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Transition from long-range one-dimensional to short-range three-dimensional migration modes of
interstitial defect clusters greatly reduces the damage accumulation in single-phase concentrated solid
solution alloys under ion irradiation. A synergetic investigation with experimental, computational and
modeling approaches revealed that both the resistance to void swelling and the delay in dislocation
evolution in Ni-Fe alloys increased with iron concentration. This was attributed to the gradually
increased sluggishness of defect migration, which enhances interstitial and vacancy recombination.
Transition from long-range one-dimensional defect motion in pure nickel to short-range three-dimensional motion in concentrated Ni-Fe alloys is continuum, not abrupt, and within an iron concentration
range up to 20%. The gradual transition process can be quantitatively characterized by the mean free path
of the interstitial defect clusters.
Published by Elsevier B.V.

1. Introduction
Nuclear power is one of the most attractive energy resources
available to mitigate the environmental degradation caused by
fossil fuels [1]. The greatest challenge to the development of
advanced fusion and next-generation ﬁssion reactors is the ability
to design structural materials that can retain desirable performance
under extreme service conditions. High doses of neutron irradiation at elevated temperatures introduce large concentrations of
point defects (interstitials and vacancies) in target materials, and
simultaneously accelerates the point defect aggregation to form
dislocation loops, stacking fault tetrahedra (SFT) and voids [2e4].
This radiation damage can degrade the stability and performance of
materials and shorten their lifetime. Therefore, the understanding
of defect behavior, including accumulation and evolution, is critical
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to design radiation-tolerant materials.
Over the past decade, nano-layered and nano-grained polycrystalline alloys, and oxide dispersion-strengthened steels (ODS)
[5e10] have been extensively studied for their radiation tolerance.
It is commonly accepted that the high-density of sinks in these
materials can enhance defect annihilation by absorbing interstitial
and vacancy defects and defect clusters. In this study, we investigated the defect recombination mechanism of interstitials and
vacancies by their free migrations in alloys that are free of these
pre-existing defect sinks. Recently, single-phase concentrated
solid-solution alloys (SP-CSAs), including high-entropy alloys, have
been proposed as potentially radiation tolerant materials because
of their excellent mechanical properties [11,12]. The high compositional complexity can effectively reduce electronic and phonon
mean free paths (MFP), as well as modify the defect formation and
delay defect evolution [13e17]. Scientiﬁcally, single crystal SP-CSAs
present a unique opportunity for the study of defect behavior
without inﬂuence from pre-existing defect sinks.
A recent study on a family of Ni-containing equiatomic SP-CSAs
(from binary to ﬁve-component high entropy alloy) has revealed
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that changing the number and type of the constituent elements can
have signiﬁcant positive effects on the radiation tolerance of SPCSAs [18]. Suppression of void swelling by two orders of magnitude has been found in high-entropy NiCoFeCrMn compared to that
