Nuclear Instruments and Methods in Physics Research B 334 (2014) 1-7

Contents lists available at ScienceDirect S
{| INTERACTIONS

i|WITH
<IMATERIALS
i AND ATOMS
i

Nuclear Instruments and Methods in Physics Research B

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

Enhanced radiation tolerance of nanochannel V films through defects
release

@ CrossMark

Hongxiu Zhang?, Feng Ren**, Yongqiang Wang ", Mengqing Hong ?, Xiangheng Xiao?, Dan Liu?,
Wenjing Qin®, Xudong Zheng®, Yichao Liu®, Changzhong Jiang **

aSchool of Physics and Technology, Center for Ion Beam Application and Center for Electron Microscopy, Wuhan University, Wuhan 430072, PR China
b Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

ARTICLE INFO ABSTRACT

Article history:

Received 24 February 2014

Received in revised form 11 May 2014
Accepted 13 May 2014

Since surfaces are perfect sinks for defects, nanochannel material with a high surface to volume ratio has
the potential to be extremely radiation tolerant. Nanochannel V films deposited at 500 °C and 600 °C, Ag
and V/Ag multilayer films deposited at room temperature and bulk V, were subjected to He irradiation.
TEM images show larger bubbles appeared in the Ag film and the V/Ag multilayer under He" ion irradi-
ation to a fluence of 5 x 10'® ions/cm?. While few small He bubbles formed in the irradiated nanochannel
V film and a high density of small bubbles appeared in the irradiated bulk V when the fluence of He" ions
reaches 1 x 10'7 ions/cm?, which is two times higher than the fluences on the Ag and multilayer films.
Nanochannel film . . . . .
Radiation tolerance Radiation-induced defects can quickly diffuse to the free surfaces of the nanochannels, which greatly
TEM reduces the concentration of defects in material and increases the radiation tolerance. Radiation harden-
ing is observed in all specimens. The irradiation-induced hardening in the V nanochannel films is around
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one third to one fourth of that in the bulk V.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Advanced nuclear power systems are being designed with the
potential to make significant contributions to future energy
demands in an environmentally acceptable manner. The safe, reli-
able and economic operation of such nuclear plants will be critically
dependent on good materials performance. In fission and fusion
reactors, a large quantity of helium will be generated in structural
materials as a result of (n, o) transmutation reactions or by direct
injection into the near surface region of the first wall. Due to its
extremely low solubility in metals (below the ppm level), for
helium concentrations above the solubility limit, helium tends to
cluster and precipitate in the form of bubbles [1-4]. The formation
of He bubbles enhances swelling, embrittlement and eventually
leads to the failure of the plasma-facing materials and structural
materials [5-7]. Extending the operating limits and lifetimes of
nuclear reactor materials through manipulating the behavior of
defects in materials is an urge target. It requires the ability to
decrease the effects of radiation-induced damage, particularly to
prevent the degradation of material properties due to the growth
of bubbles and the subsequent formation of blisters [3,8]. Atomistic
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simulations and experiments have proved that one way to suppress
the accumulation of point defects in irradiated materials is to anni-
hilate freely-migrating point defects at sinks, such as free surfaces,
interfaces [9-12]. Therefore, materials fabricated by different strat-
egies were explored to achieve radiation tolerance, e.g. using nano-
scale multilayers [4-8,12-15], oxide dispersion strengthened (ODS)
steels [16], nanofoam materials [17,18]. It should be noted, the
properties of free surfaces with high efficiency for trapping and
releasing defects are substantially different from the properties of
the interfaces or grain boundaries in nanocrystalline solids: the
presence of free surfaces create image forces that introduce a driv-
ing force enhancing defect migration, increasing the sink strength
compared to interfaces in compact materials [17]. Therefore,
nanochannel materials are supposed to have better anti-irradiation
performance than multilayers, nanocrystal composites. Vanadium
and its alloys are candidates for the structural material of fusion
reactors due to their low activation property, high refractory,
high-temperature strength and high thermal stress factor, and high
compatibility with liquid Li as the tritium breeder and coolant
[19-22].

