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Molecular dynamics simulations were performed to study void evolution subject to unidirectional selfbombardment and radiation-induced variation of mechanical properties in single crystalline vanadium. 3D
simulation cells of perfect body-centered cubic (BCC) vanadium, as well as those with one, two, four, and
six voids, were investigated. For the no void case, the maximum number of defects, maximum volumetric
swelling, and the number of defects left in bulk after a sufficiently long recovery period increased with
higher primary recoil energy. For the cases containing voids, a primary recoil energy was carefully assigned
to an atom so as to initiate a dense collision spike in the voids center, where some self-interstitial atoms
gained kinetic energy by secondary replacement collision sequence traveling along the 111 direction.
It is found that the larger or the greater the number of voids contained initially in the box, the larger the
normalized void volume, and the smaller the volumetric swelling after sufficient recovery of systems. In
the single void case, the void became elongated along the bombarding direction; in the multiple void cases,
the voids coalesced only when the intervoid ligament distance was short. After sufficient relaxation of
the irradiated specimen, a hydrostatic tension was exerted on the box, where the voids were treated as
dislocation sources. It is shown that with higher primary recoil energy, the yield stress dropped in cases
with smaller or fewer voids but rose in those with larger or greater number of voids. This radiation-induced
softening to hardening transition with increasing dislocation density can be attributed to the combined
effects of the defect-induced dislocation nucleation and the resistance of defects to dislocation motion.
Moreover, as the primary recoil energy increased, the ductility of vanadium in the no void case decreased,
but was only slightly changed in the cases containing void.
Keywords: collision cascades; void evolution; softening to hardening transition; single crystalline
vanadium; molecular dynamics
PACS: 61.72.Ji; 61.72.Qq; 61.80.Az

1.

