
Scripta Materialia 187 (2020) 291–295 

Contents lists available at ScienceDirect 

Scripta Materialia 

journal homepage: www.elsevier.com/locate/scriptamat 

Elucidating He-H assisted cavity evolution in alpha Cr under multiple 

ion beam irradiation 

Li Jiang 

a , Qing Peng 

a , ∗, Pengyuan Xiu 

a , Yan Yan 

b , Zhijie Jiao 

a , Chenyang Lu 

c , Tong Liu 

b , ∗, 
Chao Ye 

d , Rui Shu 

b , Yehong Liao 

b , Qisen Ren 

b , Fei Gao 

a , Lumin Wang 

a , e , ∗∗

a Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor, MI 48109, United States 
b China Nuclear Power Technology Research Institute CO., LTD, Shenzhen 5180 0 0, China 
c Department of Nuclear Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China 
d College of Energy, Xiamen University, Xiamen, Fujian 361102, China 
e Department of Materials Science and Engineering, University of Michigan, Ann Arbor, MI 48109, United States 

a r t i c l e i n f o 

Article history: 

Received 10 April 2020 

Revised 11 June 2020 

Accepted 12 June 2020 

Keywords: 

Triple beam irradiation 

Cavity evolution 

Swelling 

Hydrogen and helium synergistic effect 

a b s t r a c t 

Dual and triple ion beam irradiations were performed on alpha-Cr using 5 MeV Fe ++ , 2.9 MeV He ++ 

and/or 270 keV H 

+ to study the synergy of hydrogen and helium on cavity formation. Results indicate that 

co-implantation of helium with iron enhances cavity nucleation and co-implantation of hydrogen with 

iron augments cavity growth. Under triple beam irradiation, hydrogen also accelerates cavity nucleation 

via stabilizing initial embryos. First-principles calculations reveal that the presence of helium increases 

the maximum number of hydrogen atoms that can be captured by a vacancy from 6 to 9, providing an 

atomistic explanation to the triple beam synergy. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

 

a  

t  

d  

n  

r  

m  

a  

i  

t  

h  

c  

p  

v  

m

 

e  

[  

C

S

l

i  

s  

p  

o  

a  

s  

t  

i  

c  

w  

l  

p  

a  

r  

A  

c  

t  

t  

h

1

The degradation of structural materials under the harsh irradi-

tion environment has been considered as one of the most impor-

ant challenges in developing fusion energy [1] . The displacement

amages induced by the high energy neutrons, and the accompa-

ying hydrogen and helium from transmutation reactions, could

esult in significant volume swelling and seriously deteriorate the

echanical properties of the structural materials in the fusion re-

ctor [2–4] . Dual or triple ion beam techniques, including a heavy

on beam with hydrogen and/or helium ion beams, have been used

o mimic the irradiation effects of high energy neutrons [ 5 , 6 ]. The

eavy ion irradiation can result in defect clusters, such as dislo-

ation loops and voids, via displacement cascades [7–10] . The im-

lantation of hydrogen and helium may lead to a large amount of

olume swelling and further aggravate hardening and embrittle-

ent [ 11 , 12 ]. 

The effects of hydrogen and helium on cavity nucleation and

volution have been investigated previously [13] . Monterrosa et al.

14] have found that a high helium concentration reduced the crit-
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cal cavity nucleation radius, thereby leading to a high density of

mall cavities. Hydrogen was preferably captured and stored in

re-existing helium bubbles or voids, thus promoting the growth

f the cavities [15] . However, the synergistic effect of hydrogen

nd helium on cavity nucleation and evolution has not been well

tudied. To provide an insight into the multiple beam synergy of

he typical body-centered-cubic (bcc) metal, single, dual and triple

on beam irradiation experiments were performed on alpha Cr. By

omparing the size and density of the radiation-induced cavities as

ell as swelling evolution, the mechanisms of hydrogen and he-

ium on cavity nucleation and growth were investigated. The first-

rinciples calculations further shed lights on the atomistic mech-

nism of the synergetic effect of hydrogen and helium during ir-

adiations from the aspect of electronic structure and energetics.

lthough by no means we are suggesting the pure alpha Cr metal

ould be used as a structural material in the future fusion reactors,

his study contributes to improve the understanding of the mul-

iple beam synergy of typical bcc metal and provides an effective

uidance for predicting swelling behavior in nuclear structural ma-

erials. 