in pure nickel. The enhanced swelling resistance is attributed to the
tailored interstitial cluster motion in the alloys from a long range
one-dimensional (1-D) mode, which dominates in pure nickel and
NiCo, to a short-range three-dimensional (3-D) mode that dominates in Ni-50Fe, NiCoFe, NiCoFeCr and NiCoFeCrMn [18]. 1-D
motion of small interstitial clusters has been proposed and
invoked to explain different experimental observations, including
irradiation-induced void superlattices [19,20] and exceptional
swelling behavior in metals [21e25]. The 1-D motion model demonstrates that interstitial clusters can migrate one-dimensionally
along the close-packed row of atoms in a lattice with a very low
migration barrier, around 0.15 eV [26,27]. Therefore, the interstitial
clusters can migrate very quickly in a matrix. The dynamic 1-D
motion of small defect clusters, including interstitial and vacancy
clusters, has been directly observed by in-situ transmission electron
microscopy (TEM) during irradiation [28,29]. Both experimental
and computational studies have shown that this phenomenon has a
noticeable impact on the accumulation of damages in the materials,
which sequentially degrades the materials' properties. However,
the role of elemental concentrations in controlling the 1-D or 3-D
motion of interstitial clusters in SP-CSA, thereby tailoring its radiation tolerance, is largely unknown. In this study, we have combined experimental and theoretical approaches to explore a wide
range of concentration scales in Ni-Fe alloy systems, and established a full roadmap to design radiation-resistance materials.
2. Experiments
2.1. Alloys and irradiation
Single crystalline pure nickel and Ni-Fe alloys (Ni-10Fe, Ni-15Fe,
Ni-20Fe, Ni-35Fe at.%) were grown using a ﬂoating-zone directional
solidiﬁcation method at the Oak Ridge National Laboratory. The
detailed procedure of sample preparation can be found in previous
research [30]. Prior to irradiation, all samples were chemicalmechanically polished by colloidal silica to achieve mirror-like
surfaces. The Ni ion irradiation experiments were performed using a 3 MeV tandem accelerator in the Ion Beam Materials Laboratory (IBML) at the University of Tennessee [31]. Ni ions with a
kinetic energy of 3 MeV were used in this study. To obtain homogeneous irradiation regions on all samples, a raster beam was
employed. The samples were irradiated to a ﬂuence of
5  1016 cm2 at 773 K. The Stopping Range of Ions in Mater (SRIM)
2013 code using a Kinchin-Pease option was employed to estimate
the damage value in all samples after irradiation, by assuming a
displacement energy of 40 keV [32]. The predicted proﬁles by the
SRIM 2013 code are shown in Fig. 1. Based on the above ﬂuence, the
peak damage in the samples corresponded to a damage dose of ~60
displacement per atom (dpa) at a depth of 900 nm. In order to
minimize channeling effects, irradiation was carried out at an angle
of 7 from the surface ([100] direction).
2.2. Microstructure characterization
Since the penetration depth is relatively shallow for heavy ion
irradiation, compared with proton or neutron irradiations, the
focused ion beam (FIB) lift-out method was applied to prepare
cross-sectional TEM specimens. The specimens were thinned to a
thickness of ~150 nm using a 30 keV Gaþ. A “ﬂash polishing”