In the present work, we develop a new strategy to release
defects using nanochannel V films with rich free surfaces.
Structural characterizations of the as-deposited and the irradiated
samples by transmission electron microscopy (TEM) show that few
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bubbles are formed in the nanochannel V films, while numerous
bubbles appear in the bulk V, Ag and V/Ag multilayer films. Nano-
channel films are proved to be highly radiation tolerant.

2. Experimental

V nanochannel films with thicknesses of 450 nm were
deposited onto Si (100) wafers at 500 °C and 600 °C (named as
nanochannel V500 and nanochannel V600, respectively) using an
ultra high vacuum magnetron sputtering system (ULVAC, ACS-
4000-C4). Ag film and V/Ag multilayer film (the individual layer
thicknesses were 6 nm for both Ag and V) were also deposited
for comparison. The deposition rates were 4 nm min~' for V and
20 nm min~! for Ag. The nanochannel V films and bulk V were irra-
diated at room temperature by 40 keV He" ions with a tilt angle of
7° to a fluence of 1 x 10'7 ions/cm?. The Ag film and the V/Ag mul-
tilayer were irradiated at the same energy to a fluence of 5 x 10'° -
ions/cm?. Nano-hardness tests were performed by continuous
stiffness measurement (CSM) method in a type Nano Indenter
G200 (American MTS Corporation). The maximum load was
60 mN, and the indentation depth was 450 nm. The average hard-
ness value and the standard deviation were determined from 6
indents on each specimen. In this way, the possible deviation of
the measurement induced by surface roughness or un-uniformity
of the film can be reduced and more accurate values can be
achieved.

3. Results and discussion
3.1. Microstructural evolution

Fig. 1 shows the cross-sectional SEM images of the as-deposited
Ag and the nanochannel V films. The Ag film showed a layered
structure with a flat surface, while the growth of V films was
mainly dominated by island nucleation mechanism. Grain bound-
aries formed by island coalescence during deposition have very
low mobility even at a substrate temperature as high as 1/3 T,
(T, is the melting temperature of V). The surfaces of the V nano-
channel films were uneven due to the crystal columns, while the
surface of the Ag film was flat due to the layered structure. The rea-
sons account for the columnar structure of the V films include high
surface energy of V [23-28] and shadowing effect due to the non-
normal incidence of sputtering flow [29,30]. It can also be seen that
the film density was largest for the Ag film, moderate for the nano-
channel V500 and smallest for the nanochannel V600.

Fig. 2a and b show the cross-sectional TEM images of the Ag and
V/Ag multilayer films irradiated by 40 keV He" ions to a fluence of
5 x 10'® jons/cm?. SRIM simulation indicated that the He concen-
tration was 6 at.% at a depth of around 135 nm underneath the film
surface and the peak displacement per atom (dpa) was approxi-
mately 6 at a depth of 110 nm in the Ag film. He bubbles were
observed in the Ag film, which appearing as white dots surrounded
by a dark Fresnel fringe. The bubbles with a broad size distribution
ranging from 1.8 to 14 nm were not only in the grain interior but
also at the grain boundaries. Larger bubbles are mainly distributed
along the grain boundaries. The average diameter of the He bub-
bles in the Ag film was 3.2 + 1.6 nm. For the irradiated V/Ag multi-
layer in Fig. 2b, discrete layer structure is retained. SRIM
simulation indicated that the He concentration was 5 at.% at a
depth of 150 nm and the peak dpa was 5 in Ag layers and 4 in V
layers. From Fig. 2b, it can be seen that: (1) He bubbles are densely
packed along the V and Ag interfaces; (2) larger bubbles prefer to
form in Ag layers; (3) the average diameter of the bubbles is
2.2 £ 0.7 nm, smaller than that of 3.2 + 1.6 nm in the Ag film, indi-
cating that the bubble size can be suppressed by the multilayered

200 nm
—

Fig. 1. Cross-sectional SEM images of the Ag (a), nanochannel V500 (b) and
nanochannel V600 (c) films. Insets show the corresponding plan-view images.