Heavy ions accompanied with hydrogen or helium ions were

imultaneously injected into alpha Cr at 475 °C at Michigan Ion

eam Laboratory (MIBL). Heavy-ion irradiation was carried out us-

ng 5.0 MeV Fe ++ to a fluence of 5 × 10 16 ions • cm 

−2 and a dose

ate of 4.38 × 10 −3 dpa • s − 1 (dpa: displacements per atom). To
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Fig. 1. Results of SRIM calculations for the depth distribution of (a) damage dose and Fe concentration under Fe ++ irradiation; (b) damage as well as He and H concentration 

under triple ion irradiation. 
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ensure a homogeneous ion irradiation, a rastered beam with ge-

ometry of 2 mm × 2 mm was employed with a raster frequency

of 2 kHz in “y ” direction and 200 Hz in “x ” direction. The dis-

placement damage was estimated using SRIM-2013 in the “full

cascade” mode [16] assuming a Cr density of 7.2 g • cm 

−3 with a

threshold displacement energy of 40 eV [17] . And the irradiation

induced damage profiles are shown in Fig. 1 . 270 keV H 

+ and 2.92

MeV He ++ were implanted with beam angle of 30 and 60 ° respec-

tively relative to the Fe ++ direction. A rotating Al foil degrader

with thickness of 6.2 μm was used to control the average en-

ergy of the implanted He ++ beam through adjusting the angle be-

tween the beam and foil (i.e., apparent thickness). Meanwhile, the

dwelling time of the degrader at each angle was accurately calcu-

lated and controlled to keep the shape of the helium implantation

profile consistent with the heavy ion induced damage profile. As

a result, the hydrogen-dose ratio was 10 appm/dpa (atomic parts

per million per dpa) and the helium-dose ratio was 12 appm/dpa

at the analysis region around 800 nm depth (framed by a blue

box in Fig. 1 ). The displacement damages caused by H 

+ and He ++ 

are less than 1% of the total damages, thus they are not included

in the dpa calculation. Cross-sectional transmission electron mi-

croscopy (TEM) samples were prepared by focused ion beam (FIB)

lift-out technique using FEI Helios Dual-Beam SEM/FIB worksta-

tion. Microstructure characterizations were performed by FEI F30

TEM/STEM microscope operated at 300 kV. The cavities induced by

irradiation were characterized using through-focus imaging tech-

nique under bright-field (BF) condition [18] . Sample thickness was

measured using electron energy loss spectroscopy (EELS). ImageJ

software was used to count the sizes and numbers of the cavities

in the microstructures. The densities of the cavities were calculated

using the following equation: 

ρ = 

N 

A × δ
(1)

where N denotes the numbers of the cavities in the measured area;

A denotes the statistical area; δ denotes the sample thickness. Cav-

ity swelling was evaluated using the following equation: 

S = 

π
6 

∑ N 
i =1 d 

3 
i 

A × δ − π
6 

∑ N 
i =1 d 

3 
i 

× 100% (2)

where d i represents the cavity diameter. A total area of 0.3 μm 

2 

for each sample was measured. 

A model of 4 × 4 × 4 supercell containing 128 bcc Cr lattices

was used for the atomistic calculations. First-principles calculations
ithin the framework of Density Functional Theory (DFT) were

arried out with the Vienna Simulation Package (VASP) [ 19 , 20 ].

he exchange-correlation function was parameterized by Perdew,

urke and Ernzerhof (PBE) revised for solids (PBE sol ) [21] . The va-

ence electrons explicitly included in the calculations were 3s 2 3p 

6 

d 

5 4s 1 , 1s 2 and 1s 1 electrons for chromium, helium and hydro-

en atoms, respectively. The core electrons were replaced by the

rojector augmented wave (PAW) and pseudo-potential approach

 22 , 23 ]. A plane-wave cutoff of 500 eV was used to reduce Pulay

tress. The irreducible Brillouin Zone was sampled with a Gamma-

entered 3 × 3 × 3 k -mesh for all the calculations. The van der

aals interactions were considered [24] . The calculations were per-

ormed at zero temperature. The relaxation of the electronic de-

rees of freedom was achieved when the change of the total en-

rgy was smaller than 10 −5 eV/cell. The optimized atomic geom-

try was achieved through minimizing Hellmann-Feynman forces

cting on each atom until the maximum forces on the ions were

maller than 0.01 eV/ ̊A. A full relaxation of the initial configuration

as performed. 

The cavity configurations in regions around 800 nm depth of

he samples after single, dual and triple ion beam irradiations are

isplayed in Fig. 2 (a1–d1). The distribution of cavity diameter in

ach sample is shown in Fig. 2 (a2–d2), no bimodal size distribu-

ion of bubbles and voids is observed under the current irradiation

onditions [25] . The average cavity size displays a decreasing se-

uence with the irradiation conditions of (Fe ++ + H 

++ ) > Fe ++ >
Fe ++ + H 

+ + He ++ ) > (Fe ++ + He ++ ). TEM images were taken

very 200 nm from the irradiation surface, and the schematic di-

grams of the cavity characteristics and distributions after single,

ual and triple beam irradiations are shown in Fig. 2 (e). 