Fig. 1. Depth proﬁles of displacement per atom (dpa) and induced Ni ion concentration
predicted by SRIM Code for nickel and Ni-Fe alloys irradiated with 3 MeV Ni2þ ions to a
ﬂuence of 5  1016cm2.

technique was subsequently utilized to remove the unwanted
damage layer induced by FIB [15]. The bright-ﬁeld (BF) TEM imaging mode in a two-beam condition with g ¼ [200] was employed
to characterize the radiation-induced dislocation loops. BF images
were captured in a JEOL 3011 TEM operated at 300 keV. A double
Cs-corrected JEOL 3100R05 S/TEM was employed for characterizing
the radiation induced voids and high-resolution STEM imaging in
both high-angle annular dark ﬁeld (HAADF) mode and bright-ﬁeld
(STEM-BF) mode. Prior to high-resolution imaging, the TEM samples were plasma-cleaned to decrease the risk of carbonaceous
contamination. STEM imaging was conducted with an inner angle
of 59 mrad and a camera length of 15 cm. The thicknesses of the
TEM samples were all measured by electron energy loss spectroscopy (EELS).
2.3. Simulation methodology
Using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code [33], we conducted molecular dynamics
(MD) simulations to study the migration behavior of a nineinterstitial cluster and the transition of defect migration mode in
pure nickel and Ni-Fe alloys with different iron concentrations
ranging from 1% to 35%. At a given temperature, the trajectories of
the center of mass of the interstitial clusters could be readily
tracked by the Wigner-Seitz cell defect analysis code implemented
within OVITO [34]. The interatomic interactions for Fe-Fe, Ni-Ni and
Fe-Ni were described using the embedded atom method (EAM)
potential developed by the Bonny et al. [35]. A cubic box of
20a0  20a0  20a0 (containing 32,000 atoms) with randomly
distributed iron was used to simulate the migration of the interstitial clusters for 20 ns, where a0 is the equilibrium lattice constant
of the pure nickel or Ni-Fe system at 1200 K. The time step was
chosen to be 1 fs with the NVT ensemble (number of atoms, volume
and temperature remain constant). To ensure statistical accuracy,
for each iron concentration, three independent simulations with
different random iron distributions were performed to create
different local chemical environments for cluster migration, and
the mean free path of the interstitial clusters was determined by
averaging the length of each of the 〈110〉 linear segments. The
correlation between computer simulations and experimental observations for damage transition in Ni-Fe alloys was also explored.
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3. Results
3.1. Void swelling in pure nickel and Ni-Fe alloys
Cross-sectional STEM-BF and HAADF micrographs in Fig. 2 show
the panoramic void distributions in pure nickel and three Ni-Fe
alloys with iron concentrations from 10 to 35% after irradiation
by Ni ions to 5  1016 cm2 at 773 K. Voids condensed by the supersaturated surviving vacancies were shown in white features in
STEM-BF images and dark features in HAADF images (due to the
lack of mass in voided areas) in all the investigated samples.
Fig. 3(a) shows the depth distribution of average void diameter in
Ni-10Fe, Ni-20Fe and Ni-35Fe after irradiation. The void distribution in pure Ni has been presented in our previous paper, which will
not be included in this paper [36]. Clearly, the void size decreased
signiﬁcantly with increasing iron concentration as shown in
Fig. 3(a). More interestingly, as shown in Fig. 3(b), depth distribution of void density indicates that the void distribution moves to
deeper region with increasing iron concentration. Most of the large
voids formed in pure nickel were only distributed close to the
sample surface as shown in Fig. 2(a) and (b), indicating a typical 1-D
migration mode of interstitial clusters was in operation [18].
However, in Ni-10Fe and Ni-20Fe, the voids were distributed over a
wide range, both closer to the sample surface and in a region
beyond the calculated damage peak of ~900 nm, showing a mixed
characteristic between 1-D and 3-D motion of interstitials. In Ni35Fe, no voids were observed from the surface to depths of
~1350 nm (1.5 times the peak damage depth). However, very tiny
voids were found beyond the predicted end of the ion range,
around 1500 nm and 1800 nm, qualitatively the same as in Ni-50Fe,
which was characterized with 3-D interstitial cluster motion [18].
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As well as the distribution of voids, the size of voids also correlates
with the iron concentration as shown in Fig. 3(a). However, the
swelling value represents the local volume change in materials,
which is more sensitive to the void size rather than the void density
according to common understanding [37]. While nickel showed a
serious swelling among all the materials, Ni-Fe alloys showed
signiﬁcantly improved swelling resistance. Also, void swelling is
signiﬁcantly suppressed with increasing iron concentration in NiFe alloys as shown in Fig. 3(c).
3.2. Distribution and evolution of dislocation loops in Ni-Fe alloys
In face-centered cubic (fcc) metals, surviving interstitials normally form dislocation loops, which are two-dimensional defect
clusters [38]. BF cross-sectional TEM micrographs of Ni-xFe samples were taken in two-beam and under-focused conditions to
synergistically capture their dislocation structures and voids, as
shown in Fig. 4(aec). Fig. 4(d) is a STEM image, in bright-ﬁeld mode
(STEM-BF), of an edge-on dislocation loop. Fig. 4(e) indicates that it
is an interstitial type 1/3 〈111〉 faulted dislocation loop. The distribution of voids and dislocation loops can be considered as the
distributions of supersaturated vacancies and interstitials that have
survived recombination in the material matrix. Dislocation distributions are also shown in three scenarios: in pure nickel, dislocation networks are observed at large depth regions, beyond the
depth of the large voids (not shown) [18]; in Ni-15Fe, dislocation
loops are found over a wider range, extending from a depth of
500 nme1700 nm, and are mixed with a low density of voids; In Ni20Fe and Ni-35Fe, small dislocation loops are distributed beneath
the sample surfaces followed by small voids at larger depths, which
is a marked contrast to pure nickel. Generally speaking, as the iron