Introduction

Radiation-induced microstructural evolution in metals is a non-linear function of the initial defect
production (1). During neutron irradiation, a collision transfers an energy equal to or higher than
the threshold value to the primary knock-on atom (PKA), then the PKA is displaced from its
original position, which in turn causes additional displacements of other atoms (2). With a low
energy of the PKA, a Frenkel pair of one vacancy and one self-interstitial atom (SIA) is created in
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the bulk; at a higher energy, a cascade of atomic collisions appears, leading to the formation and
evolution of a more complicated configuration of radiation defects. The recoil energy is initially
transferred to atoms by way of replacement collision sequence (RCS); then when the average
distance between two consecutive collisions is similar to the first nearest neighbor (1NN) distance
of atoms in local lattice sites, most of the cascade energy would be distributed abruptly among
the atoms within a spherical region (3–5). This process, when accompanied by a low cascade
energy, is a dense collision spike, while with a higher energy, it is known as a thermal spike,
which can promote local melting, generate a liquid-like region, and continue distributing energy
over the bulk (6). Generally, a considerable part of the PKA energy is spent on the production of
unstable Frenkel pairs and focus on collision sequences which can transfer no mass but energy (7).
Therefore, the main effect of irradiation is assumed to be the formation of Frenkel pairs, Schottky
defects (8,9), and clusters of point defects. When no atom with energy above the threshold energy
is left, a recovering stage begins, and some vacancies and SIAs recombine, resulting in a final
structure of the cascade consisting of a neutral zone with a higher concentration of vacancies and
a periphery characterized by SIAs (2). According to the conventional theory, the absorption of
vacancies and SIAs by radiation-induced extended defects (e.g. void, dislocation, grain boundary)
is the main mechanism of recovery of radiation damage. In cases of low irradiation temperature
or high dose rates, Dubinko et al. (7) considered the non-equilibrium fluctuations of energy of
the atoms surrounding extended defects as an additional recovery mechanism.
The buildup and evolution of radiation damage lead to the volumetric swelling of the material
(10), altering its mechanical properties (11). With increasing radiation doses, both experiments
(12–14) and simulations (15–17) showed that the strength (e.g. flow stress, hardness, tensile
strength, yield stress) and the ductile–brittle transition temperature of pure metals and their alloys
increase, while the ductility (e.g. uniform elongation) and the variation of the mechanical properties decrease (2). Byun et al. (18) and Li and Zinkle (19) developed the deformation and fracture
maps of unirradiated and irradiated metals and alloys. The tendency to harden the metals is
attributed to the production of defect clusters, which localize the dislocation glide and resist the
dislocation motion (20). The microscopic mechanisms of this localization include dislocation
channeling (21–23) and deformation twinning (24–26). Thus, much attention was given to the
interaction between point defects (or their clusters) and dislocations (27–29), twin boundaries
(30–32), as well as other more general grain boundaries (33–35). The migrations of defect clusters
(36–38) and the interactions among them (39,40) were also studied.
The main bulk of the investigations into radiation damage of materials was carried out in or
by simulating the fusion reactor environment (41–43). In particular, many experiments showed
that the vanadium alloys have a low level of long-term neutron activation (44–46), low thermal
expansion (47–49), minimum concentration of undesirable impurities (50–52), and satisfactory
mechanical properties (53–55). Due to these advantages, the vanadium alloys, mainly the V–Cr–Ti
system, are best suited for use in self-cooled lithium breeding systems and can provide improved
thermodynamic efficiency compared with conventional steel systems (2), so they are regarded
as promising low activation materials for the first wall and the blanket of fusion reactors, where
the average energy of neutron varies from 20 keV to 10 MeV. One can refer to the reviews by
Zinkle et al. (56) and Muroga et al. (57) for the research and development of unirradiated and
irradiated vanadium alloys. Therefore, the nanostructural evolutions of vanadium alloys are crucial
for the reliability of fusion energy facilities (58–61). The authors investigate defects evolution in
pure vanadium in this paper, so as to provide a first step forwards the comprehensive analysis of
vanadium alloys.
On the one hand, the vacancies in irradiated solids may coalesce into voids (62–66), which
either move toward dislocation lines or self-organize into a superlattice. The concept of void
ordering is based on the mechanisms of both anisotropic interstitial transport (67,68) and energy
transfer provided by self-focussing breathers (69). For common computational treatments of the
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nucleation, growth, and coalescence of voids during neutron irradiation of metals, one can refer
to (70). On the other hand, voids can dissolve into vacancies, and the accompanied shrinkage of
voids can promote the volumetric swelling of solids (71). Lazarev and Dubinko (72,73) studied
the radiation-induced void dissolution analytically, and found that this phenomenon in cases of
low-temperature or high-dose rate is mainly attributed to vacancy emission from the voids, which
can be realized by both thermal fluctuations and collision events near the voids.
Due to the intrinsic difficulty in obtaining information of small length (∼ nm) and time scales
(∼ fs) from experiments, numerous ab initio calculations (74–76) have been performed to investigate the point defects. Using molecular dynamics (MD) simulations, Gibson (77) studied the
radiation-induced defects in single crystalline Cu as early as 1960, while some later investigations were focussed on radiation damage in vanadium and its alloys (1,6,78,79). For larger scales,
kinetic Monte Carlo methods (80–83) and 3D discrete dislocation dynamics simulations (84–
87) can provide insight into the microstructural evolution in irradiated materials. At even higher
scales, finite-element modeling is being used to study the degradation of mechanical properties
of materials under irradiation (88,89), for which Wirth et al. (90) presented a multiscale modeling
methodology. In this paper, the MD method was employed due to its powerful ability to capture
the detailed information of radiation damage at both length and time scales of neutron irradiation
(91). The void evolution subject to self-bombardment in single crystalline vanadium is discussed,
and the effects of the primary recoil energy, initial porosity, and number of voids are investigated.
Another phenomenon investigated in our study is the radiation-induced softening of metal,
which has not been well analyzed yet. Normally, the radiation damage accumulates in the bulk,
resisting the dislocation motion and hardening vanadium and its alloys (92). However, in certain
conditions, the microhardness of vanadium can be reduced after neutron irradiation (93). Thus our
study also considers the relationship between dislocation density and the radiation-induced variation of mechanical properties of vanadium.After sufficient recovery of radiation damage, the boxes
were deformed under hydrostatic tension, where the voids were treated as dislocation sources.
Both the yield stress and ultimate elongation at fracture points were presented and compared with
the results from unirradiated vanadium with the same initial arrangement of the voids.

2.