Compared with the single Fe ion irradiated sample, the co-

mplantation of helium (Fe ++ + He ++ ) leads to a significant reduc-

ion of cavity size and an increase of number density in the whole

rradiated regions. The co-implantation of hydrogen (Fe ++ + H 

+ )
cts as an opposite role with helium which leads to a dramatic

ncrease of cavity size and a decrease of number density. While

he simultaneous co-implantation of both hydrogen and helium

Fe ++ + H 

+ + He ++ ) increases the cavity density significantly. The

verage cavity size and density as well as swelling at around

00 nm depth are listed in Table 1 . The largest amount of swelling

ppears in sample after (Fe ++ + H 

+ ) irradiation, while the low-

st swelling is observed in sample after (Fe ++ + He ++ ) irradiation.

pparently, the cavity size and number density together would

etermine the volumetric swelling. The cavity growth and nucle-
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Fig. 2. (a1-d1) BF-TEM images taken around 800 nm depth from the irradiation surface of the single, dual and triple beam irradiated samples. (a2–d2) The cavity diameter 

distribution in region of ~800 nm depth in each sample. (e) Schematic diagram of cavity distribution and evolution along irradiation direction. 

Table 1 

Summary of average cavity size and density as well as swelling in the region of around 800 nm depth 

from the irradiation surface. 

Irradiation condition Average cavity diameter (nm) Cavity density (10 22 m 

−3 ) Swelling (%) 

Fe ++ 5 6.7 0.8 

Fe ++ + H 

+ 7.5 3.6 0.9 

Fe ++ + He ++ 3.2 7.6 0.3 

Fe ++ + H 

+ + He ++ 4.2 8.7 0.5 
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tion maintain a competitive relationship under a specific amount

f point defects and implanted gas atoms. Based on Eq. (2) , the

welling value is governed dominantly by the cavity size other

han the number density since the volumetric swelling is the third

ower of the cavity radius while linearly proportional to the cav-

ty density. Therefore, the effect on accelerating swelling is promi-

ent during the hydrogen-induced cavity growth. While due to

he largest cavity density in the triple beam irradiated sample,

he swelling is suppressed compared with those of the Fe ++ and

Fe ++ + H 

+ ) irradiated samples. 
High magnification TEM images showing the cavity characteris-

ics of 800 nm depth in each sample are displayed in Fig. 3 . Both

pherical and faceted cavities (indicated by arrows) are observed

n samples after Fe ++ and (Fe ++ + H 

+ ) irradiations. Meanwhile,

ost of the small cavities in samples after (Fe ++ + He ++ ) and

Fe ++ + H 

+ + He ++ ) irradiations exhibit a spherical characteristic.

sually, the evolution of the cavity shape is related to the inter-

al pressure and the surface energy. For a small bubble consist-

ng of a high concentration of He atoms always displays an over-

ressure or equilibrium-pressure, and the isotropous pressure re-
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Fig. 3. Magnified TEM images showing the cavity characteristics of ~800 nm depth 

after irradiated with (a) Fe ++ , (b) Fe + + H + , (c) Fe ++ + He ++ , (d) Fe ++ + H + + He ++ . 
The faceted cavities are indicated by arrows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (a-e) Atomistic configuration of ( V + H n ) clusters ( n = 2–6) in which the 

vacancy is occupying the center of the unit cell. (f-j) Atomistic configuration of the 

( V + He + H n ) clusters ( n = 2–6). (k) The binding energy as a function of the H 

atom numbers in a vacancy ( V + H n ) and a vacancy-He cluster ( V + He + H n ). 
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sults in a spherical bubble with high surface energy. While a void

with mixtures of vacancies and gasses has a low internal pres-

sure, and tends to display a faceted structure with low surface en-

ergy leading by the preferential distribution of vacancies on the

close-packed planes [26] . To distinguish between the bubbles and

the voids, the internal pressure should be measured by EELS [27] ,

which however is not the focus of this study. We call them both as

cavities without differentiation. 

