation damage 

ascades [37] . Considering the smaller size of bubbles (only 1-3 nm 

n diameter), if they could migrate like voids, they would move 

uch faster and be readily absorbed by TEM foil surface. However, 

ost of such tiny bubbles were preserved after a long time ( ∼2100 

) of 1 MeV Kr ++ irradiation (see Fig. 5 ). The bubbles appear to 
e ‘frozen’ by high density He, as the diffusion at bubble internal 

urface is suppressed by high internal pressure [79] . Despite the 

rozen effect, it is still possible for bubbles to migrate and coales- 

ence in the presence of radiation damage cascades, as evidenced 

y Fig. 4 (c-d). Moreover, the frozen effect could be an important 

eason for the stability of bubbles. To obtain a better understand- 

ng of bubble migration will require further simulation studies on 

he effects caused by internal pressure. 

. Conclusions 

Comparative studies of in situ TEM ion irradiation have been 

onducted between single- and dual-beam irradiated single-crystal 

u (110) with preexisting nanovoids. The results revealed that im- 

lanted He plays an important role in the bubble nucleation and 

oid shrinkage under heavy ion irradiation environment. Most of 

he preexisting voids shrank continuously and finally disappeared 

hen irradiated by a single 1 MeV Kr ++ . The shrinkage mecha- 

ism can be attributed to the net flux of interstitials into voids. 

hen pre-injected by 14 keV He + , the voids stopped shrinking 
nd remained stable when their diameter reduced to ∼3 nm, al- 

eit continuous irradiation by 1MeV Kr ++ . The evolution of bub- 
les under dual-beam irradiation can be divided into several dis- 

inct stages, including incubation period, nucleation and growth, 

ize saturation, density increment, and saturation, and coarsening. 

ost-irradiation analyses revealed that the remaining defect clus- 

ers are dominated by SFTs in single-beam irradiated specimen but 

rimarily in the form of bubbles in dual-beam irradiated specimen. 

he kinetics of void shrinkage for single-beam irradiation can be 

ell described by proposed critical bubble model when internal 

ressure equals 0 and there is an enrichment of interstitials. 
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