Simulation methodology

2.1. Finnis–Sinclair potential
The embedded-atom method (EAM) of Daw and Baskes (94) has been successfully applied to
face-centered cubic (FCC) or nearly filled d-band transition metals and their alloys. However,
some BCC transition metals have non-filled d-band (e.g. electron configuration of [Ar]3d3 4s2
for BCC vanadium), resulting in directional bonding, which disagrees with the premise of an
isotropic electron cloud in EAM theory. Finnis and Sinclair (95) extended the EAM potential to
be more flexible by allowing the atomic density to be environment-dependent (96):
⎡



E i = F ti ⎣

j =i

⎤
ρ ti tj (rij )⎦ +

1  ti t j
U (rij ),
2 j=i

(1)

where F is the embedding energy potential of elements ti and tj as a function of the local atomic
density ρ and U is the interatomic pairwise potential as a function of the separation rij between
atom pairs ij. The Finnis–Sinclair (F–S) potentials are computationally efficient and can provide
a robust description of the bonding physics of BCC transition metals (97). The vanadium F–S
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potential employed in our study is due to Han et al. (98). For the extremely short-range repulsion
in primary knock-on events, the pairwise potential should be modified by adopting the Biersack–
Ziegler form (99,100):
U(r) =

6


ak (r − rk )3 H(rk − r)H(r − r2 )

k=1
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+10.0263r 3

ξ(x) = 0.1818e−3.2x + 0.5099e−0.9423x + 0.2802e−0.4029x + 0.02817e−0.2016x ,

(2a)
(2b)

where H is the Heaviside function, Z the nuclear charges of vanadium, ak and rk determined
in Ref. (98). The reliability of this F–S potential, of calculating the lattice parameter, elastic
constants, cohesive energy, surface energy, formation and migration energy of vacancy and SIA,
has been examined carefully by the authors.
2.2.

MD simulations

The simulation cell is a 3D single crystal BCC lattice with a lattice constant a0 of 3.03 Å. The
edge length of the cubic box L is 80a0 ; all axes are normal to {100} faces with periodic boundary
conditions, so there are about one million atoms in the cell. After sufficient relaxation at 300 K, a
primary recoil energy Epka from 2 to 40 keV was given to an atom (i.e. the PKA) near the middle
of the box. In this way, the PKA was assigned a certain velocity in the [110] direction, along
which the threshold displacement energy is the highest (101), such that the number of defects
crossing the boundaries can be reduced as much as possible. The classical equations of motion
were integrated using Verlet algorithm by LAMMPS (102), with the time step of 0.01 fs for the first
2 ps, then 0.1 fs for another 8 ps, and 1 fs for the last 10 ps. A Nosé–Hoover thermostat (103,104)
was applied to obtain an NPT ensemble with a constant temperature of 300 K and a pressure
of 0 Pa.
A dense collision spike were observed in all cases with no initial voids. During this spike, some
atoms acquired velocities in the close-packed directions 111 from the interaction with their
surroundings, leading to several secondary RCSs. By tracking these atoms backwards along their
trajectories, all these secondary RCSs were found to be initiated from the same point. We refer
this point as the center of dense collision spike, and the distance between which and the initial
position of the PKA is denoted as L0 . In the cases containing voids, the voids were created near
the box center, and Epka was assigned to an atom whose distance from box center along the [110]
direction was L0 , so that the dense collision spike could be initiated in the voids center. Details
of the arrangement of the voids can be found in Figure 1.
The authors performed MD simulations for as long as 100 ps after the initial bombardment,
showing that 20 ps is sufficient for the system to relax after irradiation of Epka applied in this
paper. Then a hydrostatic tension was exerted on the box with a strain rate of 5 × 108 s−1 . The
strain-controlled simulations were realized by the Parrinello–Rahman method (105) with the time
step of 1 fs, and the virial definition of atomic level stress without the kinetic portion (106) was
employed to calculate the hydrostatic stress of system σh :
⎞
⎛
1
1 ⎝  α α ⎠
σh =
(3)
σαα = −
rij fij ,
3 α
V
i j>i
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Figure 1. Illustrations of the arrangement of voids in the cases which contain (a) one, (b) two, (c) four, and (d) six
voids. The PKA was assigned a velocity along the [110] direction toward the center of a single void or a void group. L0
is the distance between the initial position of the PKA and the dense collision spike center for the no void case. Lr is the
distance between the centers of adjacent voids. Note that in the two-void cases, the void radius r of both 4a0 and 5a0 were
introduced to study the effects of initial porosity.