Fig. 2. Cross-sectional STEM-BF and HAADF images showing void distributions in (a)(b) nickel, (c)(d) Ni-10Fe, (e)(f) Ni-20Fe and (g)(h) Ni-35Fe irradiated with 3 MeV Ni2þ ions to
5  1016cm2 at 773 K. The ions enter the specimen from the images.
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Fig. 3. Depth distributions of (a) void diameter, (b) void density and (c) swelling in Ni-10Fe, Ni-20Fe and Ni-35Fe irradiated with 3 MeV Ni2þ ions to a ﬂuence of 5  1016cm2.

Fig. 4. Cross-sectional TEM images showing dislocation loop distributions in (a) Ni-15Fe, (b) Ni-20Fe and (c) Ni-35Fe irradiated by 3 MeV Ni2þ to 5  1016cm2 at 773 K. The images
were taken under the two-beam condition with g ¼ 200. (d) Scanning TEM (STEM) bright ﬁeld image of a faulted type dislocation loop in Ni-20Fe. (e) High-resolution high-angle
annular dark ﬁeld (HAADF) STEM image showing a part of an interstitial loop in (d).

concentration increased in the Ni-Fe alloys, interstitials tended to
form smaller-size loops and were distributed over a shallower region, and vacancies tended to form smaller-size voids and were
distribute in a deeper region (Fig. 4).
High-magniﬁcation BF TEM micrographs of Ni-10Fe, Ni-15Fe,
Ni-20Fe and Ni-35Fe shown in Fig. 5, exhibit that the loop

geometries consisted of a mixture of perfect 1/2 〈110〉 and faulted 1/
3 〈111〉 loops. Typical perfect and faulted loops are marked by blue
and yellow circles. All images in Fig. 5 were taken near the 〈110〉
zone axis and thus faulted loops with a Burgers vector of 1/3<111>
on ð111Þ and ð111Þ planes appeared as edge-on. Edge-on faulted
loops are characterized as straight lines in TEM images, such as the

Fig. 5. Dislocation loops in kinetic two-beam condition BF images of Ni-Fe alloys irradiated to a ﬂuence of 5  1016 cm2 at 773 K. Perfect loops are marked by blue circles, faulted
loops are marked by yellow circles, edge-on faulted loops are marked by red arrows, non-edge-on faulted loops are marked by yellow arrows. (a) Ni-10Fe; (b) Ni-15Fe; (c) Ni-20Fe;
(d) Ni-35Fe. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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loop shown in Fig. 4(d) and (e). Typical edge-on faulted loops are
marked by red arrows in Fig. 5(d). On the other hand, faulted loops
on ð111Þ and ð111Þ planes appeared as elongated ellipses (nonedge-on) with apparent stacking fault fringes in the interior of the
loops. Typical non-edge-on loops are marked by yellow arrows in
Fig. 5. The detailed characterizations of loop structures in SP-CSAs
have been described previously [39,40], which will not be
included in this study. The density and size distributions of the
dislocation loops are summarized in Fig. 6(a) and (b), respectively.
After irradiation, the dislocation loops in Ni-35Fe exhibited the
smallest size and the highest density, while those in Ni-10Fe were
the largest and the most sparsely distributed. Fig. 6(c) shows the
fraction of faulted 1/3 〈111〉 loops versus all dislocation loops in the
studied alloys. Ni-35Fe contains the highest fraction (~45%) of
faulted loops. As shown in Fig. 6, increasing the iron concentration
increased the loop density and the fraction of faulted loops,
accompanied by a reduction of the loop size. It is known that small
faulted loops that are initially formed in the fcc metals under
irradiation can transform into large perfect loops by absorbing
interstitial atoms with increasing irradiation doses. The results of
this study indicated that increasing the iron concentration can
extend the incubation period for faulted-to-perfect loop transformation, consequently delaying loop evolution and growth in NiFe alloys.