structure. The reason for the formation of large numbers of bubbles
along the interfaces has been well studied. Briefly, it is due to the
interaction between interface stress field and stress along He bub-
bles [5]. The misfit dislocation spacing in the V, Ag interface was on
the order of a few nanometers, indicating a high population of
defect trapping sites in the interface plane [31,32]. As a conse-
quence, a high density of vacancies was generated at interfaces
that would tend to further trap the helium at interfaces. Therefore,
large numbers of bubbles were distributed at the interfaces. The
decreased bubble size in the multilayer compared with that in
Ag film was due to the confinement of the interfaces [32]. The
results clearly show that compared with traditional material such
as Ag film, multilayer film has higher ability to handle He and other
defects. Fig. 2c shows the radiation damage of bulk V, which was
irradiated by 40 keV He" ions to a fluence of 1 x 10'7 ions/cm?.
The He concentration was 10 at.% at the depth of 190 nm and the
dpa was 9 at the depth of 150 nm. The uniformly distributed
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Fig. 2. Cross sectional TEM images of the 40 keV He" ion irradiated Ag film (a), V/Ag multilayer film (b) to a fluence of 5 x 10'® ions/cm? and the irradiated bulk V (c) to a
fluence of 1 x 10'7 ions/cm?. The curves in (b) and (c) are the calculated (SRIM) results for He concentration versus depth. The magnified images of the dashed boxes in (a) and

(b) are also attached.
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Fig. 3. Cross-sectional TEM images of the as-deposited nanochannel V500 (a), V600 (b) and the 40 keV He" ion irradiated nanochannel V500 (c), V600 (d) to a fluence of
1 x 10'7 jons/cm?. Insets is the local magnified TEM images of the boxes. Corresponding SAED patterns are shown in the upper right of each image.

bubbles with diameter around 1 nm can be found in the damaged
area in V. A significant difference exists in radiation damage
between fcc and bec structure subjected to the same radiation con-
ditions [32,33]. The differences of the bubbles in Ag and V originate
from the difference in surface energy between Ag and V according
to the relationship: P = 2y/r, where P is the pressure of the bubble, y
is the surface energy, and r is the radius of He bubble [4,32]. Other
factors also account for the differences of bubble formation
between bcc V and fcc Ag, including: fewer vacancies were pro-
duced for each cascade in V than in Ag; the vacancies in V surviving
from the cascades were prefer to be presented as isolated ones
instead of aggregation; higher threshold for punching interstitial
loops and lower mobility of trapped He at ambient temperatures
inV [32].

Fig. 3 is the cross-sectional TEM images for the nanochannel
V500 and V600 before and after irradiation. From Fig. 3a and b,
we can see both of the nanochannel V500 and V600 showed a
nanochannel structure with column sizes of 41 and 58 nm,

respectively. For the nanochannel V500, the relative density was
85%. Low density of He bubbles around 1 nm were formed within
the columnar grains of the irradiated nanochannel V500, as indi-
cated by arrows in the magnified TEM micrograph. The size and
density of He bubbles in the nanochannel films is smaller and
lower than that in the Ag and V/Ag multilayer films, although the
irradiation fluence was two times higher. The selected area elec-
tron diffraction (SAED) images indicate that irradiation with a high
fluence did not amorphize the nanochannel V500. Fig. 3b and d
show the TEM images of nanochannel V600 before and after irradi-
ation. The difference of the structure characteristics between the
as-deposited nanochannel V500 and V600 is that in the latter,
there are even small nanochannels in the columns. Here, we name
such nanochannel structure as “vein-like” nanochannel, which
leads to a low density of 75% of the V600. It was also interested
to find that the “vein-like” nanochannels were disappeared
after irradiation, and the relative density increased to 87%. In
addition, fewer bubbles formed in the irradiated nanochannel
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V600 comparing with the irradiated nanochannel V500. For the
nanochannel V500 and V600 irradiated by He" ions to a fluence
of 5 x 10'® jons/cm?, no visible bubbles were observed in both
samples.