where f is the interatomic force, α the Cartesian coordinates, and V the Voronoi volume of the
specimen.
The atomic configurations were colored by centrosymmetry parameter (CSP) implemented in
AtomEye (107):
ci =

2

k/2
l=1 Dl
,
k
 2
j=1 |Rj |

(4)

where ci is the CSP of atom i, k the number of opposite neighbor pairs, and the function Dl =
l + R
 l |2 minimized by bond vector R
 l . ci is dimensionless with a maximum value of 1. Seven
|R
pairs within the 2NN shell in a perfect BCC lattice were summed over, which has been proved to
be less noisy than summing over the four pairs within the 1NN shell (97). To highlight the void
surface and dislocations, only atoms with ci ≥ 0.01 are made visible in the snapshots.
Specifically, the point defects were distinguished by dividing the box into a number of Wigner–
Seitz cells. If there are no atoms inside a cell, the cell corresponds to a vacancy; if two or more atoms
occupy a cell, then SIAs are believed to form here. The MD simulations of atomic displacement
cascades in BCC Fe confirmed that this method is valid for estimating the number of Frenkel
pairs (108).
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Results and discussion

It can be seen from Figure 2 that as Epka increased, the distance between the initial position of the
PKA and dense collision spike center decreased. This is due to the splitting of the main cascade
into increasing number of subcascades initiated by an increasing number of secondary knockon atoms (SKAs) in cases with higher Epka . Consequently, there is a smaller distance between
consecutive collisions of SKAs which shortens the distance they need to travel before the dense
collision spike is initiated.
The evolution of the number of point defects versus Epka is depicted in Figure 3. After the initial
bombardment, the number of point defects rises rapidly, and after a short time, denoted as the
peak time tp , it reaches a maximum ndmax . In the following recovery stage, the system cools down,
and the unstable Frenkel pairs recombine, until the number of defects reduces to a relatively stable
value ndrec . These data calculated by the present MD simulations are close to those given out by
Psakhie et al. (6) using another F–S potential. Both the maximum number of defects and the
corresponding time grew linearly with Epka . Moreover, as Epka increased, more defects were left
after a sufficiently long recovery period, but the variation decreased (Figure 3(d)). This is because
in cases of higher Epka , more SIAs were created during the dense collision spike, crossing the
boundary and recombining with vacancies at the other end. In addition, since the creation of
defects led to the volumetric swelling of irradiated vanadium, the evolution of system swelling
versus Epka was similar to that of number of defects (Figure 4).
Several secondary RCSs along the 111 direction are presented in Figure 5(b). The longest
average distance the secondary RCS traveled corresponded to the maximum number of defects.
The locally disordered region caused by the dense collision spike was rapidly quenched to form
a damaged, amorphous, solid structure. This structure mainly consisted of vacancy clusters, with
which the SIAs brought about by the secondary RCS were difficult to recombine, even after
sufficient recovery of system at 300 K. The most stable configuration of SIAs here is found
to be 111-split dumbbell, which agrees with the results of both first principle calculations
(109) and MD simulations (98). Zepeda-Ruiz et al. (101,110,111) also showed that the 111

Distance between the primary knock-on atom
and dense collision spike center L0 (Å)
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Figure 2. The distance between the initial position of the PKA and dense collision spike center L0 versus the primary
recoil energy Epka .
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(c)

(b)

(d)

Figure 3. (a) Evolution of number of defects nd in cases of different primary recoil energies Epka . (b–d) Peak time tp ,
maximum number of defects ndmax , and the number of defects after a sufficiently long recovery period ndrec versus Epka ,
respectively.