From above, helium promotes cavity nucleation under

(Fe ++ + He ++ ) irradiation and hydrogen accelerates cavity growth

under (Fe ++ + H 

++ ) irradiation. While under triple beam irradi-

ation, the cavity density shows a decreasing tendency with the

irradiation conditions of (Fe ++ + H 

+ + He ++ ) > (Fe ++ + He ++ )
> Fe ++ > (Fe ++ + H 

++ ), as can be seen in Table 1 , indicating

hydrogen also contributes to cavity nucleation in the presence

of helium. However, the H 

–H interaction is unstable for small

inter-atomic distances, thus showing no direct effect on cavity

nucleation [ 28 , 29 ]. Therefore, the synergistic effect of H and He

may serve to accelerate cavity nucleation under triple beam irradi-

ation. To have a fundamental understanding and atomistic insight

into the synergy of H and He, the atomic structure, energetics

and stability of H and He in bcc crystalline Cr were investigated

via first-principles calculations. For a conventional bcc unit cell,

12 tetrahedral (T) sites and 6 octahedral (O) sites exist as the

potential interstitial positions. Both H and He atoms prefer to

occupy the T-sites attributing to the lower formation energies,

with differences of 0.16 and 0.17 eV, respectively, compared to

those occupying O-sites. However, with a pre-existed vacancy

(V), He prefers to occupy the vacancy center because there is a

difference in formation energies of 2.92 eV, lower than that at a

T-site. Meanwhile, H atom is more likely to occupy the O-sites

because the formation energy ( −1.19 eV) of O-site H is 0.73 eV

lower than that at the vacancy center ( −0.46 eV). 

To be noted, due to the presence of He, the atomic configu-

ration of the ( V + He + H n ) clusters displays significant differ-

ences with the counterpart of ( V + H n ) clusters, especially when

n ranges from 2 to 6, as illustrated in Fig. 4 . For example, the H 

–H

configuration in a ( V + H 2 ) cluster is along the direction of 〈 100 〉
while changes to the direction of 〈 111 〉 in a ( V + He + H 2 ) clus-

ter. The H 

–H distance is 2.13 Å in a ( V + H 2 ) cluster and 2.19 Å

in a ( V + H + H 2 ) cluster, but 1.88 Å in a ( V + He + H 2 ) cluster.

The presence of He strengthens the H 

–H interaction by over 12%,
eading to a smaller size of H n clusters. As a result, a unit cell can

ccommodate more H atoms. 

The binding energy was widely used to determine the stabil-

ty of a defect cluster complex [ 30 , 31 ]. For a system with a defect

omplex X, the binding energy to additional hydrogen atoms could

e computed as below: 

E b X+ H = E X + E 0 H − E X+ H (3)

here E X and E X+ H are the total energy of a supercell with a defect

omplex of X and X + H respectively. E 0 
H 

= E T 
H 

− E ref is the binding

nergy of a H atom with a perfect crystal, which is defined as the

nergy difference between the system with a H atom occupying

 tetrahedral site ( E T H ) and the ideal system without any defects

 E ref ). A positive binding energy indicates that the defect cluster

 + H is energetically stable. In our vacancy complex, the trapping

nergy of a hydrogen adatom is reflected by the binding energy. 

The binding energies of multiple H atoms by a monovacancy

nd a V-He cluster are calculated via Eq. (3) and compared in

ig. 4 . When more H atoms are added, the binding energy (or trap-

ing energy due to the vacancy) decreases attributing to the in-

reased cluster pressure induced by the gathering of the H atoms.

he trapping energy of a V-He cluster for the first H atom is

.96 eV, suggesting a considerable strong trap with respect to ther-

al energy. When the number of the H atoms reaches up to 10,

he H binding energy becomes negative, suggesting an unfavorable

inding. While for a monovacancy, the binding energy turns to be

egative when the seventh H atom is added. Our results from first-

rinciples calculations suggest that a V-He cluster is capable of

rapping 9 hydrogen atoms, larger than that of 6 hydrogen atoms

rapped by a pristine vacancy. 

With the insights from the atomistic modeling, the synergy of H

nd He during triple ion beam irradiation in the Cr metal is mani-

ested. There is a critical radius for an original embryo to be stable

nd further grow for cavity nucleation, while under which the em-

ryo may dissociate. Considering the strong trapping effect of hy-

rogen by the original embryo, the high density of the cavities in
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ample after (Fe ++ + H 

+ + He ++ ) irradiation may derive from the

ransformation of the original embryo with the aid of hydrogen,

.e., the implanted hydrogen may surround the embryo to promote

ts growth and nucleation. Therefore, hydrogen could also serve to

ccelerate cavity nucleation in presence of helium. 

In summary, we have investigated the cavity nucleation and

rowth in bcc alpha Cr under single, dual or triple ion beam irra-

iations using a combined experimental and computational study.

he co-implantation of helium with iron enhances cavity nucle-

tion and co-implantation of hydrogen with iron leads to a sig-

ificant cavity growth. Under triple beam (Fe ++ + H 

+ + He ++ ) ir-
adiation, both the size and density characteristics of the cavities

ppear to be controlled primarily by helium. The analysis of hydro-

en binding energy suggests that the presence of helium enhances

he capability of hydrogen trapping and aggregation, thereby accel-

rates the growth of the initial cavity embryos for nucleation. 
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