To figure out the detailed mechanism for the enhanced radia-
tion tolerance of the nanochannel V films, we firstly present the
process of the formation and the evolution of defects during irradi-
ation. The radiation process can be divided into two stages. In the
first stage of defect production at the atomic-level (~10"'°s,
~1071°m), point defects are created in the collision cascade pro-
cess. The second stage is the stability, mobility and interaction of
the defects created in the first stage over the mesoscale (~1075s,
1073 m) [34,35]. The latter stage is important for the radiation tol-
erance of materials, because the interaction and migration of such
defects are critical in governing the microstructural evolution,
which in turn determines the degradation of the macroscopic
properties of the materials. The structural, mechanical and chemi-
cal properties of materials change over long time scales as a result
of damage accumulation and evolution. Eventually, void swelling,
irradiation creep, hardening, and chemical segregation occur in
the material. If the point defects such as He interstitials, vacancies
can diffuse to the surface between two sequential cascades, there
will be no defect accumulation.

Below we estimate more quantitatively the maximum He
releasing capability of the nanochannel V films from the point of
view of diffusion rate. We firstly discuss the diffusion behavior of
He interstitials. The diffusion distance L of the He can be expressed
by the Eq. (1) [18,36-38].

L=+vDt (M

where D is the diffusion coefficient, 7 is the time between two suc-
cessive incoming He* ions. The diffusion coefficient of He in vana-
dium can be evaluated by the Arrhenius diffusion Eq. (2).

D = Doexp(—E,/ksT) (2)

where Dy is diffusion constant, kg is Boltzmann constant, T is abso-
lute temperature, E, is activation energy. The main diffusion path of
He is the direct hopping path between two nearest-neighbor
tetrahedral sites. The diffusion barriers is 0.06 eV with the diffusion
constants (Do) of 3.04 x 10'° nm?%/s. According to Eq. (2), the diffu-
sion coefficients is D=3 x 10° nm?/s. An estimate of He diffusion
distance can be obtained by assuming that collision cascades occur
within a a x a x a cube, a represents the column size of V films. The
time between two successive incoming He" ions depends on the
flux. For a given He" ion flux, the material will not continually accu-
mulate new defects to form larger defect clusters (e.g. He bubbles) if
the diffusion length L by which the defects migrate in the interval
time of two successive cascades is larger than the half of the size
of crystal column. Fig. 4 shows the difference (AL) between a/
2 nm and the calculated diffusion distances under different He ion
fluxes as a function of the cube size a. The He" ion flux in this exper-
iment was 3.75 x 10'® ions/(cm? s). The upper size of the column
was 424 nm, suggesting that if the column size was smaller than
424 nm, continuous He outgassing through nanochannels by diffu-
sion alone was sufficient. The small column size induced by the
“vein-like” structure of V600 was 15 nm, it could be radiation toler-
ant up to a He ion flux of 2.37 x 10'? jons/cm?/s, which was in the
level of the He ion flux near the edging fusion plasma encountered
by first wall materials (~10'° ions/cm?/[s). For the V500 with the
average column size of 40 nm, it could be radiation tolerant up to
a He ion flux of 4.69 x 10'” ions/cm?/s. Kiritani et al. [39] studied
the neutron irradiation on thin foil Ni. The foil was wedge-shaped
with gradually increased thickness from top to bottom. After
irradiation, different defect microstructures formed in the foil with
different foil thickness. In the thinnest part, no defect structures
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Fig. 4. Schematic curves for the difference (AL) between a/2 and the diffusion
distances under different He* ion fluxes as a function of the cube size.

developed because of the escape of all the freely migrating point
defects to specimen surfaces. Voids, dislocations formed in the parts
that are thick enough [39]. The variations of point-defect concentra-
tion with irradiation time were presented basing on the kinetics
formulation of point defects [40].

Displacement cascades produce large densities of SIAs [41],
which can form dislocation loops and cause hardening. The energy
barrier for SIA motion is low and in the range of 0.01-0.06 eV
[36,37,39,41-44]. The diffusion coefficients were calculated to be
2.5-20 x 10° nm?/s [37,42,45]. In a time of 7 x 10*s, the corre-
sponding diffusion length was 1300-3700 nm. The diffusion dis-
tances were far beyond the column size of the V nanochannels.
This was in accordance with the simulation results by Bai et al.
[9]. Thus, interstitials could move rapidly to the free surfaces of
nanochannels. The disappeared vein-like nanochannel structure
of the irradiated nanochannel V600 was caused by the rapid migra-
tion and filling of He atoms and V interstitial atoms.