(a)

(b)

Figure 4. (a) Evolution of volumetric swelling in cases of different primary recoil energies Epka . (b) The maximum
system swelling versus Epka .

dumbbell configuration is stable relative to other dumbbell orientations. These studies disputed
the earlier predictions that the 100 (112) or 110 (1,113,114) configuration was the most
stable. In addition, the Frenkel pairs and dislocation loops were observed near the dense collision
spike center, where the loop was formed by four segments on (110), (1̄10), and (101) planes
(Figure 5(d)).
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Figure 5. Snapshots from MD simulations of a specimen subject to neutron irradiation at (a) 100 fs, (b) 400 fs, and
(c) 20 ps after the initial bombardment. Some atoms acquired velocities in the close-packed directions 111 from the
interaction with their surroundings, leading to several secondary RCSs. After sufficient recovery of the system, the most
stable configuration of SIAs was 111-split dumbbell. (d) A dislocation loop, formed by four segments on (110), (1̄10),
and (101) planes, is observed in the vicinity of the dense collision spike center after sufficient recovery.

3.2. Void evolution under unidirectional bombardment
The void volume and volumetric swelling of the specimen at t = 20 ps are presented versus
Epka in Figure 6. The void volume was calculated in this way: first, the volume of all vacancies
were summed up; secondly, the volume of vacancies and vacancy clusters with fewer than 30
vacancies were deducted (the maximum vacancy cluster in vanadium contains 22 vacancies under
Epka = 10 keV according to (6)); finally, the remaining volume was normalized by the initial void
volume in each case. The void shrank under bombardment by its dissolution into vacancies, which
migrated into the bulk and promoted the volumetric swelling. Thus, in each case, the higher the
Epka , the smaller the void volume left, and the larger the volumetric swelling. The only exception
in targets containing voids was that the swelling under Epka = 40 keV is smaller than that under
Epka = 20 keV. This is because when Epka = 40 keV, some SIAs crossed the periodic boundary
and re-entered the specimen at the other side, so they were recombined with the vacancies emitted
from the voids. In addition, since the center of dense collision spike coincided with that of the
voids, only the part of voids surface near the center can emit vacancies, while the other parts,
which were not bombarded directly, absorbed vacancies instead due to their higher surface energy.
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(a)

(b)

Figure 6. (a) The void volumes, which are normalized by the initial void volume in each case containing voids, versus
primary recoil energy Epka . (b) The volumetric swelling of the specimens in cases of different Epka . All were calculated
at t = 20 ps.

Therefore, the void shrinkage and induced swelling were reduced with increasing void volume,
even in cases with the same number of voids. It is also noteworthy that the number of voids
influenced the accumulation of radiation damage, e.g. the initial void volume in the single void
case with r = 5a0 and the two-void case with r = 4a0 was very close, yet the void shrinkage
and system swelling were smaller in the latter case. This phenomenon can be attributed to the
arrangement of the voids: in the one void case, the RCS initiated by the PKA traveled directly
toward the void; in the multiple-void cases, it was the secondary RCS, which carried much less
energy than the initial RCS, that resulted in the vacancies emission.
The snapshots of the void evolution under irradiation are shown in Figure 7. In the single void
case, the void became elongated along the bombarding direction; in the two-void cases, the voids
with r = 4a0 coalesced while those with r = 5a0 did not, and neither did voids in cases with
four and six voids because of the longer intervoid ligament distance in the last three cases. The
simulations of void and helium bubble stability in silicon by Okuniewski et al. (115) suggested
that the void collapses completely under isotropic xenon bombardment, but becomes elongated
and resists closure under unidirectional irradiation.
3.3. Radiation-induced softening to hardening transition
Under hydrostatic tension, the yield strength of the material was found from the plastic deformation
caused by the nucleation of dislocations. In the case with no initial void, the screw dislocation
along 111 split on three non-planar {110} planes; in the cases containing voids, the dislocations
were emitted from the void surface. The hydrostatic stress at the yield point, which was denoted
by the breakdown of the linear relationship between stress and strain, is shown in Figure 8(a). It is
found that under the same Epka , the yield stress was lower in cases with larger or greater number
of voids, except that when Epka = 40 keV, σY was higher in the two-void case with r = 4a0 than
in the single void case. This exception is due to the coalescence of the two voids in the dense
collision spike, which resulted in a void smaller than that of the single void case. Radiationinduced softening of vanadium (i.e. decreasing yield stress) was observed in the cases of no initial
void, one void and two voids with r = 4a0 . However, in cases of larger or greater number of
voids, the hardening of vanadium by irradiation began to be more pronounced, which agrees with
experiments by Schiraishi et al. (116). This radiation-induced softening to hardening transition
(SHT) is of interest. On the one hand, the interlocking of dislocations at defects strengthened the
vanadium; on the other hand, the defects themselves emitted dislocations, and so the required

Downloaded by [Georgia Tech Library], [S. Z. Xu] at 17:13 29 March 2016

Radiation Effects and Defects in Solids

21

Figure 7. Snapshots of voids coalescence in the two-void case with r = 4a0 , at (a) 80 fs, (b) 800 fs, and (c) 20 ps,
respectively; snapshots of the (d) two-void case with r = 5a0 , (e) four voids, and (f) six voids cases, where voids did not
coalesce.