3.3. Migration behavior of small defect clusters
The observed distribution of defect clusters is the integration of
defect interaction, migration and clustering at the atomic level. MD
simulations were conducted to study the migration behavior of
defect clusters in SP-CSAs in order to provide more insights into the
variation in defect size and distribution with varying iron concentration. We performed the simulations at a high temperature of
1200 K due to the low mobility of interstitial clusters in Ni-Fe alloys,
especially at low temperatures and high iron concentrations. It is
true that new atomistic mechanisms that do not exist at low temperatures can be activated at high temperatures. Nevertheless, for
the speciﬁc case of interstitial cluster motion in a fcc lattice studied
in this work, we have not observed new mechanisms apart from
interstitial cluster translation and rotation. Hence, here, the high-T
modeling is equivalent to the longer time low-T modeling. It is
worth noting that the result for nickel has been reported in a
previous paper [18]. The result shows that the interstitial cluster in
pure nickel exhibits extremely fast 1-D migration without any
directional changes during the simulation period [18]. However, in
Ni-10Fe alloys, the interstitial clusters change their pathways during migration from one 〈110〉 direction to other 〈110〉 directions
during the simulation time period of 20 ns as shown in Fig. 7(a). The
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Fig. 7. Trajectories of the center of a nine-interstitial cluster in (a) Ni-10Fe, and (b) Ni35Fe at 1200 K in 20 ns. The trajectories were extracted from real atomistic data.

random directional changes of the interstitial clusters form a
number of 1-D 〈110〉 linear segments in the Ni-35Fe alloy. The
longer 1-D migration segments and less frequent directional
changes of interstitial clusters in Ni-10Fe can be considered as
mixed 1-D/3-D behavior. With increasing iron concentration, more
directional changes appeared in Ni-Fe alloys. Four directional
changes were observed in the Ni-35Fe alloy, as shown in Fig. 7(b).
Although the interstitial cluster in Ni-35Fe could occasionally
migrate along one direction, the diffusion segment is too short to be
considered as 1-D migration. And also, the movement of interstitial
cluster in Ni-35Fe is much more localized than in Ni-10Fe. Therefore, 3-D motion could be considered as the dominant interstitial
migration behavior in Ni-35Fe, with the appearance of shorter
migration segments and more frequent directional changes. In
summary, the increase in ion concentration reduced the defect
mobility and altered the migration pathways of the interstitial
clusters from 1-D motion to 3-D motion.
4. Discussion
4.1. Mean free path
A recent paper systematically studied the sluggish diffusion of
defects in Ni-xFe alloys with increasing Fe concentration [41].
However, the migration modes of the interstitial clusters and their
impacts on radiation response in Ni-xFe have not been reported. 1D and 3-D motion behavior of interstitial clusters has been used to
explain the defect cluster (dislocation loop and void) separations
and swelling resistance observed in equiatomic SP-CSAs [18], which
can be controlled by increasing alloy complexity or tuning element
species and the number of different elements [18,36]. However,
previous studies simply described the interstitial behavior and
presented a qualitative change among the alloys. The transition or
intermediate stage between 1-D and 3-D migrations was not