He" ion irradiation also produces vacancies in the materials. The
migration barrier for vacancy is high (0.5-1.2 eV) [36,43,46]. The
high barrier value of vacancy is many times higher than kgT
(0.026 eV). According to the Eq. (2), the exponential factor is very
small (exp(—Eq/kgT) < 1) [36], and the vacancies can not diffuse
to the surface in a short time. However, as large numbers of inter-
stitials diffuse to the surfaces, the interstitial-loaded surfaces can
affect the vacancy diffusion barrier. Bai et al. [9] simulated the dif-
fusion behavior of vacancy and found that compared with the per-
fect grain boundaries, the interstitial-loaded grain boundaries
reduced the vacancy diffusion barrier considerably from 0.7 eV to
0.3 eV as the distance between the vacancy and grain boundary
reduced. Then, the diffusion coefficient of vacancy in V was calcu-
lated to be 2.37 x 10° nm?/s, using the reduced migration energy
[45], and resulting in a diffusion length of 40 nm according to Eq.
(1). In addition, when the vacancies were near the interstitial-
loaded grain boundaries, interstitial emission with low barriers
occured, which could annihilate the vacancies nearby. The remain-
ing vacancies inside the columns catched He atoms and formed
He-vacancy clusters and He bubbles which were observed in
Fig. 3c and d. In the nanochannel V500, according to the calculation
above, the widely distributed nanochannels released the implanted
He atoms and result in a great decrease of the bubble density.

As mentioned above, He impurities can easily diffuse to the
vacancy sites, forming He-vacancy complexes. The activation
energy of a vacancy-helium complex (over 2.21 eV) would be con-
siderably high. Therefore, the vacancy-helium complex has a quite
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low thermal mobility in vanadium [46]. At room temperature, the
function of radiation induced motion would be comparable to that
of thermal motion and can not be neglected. The formation of
divacancies in the irradiated metals at a low temperature, at which
the thermal motion of vacancies is not expected at all, confirms the
effect of radiation induced diffusion [40,47]. The collision cross-
section to transfer the energy required for the diffusion of point
defects were calculated by Kiritani [48]. The radiation effect on
the displacement of defects was in general larger for defects with
smaller migration energy. Sun et al. found that various types of
defect clusters could be removed by the free surfaces and grain
boundaries of the nanoporous Ag [49]. Different from the
vacancy-helium complex, which has a strong attractive interac-
tion, a repulsive interaction was found for helium-SIA cluster.
The binding energy is minus (-0.37 eV), implying that self intersti-
tial defects are unable to trap He atom directly [50].

It should be noted that the calculations of the diffusion length of
the helium, interstitials and vacancies did not consider the effect of
the defects. For the microstructure of the V nanofilms, the TEM
images and SAED patterns of them indicated that the films were
polycrystalline with abundant free surfaces. The high resolution
TEM image indicated that there were grain boundaries between
the V grains and few dislocations were observed in the films. How-
ever, dislocations were inevitable in the irradiated films. Both grain
boundaries and defects such as dislocations would capture the par-
tial of helium, interstitials and vacancies and affect their diffusion.
This is the reason why small he bubbles are still observed in the
nanochannel films. In addition, the image force induced by the free
surfaces was not considered in the calculation of the diffusion
length of the defects. The image force provide driving force for
the migration of defects towards free surface.

In the nanochannel V500, according to the calculation above,
the widely distributed nanochannels could release the implanted
He atoms and resulted in a great decrease of the bubble density.
In the nanochannel V600, the density of He bubbles was further
reduced through the vein-like nanochannel structure, which accel-
erated the diffusion process. Therefore, a reduced number of bub-
bles were observed in the nanochannel V600. In the case of the
bulk V, the V/Ag multilayer and the Ag films irradiated by He" ions,
as lack of effective diffusion mechanism, the deposited He atoms
could agglomerate themselves or in the irradiation-induced vacan-
cies to become the nucleus for He bubble formation [4]. In addi-
tion, the solubility of He in the bulk V and the Ag film is
negligible, bubbles can form at extremely low concentration of
He. Therefore, large numbers of He bubbles formed in the irradi-
ated bulk V, V/Ag multilayer and Ag films. In conclusion, the nano-
channel V films have high He bubble management ability and
could be unusually resistant to radiation because radiation-
induced point defects could not accumulate in the presence of
the high density of defects sinks provided by the free surfaces of
the nanochannels.