(a)

(b)

Figure 8. (a) The hydrostatic yield stress σY in each case versus primary recoil energy Epka . (b) The total elongation of
the box at the fracture points along each axis in each case versus Epka .

stress for plasticity was much smaller than that needed in defect-free crystals (117). Therefore,
when the volume or number of voids is increased, the combined effects of these two contradictory
mechanisms lead to the transition from radiation-induced softening to hardening as the resistance
of defects to dislocation motion is intensified (Figure 9).
The elongation of the box along each axis at the fracture points is shown in Figure 8(b). It can be
seen from the case with no initial void that the ductility of vanadium decreased as Epka increased.
However, for the cases containing voids, the ductility seemed to be unaffected by irradiation,
except that the ductility of unirradiated vanadium was slightly higher than that of the irradiated
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Figure 9. Snapshots of dislocation emission at the yield points for unirradiated vanadium in the (a) no void case,
(b) single void case, (c–d) two-void case, (e) four-void case, and (f) six-void case. Note that the dislocation density
increased with the growing number of initial voids.

one, showing that the resisted motion of dislocations caused by voids was much stronger than
that caused by vacancies and SIAs. Moreover, the cases with larger or greater number of initial
voids were accompanied by lower ductility of vanadium under the same Epka .

4.

Conclusions

In this paper, MD simulations were performed using the F–S potential to study spherical void
evolution subject to neutron irradiation in single crystalline vanadium. The radiation induced
variation of mechanical properties of vanadium was also investigated. The results obtained are
summarized as follows:
(1) As is well known, the neutron irradiation in metals will induce the radiation damage of
vacancies, SIAs, and dislocation loops. These three defects, as well as the relevant volumetric
swelling of system, were also discovered in the present study. In perfect vanadium, the number
of defects rose sharply after initial bombardment, and then reduced during the recovery stage
to a relatively stable value. The maximum number of defects, the peak time, and the number
of defects left after a sufficient recovery period increased under higher primary recoil energy,
and so did the maximum volumetric swelling of the specimen.
(2) During the dense collision spike, some atoms acquired velocities along the 111 direction.
The results that the 111-split dumbbell was the most stable configuration of SIAs after
sufficient recovery time disputed the earlier predictions by rough empirical potentials and
agreed well with more recent calculations by an accurate ab initio method. The Frenkel pairs
and dislocation loops were also observed near the dense collision spike center.
(3) As the single void in amorphous silicon in (115), the single void in vanadium became elongated
along the bombarding direction. Besides, the arrangements of the multiple voids were set up,
such that the center of the dense collision spike concurred with that of the void group. Using
these configurations, it is realized for the first time, to the authors’ knowledge that the dense
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collision spike during irradiation coalesces the adjacent voids with a short intervoid ligament
distance; in cases with a longer ligament distance, the voids did not coalesce for the same
primary recoil energy. It is also found that the higher the primary recoil energy, the smaller
the void volume left, and the larger the volumetric swelling of the specimen.
(4) For the relaxed specimen subject to hydrostatic tension, when the primary recoil energy
increased, the yield stress dropped in perfect vanadium, as well as the cases of one void and
two voids with a small radius. However, the yield stress rose in cases with larger or greater
number of voids, i.e. higher dislocation density at the threshold of plasticity. This radiationinduced SHT of metal was found in previous experiments but the mechanism has not been
understood thoroughly. In this paper, such transition was attributed to the combined effects of
the defect-induced dislocation nucleation and the resistance of defects to dislocation motion.
Moreover, the ductility of vanadium in the no void case decreased, but was only slightly
changed with varying primary recoil energy in cases containing voids.
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