Fig. 6. Distribution of dislocation loops in Ni-Fe alloys irradiated to a ﬂuence of 5  1016 cm2 at 773 K. (a) Loop size distribution; (b) loop density; (c) fraction of 1/3 〈111〉 faulted
loops.
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explored. In this study, the transition of the interstitial cluster
motion mode from 1-D to 3-D was extensively studied by gradually
increasing the iron concentration in Ni-Fe alloys. This transition
process, as well as its effects on defect cluster formation and evolution in different stages, is schematically depicted in Fig. 8. The
concept of mean free path (MFP) was introduced to deﬁne the
average length of each 〈110〉 segment of an interstitial cluster
motion. The MFP was calculated as the average distance between
two successive transition points, where the defect cluster migration
changes direction. Fig. 9 shows the MFP plot of a nine-interstitial
cluster in Ni-Fe alloys with different iron concentrations, as indicated by the red line. There is a clear trend in that the MFP reduces
with increasing iron concentration.
Interstitial clusters migrating via 1-D motion have a much
smaller probability of interacting with other defects (both interstitials and vacancies) within the cascade region compared to
defects migrating via 3-D motion [27], either with other interstitials
to form large dislocation loops or with vacancies to annihilate in the
local area. Based on MD simulations, small interstitial clusters
exhibited 1-D migration in pure nickel and could move from the
cascade collision region quickly to the surface or to deeper regions
in the bulk of the sample without encountering a signiﬁcant
number of vacancies, leaving a high vacancy supersaturation
behind to cause serious void swelling. The fast-migrating interstitials that move to the surface were annihilated. Likewise, a
large number of interstitial clusters could move into the deeper
regions and cause local supersaturation of the interstitials, resulting in dislocation loop formation. These loops may have eventually
grown into the network dislocations, as shown in Fig. 8.
With iron concentrations increased to 10% (Ni-10Fe) and 15%
(Ni-15Fe), the migration behavior of interstitial clusters was still
dominated by 1-D motion, with only a few directional changes in
the time frame of the simulations. The MFP of the interstitial
clusters as a function of iron concentration, shown in Fig. 9, shows a
sharp decrease with iron concentration from 0% to 10%, and quickly
reaches a constant value. This behavior may suggest that the
mobility of the interstitial clusters is very sensitive to iron concentration, with primarily 1-D motion at the initial stage, followed
by a transition period to a mixed migration character of 1-D and 3-D
motion when the iron concentration is increased. During the

Fig. 9. Dependence of mean free path of interstitial clusters on iron concentration. The
red line indicates the plot of the calculated mean free path of a nine-interstitial cluster
in nickel and Ni-Fe alloy systems with different iron concentration at 1200 K in a
period of 20 ns; the dashed blue line indicates the ﬁtting proﬁle to mean free path
curve based on the cage model. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)

transition stage, interstitial clusters could also migrate away from
the cascade region to a deeper region. However, the 1-D segments
were much shorter than those in pure nickel, and the random 3-D
walk of the interstitial clusters swept a lot of vacancies, so that void
swelling was greatly suppressed compared to in pure nickel.
Therefore, the magnitude of observed void swelling was much
lower in Ni-10Fe and Ni-15Fe than that in pure nickel. On the other
hand, random walking interstitial clusters could combine with each
other to form large dislocation structures both in and out of the
cascade region. It should be noted that vacancies can also migrate a
long-distance by thermal activation at elevated temperatures
[29,42]. A portion of the vacancies escaped from the cascade production region and migrated into deeper regions of the materials.
Furthermore, these vacancies eventually aggregated to form voids
in Ni-10Fe and Ni-15Fe. This was unlikely to happen in pure nickel,
because the extremely high interstitial concentration increases the
probability for recombination in the deeper region of nickel.
Additionally, the mobility of vacancy and vacancy clusters in pure
nickel was much lower than that in Ni-Fe, according to our previous
calculations. The above-mentioned mechanisms can well explain

Fig. 8. Schematic sketch showing defect evolution and distribution in nickel and Ni-Fe alloys as the interstitial migration behavior tailored from 1-D to 3-D by increasing iron
concentration.
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the distribution of dislocation structures and voids observed both
in and out of defect production area in Ni-10Fe and Ni-15Fe.
Further increasing the iron concentration to 20% (Ni-20Fe) and
35% (Ni-35Fe) in Ni-Fe alloys results in dominance of the 3-D
migration mode for interstitial clusters with a slightly decreased
MFP as shown in Fig. 9. Short-range 3-D migration makes it unlikely
for the interstitial clusters to travel a long distance. High density
interstitial clusters that are either immobile or have low mobility
due to the 3-D migration mode remained in the defect production
region, which can subsequently act as a stable sink to absorb other
mobile interstitial and vacancy clusters, leading to a high defect
recombination rate. Therefore, while most vacancies are annihilated by interstitials, no voids were observed in the shallower region. Only a small amount of vacancies escaped and migrated into
the deeper region to agglomerate into the tiny voids shown in
Figs. 2 and 8. As shown in Fig. 8, increasing the iron concentration
from 20% to 35% in Ni-Fe alloys causes a large reduction in void
swelling because of the sharp decreases in average void size. This is
due to the shorter MFP, which provided a higher probability for
interactions between interstitials and vacancies, thus enhancing
the defect recombination rate.