3.2. Mechanical properties

Radiation induced defects can aggregate to form dislocation
loops, stacking-fault tetrahedras or cavities, leading to irradiation
hardening. Radiation hardening typically occurs with embrittle-
ment and is generally considered as a gauge to probe the magni-
tude of radiation damage [14]. Table 1 lists the hardness with
standard deviation measured for the tnanochannel V films and
the bulk V before and after He" ion irradiation at the same fluence.
The indentation data was extracted from an indent depth of less
than 100 nm at which a platform exists in the hardness VS penetra-
tion depth plot. According to the TEM image and the SRIM simula-
tion, extracting hardness at depths <100 nm ensures that we
capture the effects of He implantation damage and avoid substrate

Table 1
Hardness of specimens before and after irradiation.
Samples As-deposited As-irradiated Difference
hardness (Gpa) hardness (Gpa) hardness (Gpa)
Bulk V 29+0.1 54+0.2 25
Nanochannel 3.9+0.2 4.8+0.3 0.9
V500
Nanochannel 2.9x0.2 42+0.1 1.3
V600

effects. There are two points need to be noted. Firstly, the hardness
of the as-deposited nanochannel V500 was significantly higher
than that of the as-deposited nanochannel V600. Secondly, after
irradiation, the irradiation hardening of the bulk V was larger than
thoes of the nanochannel V films.

Radiation hardening is contributed by interactions of disloca-
tions with different types of defects. In the case of the irradiated
bulk V, the defect microstructure was dominated by nanometer-
scale He bubbles. In addition, the contribution of bubbles to hard-
ening is significant when the He concentration is above a critical
value of 1 at.% [51]. The He concentration in our experiment was
as high as 10 at.%. Therefore, the irradiation hardening will be
interpreted in terms of the pinning of glide dislocations at these
bubbles. A hardening relationship developed by Friedel-Kroupa-
Hirsch (FKH) was applied to describe the dependence of radiation
hardening on He bubbles using the Eq. (3) [4,14].

AG =1/8 M ubdN*" 3)

where Ao is the increase in yield strength, M is the Taylor factor
(taken as 3), the shear modulus p is 46.7 GPa [52], b is the Burgers
vector of the primary glide dislocations and equals to 2.5 nm, d and
N are the average bubble diameter and bubble density, respectively.
For bubble density measurement, there are many uncertainties
when counting the bubbles in two-dimensional TEM images [53].
At room temperature, the state of He depends on the pressure in
bubbles. According to the He phase diagram [53,54], the He density
was estimated to be 200 atoms/nm>. According to the method by
Wei [53], the average density of He bubbles was calculated to be
0.067/nm?>. Therefore, the increase in yield strength was calculated
to be 0.6 Gpa, and the corresponding hardness enhancements was
1.8 GPa in the bulk V assuming that the yield strength was one-
third of the hardness in bulk materials. The experimental result of
hardness increasment was 2.5 Gpa, indicating that the major factor
contributing to hardening was He bubbles. Dislocation loops
formed in the bulk V (Fig. 2¢) are typically considered as barriers
to the trespassing of dislocations. The increase in yield strength
induced by dislocations loops can be calculated by the Eq. (4).

AG =M oub(Nd)'? (4)

where o is the defect cluster barrier strength. As determination of
loop density is not available, Li assumed that the radiation harden-
ing in Nb arrived from He bubbles and dislocation loops, then dislo-
cation loop induced hardening should be the difference between the
measured hardening and the He bubble induced hardening [6].
Therefore, the dislocation loops induced hardening in the bulk V
was 0.7 Gpa, i.e. the difference between 2.5 Gpa and 1.8 Gpa. For
the nanochannel V films, due to the small column size, the deforma-
tion of columns was controlled by nucleation of dislocations at sur-
faces as opposed to the motion of the glide dislocations [55]. We
firstly discuss the strength of the as-deposited nanochannel V films.
The hardness of metals usually increase when the grain size of the
material is reduced. This relation, known as the Hall-Petch relation,
is believed to be because of the grain boundaries hindering disloca-
tion activity, thereby making plastic deformation more difficult at
small grain sizes [56]. However, for grains smaller than a critical
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value, a reverse Hall-Petch effect is appeared [57,58]. The plastic
deformation is no longer dominated by dislocation motion but is
instead carried by atomic sliding in the grain boundaries. The criti-
cle grain size where the breakdown of the Hall-Petch effect occurs
was estimated to be in the range from 11 to 50 nm for copper
[59,60]. The average grain size of V500 estimated by the TEM
images is larger than that of the V600 due to the “vein-like” nano-
channel structure of the V600. However, as a kind of nanochannel
material, the mechanical properties of the nanochannel V films
are controlled by the relative density (property of porous material)
and the strength (o}) of individual V column (size effect-“smaller is
better”). Therefore, it can not be determined only from the hardness
value in Table 1 whether the Hall-Petch effect or the reverse Hall-
Petch effect works. The yield strengths of nanochannel V can be
expressed by the Eq. (5).

o =Cop(1—p)" (5)

where p is the porosity. Previous experiments by Biener et al. and Li
et al. suggested that C=0.3 and n =3/2 [55,61,62]. In nanochannel
materials, as the surrounding material does not constrain the defor-
mation of the nanochannel materials under the indenter due to
densification, yield stress is equal to hardness as shown in Table
1. The strength of the V column ¢}, can be calculated by Eq. (5) to
be 16.6 Gpa and 14.9 Gpa for the nanochannel V500 and V600,
respectively. Therefore, the high strength of nanochannel material
originated from the high strength of individual V column. Many
other studies also showed that for nanoporous metals, the nanolig-
aments were significantly stronger [55,61-63]. The strength of the
V column was calculated using the relation (6).

oy = Kd" (6)

where d is the column size, and equals to 41 and 58 nm for the
nanochannel V500 and V600, respectively. K is a constant and m
is column size dependent. m is calculated to be —0.3, which is com-
parable to those of other nanoporous materials [63,64]. Therefore,
the strengthening mechanisms in the nanochannel V films are sug-
gested to be the same as those in nanoporous materials. The struc-
ture of the irradiated nanochannel V600 was free of vein-like
structure, and the relative density of it was 87%. Therefore, the irra-
diation hardening of nanochannel V600 originated from two parts:
the densification of the structure and the irradiation induced
defects. The hardness of the as-deposited nanochannel V600 with-
out vein-like structure could be calculated by substitute the relative
density of 87% into Eq. (5), which resulted in a hardness value of
3.6 Gpa. The hardening induced by the densification was 3.6 minus
2.9 Gpa, i.e. 0.7 Gpa. As the measured hardening was 1.3 Gpa, the
irradiation induced hardening was 0.6 Gpa, which was one fourth
of the hardening of the bulk V. The release of defects through the
nanochannel structure led to smaller hardening in nanochannel V
films. In addition, the vein-like nanochannel structure of the nano-
channel V600 would further help the defects to escape and result in
the smallest irradiation hardening.

4. Conclusion

In summary, we report on the significant increase of radiation
tolerance in the V films with abundant nanochannels. According
to the calculated diffusion distances of He interstitials, SIAs and
vacancies, we come to the conclusion that He interstitials, SIAs
can diffuse out of the V film. The interstitial-rich surfaces can pro-
mote the migration of the less-mobile vacancies and play a role in
annihilating them. Thus, free surfaces act as efficient sinks for both
vacancies and interstitials. The nanochannel V films with a high
surface-to-volume ratio has the potential to be extremely radiation
tolerant. The fabrication and investigation of the nanochannel film

have important significance in identifying key factors governing
radiation damage and searching for radiation tolerant materials.
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