4.2. Cage model
The concentration effect of iron atoms in Ni-Fe alloys could be
interpolated by a cage model proposed as follows. Assume that the
iron atoms are randomly distributed on nickel lattice sites with a
concentration, c, where 0 < c < 50%. The iron defects act as obstacles
for the movement of dislocations and interstitial clusters. Therefore, these iron defects form cages that tessellate the crystals into
caged regions surrounded by these defects. Within one cage, the
interstitial cluster migrates in 1-D without turns. On the surface or
edge of the cage, the migration mode tends to change. In this way,
the defects could divide a system like Delaunay tessellation [43].
Equivalently, we can regard the regions as a Voronoi diagram,
which can be simpliﬁed as a sphere centered on a defect. The
average radius R can be estimated by the following relation according to the conservation of total volume V:

4
n pR3 ¼ N Uo ¼ V;
3

(1)

where n is the number density of iron defects, N is the total lattice
sites, Uo is the average lattice site volume or atomic volume. With
the relationship for concentration c ¼ Nn , one can obtain the average
size of the cage as

R¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 3Uo
1
pﬃﬃﬃ ;
4p 3 c

(2)

Therefore, the MFP could be estimated as the diameter of the
cage. Considering the anisotropic lattice orientation in the cage, it is
reasonable to express the mean free path l as a function of solute
concentration,

l ¼ Ac3 þ B;
1

(3)

where A and B are constants that could be obtained by ﬁtting to the
MFP curve in Fig. 9, as indicated by the blue line. If A ¼ 14:4 nm and
B ¼  15:8 nm, our cage model agrees well with the predictions of
MFP from the comprehensive MD simulations.
Contrary to the enhancement of the defect recombination, the
evolution of dislocation loops was delayed by increasing iron concentration, as shown in Fig. 8. Generally speaking, small faulted
loops (1/3<111>) in fcc structure alloys can grow by absorbing
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mobile interstitial clusters, and they can also transform into large
unfaulted/perfect loops (1/2<110>) by reacting with a partial
dislocation (1/6<112>). Furthermore, the interactions between
large loops induce the untangling of the loops and result in long
dislocation lines. The decreased loop size and increased fraction of
faulted loops indicate that the incubation period for faulted-toperfect loop transformation is extended with increasing iron concentration. In other words, enhanced 3-D motion of interstitial
clusters can signiﬁcantly delay the loop growth and evolution.
5. Conclusion
In summary, a comprehensive study based on experimental,
computational, and modeling efforts was conducted to examine the
effects of iron concentration on radiation tolerance in Ni-Fe alloys
focusing on cluster migration behavior under irradiation. An increase in iron concentration changed the migration behavior of
interstitial clusters from 1-D to 3-D dominance. The experimental
results indicated that such a change is gradual or continuum (not
abrupt) in the iron concentration range between 0% and 20% as void
distribution in Ni-10Fe and Ni-15Fe both showed mixed characteristics of the 1-D and 3-D interstitial cluster motion modes. The
mean free path of the interstitial clusters can be used as a key
parameter to characterize defect motion in the irradiated alloys.
The parameter decreased quickly with increasing iron concentrations from 0% to 10%, followed by a slower decease for higher iron
concentrations. The increasing resistance to void swelling and the
delay of dislocation evolution in more-concentrated Ni-Fe alloys
was related to the shortening of the mean free path of defect
clusters that eventually becomes 3-D dominant at about 20% Fe.
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