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Damage-tolerant nanotwinned metals with
nanovoids under radiation environments
Y. Chen1, K.Y. Yu2, Y. Liu1, S. Shao3, H. Wang1,4, M.A. Kirk5, J. Wang3,6 & X. Zhang1,7

Material performance in extreme radiation environments is central to the design of future

nuclear reactors. Radiation induces significant damage in the form of dislocation loops and

voids in irradiated materials, and continuous radiation often leads to void growth and

subsequent void swelling in metals with low stacking fault energy. Here we show that by

using in situ heavy ion irradiation in a transmission electron microscope, pre-introduced

nanovoids in nanotwinned Cu efficiently absorb radiation-induced defects accompanied by

gradual elimination of nanovoids, enhancing radiation tolerance of Cu. In situ studies and

atomistic simulations reveal that such remarkable self-healing capability stems from high

density of coherent and incoherent twin boundaries that rapidly capture and transport point

defects and dislocation loops to nanovoids, which act as storage bins for interstitial loops.

This study describes a counterintuitive yet significant concept: deliberate introduction of

nanovoids in conjunction with nanotwins enables unprecedented damage tolerance in

metallic materials.
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M
aterials that can sustain extreme environments, such as
high stress and radiation, are constantly being sought
for unprecedented performance. Nuclear energy

currently accounts for more than 10% of electricity world wide,
and the discovery of advanced materials for extreme radiation
environments resides at the centre of the design of future
nuclear reactors1–6. Irradiation of metals by neutrons or heavy
ions results in a large number of point defects7–9 and their
clusters, including dislocation loops, voids and stacking fault
tetrahedra10–15, which cause severe void swelling, radiation
hardening, embrittlement and creep16–18. Interfacial defect
sinks, such as grain boundaries19–23, heterophase interfaces24–28

and free surfaces29–31, have proven to be effective in alleviating
radiation damage. Grain size dependence of void swelling
in stainless steel was observed previously19 and recieved
renewed intense interest as nanograins appear to drastically
enhance radiation tolerance as shown experimentally21,23 and
theoretically20,32–35. However, nanograins tend to coarsen at
elevated temperature and under irradiation3,36, compromising
their radiation tolerance. Recent studies show that nanotwinned
(nt) metals have high strength and ductility37–42, outstanding
microstructural stability under both radiation43 and annealing
conditions44,45, and twin boundaries (TBs) serve as defect sinks
and destruct stacking fault tetrahedra in nt metals46,47.

In general, continuous intense radiation leads to high-density
voids with increasing void size and void swelling in irradiated
metallic materials. However, here we show that by deliberate
combination of nanovoids with nanotwins, unprecedented
radiation tolerance could be achieved in irradiated nanovoid-
nanotwinned (nv-nt) Cu. Using in situ radiation inside a
transmission electron microscope, we observed self-healing of
nanovoids. Atomistic simulations reveal that nanotwins are
essential to achieve superior radiation tolerance as TB networks
consisting of coherent TBs (CTBs) and incoherent TBs (ITBs)
promote rapid migration of defect clusters to nanovoids, wherein
they are annihilated. Nanovoids act as defect sinks to absorb

radiation-induced interstitial loops, as revealed by in situ
radiation and confirmed by molecular dynamics (MD) simula-
tions. This study provides a fresh perspective on the design of
metallic materials with extraordinary damage tolerance.

Results
TB and nanovoid morphology in nv-nt Cu. Plan-view
transmission electron microscopy (TEM) micrograph shows
the as-prepared Cu contained abundant nanovoids primarily
surrounding columnar domain boundaries (Fig. 1a,b) (see
Supplementary Fig. 1). Figure 1c shows high-density CTBs with
an average twin thickness of B15 nm, and ITBs that were
decorated by a large number of nanovoids with an average
diameter of B10 nm. These three-dimensional voids distributed
at different depth in the film are introduced during magnetron
sputtering process, and void density can be controlled by tailoring
deposition rate, substrate temperature as well as epitaxy between
film and substrate. High-resolution TEM image in Fig. 1d shows
atomic structure of CTBs and ITBs. Figure 1e displays a
conceptual schematic of nv-nt metals that contain ITB-CTB
networks and nanovoids along ITBs. Figure 1f shows diffusion
channels associated with dislocations at CTBs and ITBs that
could potentially transport interstitials and their clusters towards
nanovoids. The significance of such ITB-CTB networks on
radiation response of nt metals will be revisited later.

Irradiation-induced morphology evolution in nv-nt and cg Cu.
Radiation response of nv-nt Cu was investigated via in situ Kr ion
irradiation studies. TEM snapshots compare the drastic difference
in evolution of microstructure during irradiation of coarse
grained (cg) (Fig. 2a) and nv-nt Cu (Fig. 2b). During initial
radiation of cg Cu by 0.1 displacements per atom (d.p.a.), there
was a rapid, prominent increase in density of defect clusters; the
density of dislocation loops increased monotonically with dose
and a high density of dislocation segments was observed by
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Figure 1 | Deliberate introduction of nanovoids and nanotwins in Cu (nv-nt Cu). (a–b) Plan-view transmission electron microscopy (TEM) micrograph

showing the as-prepared nv-nt Cu film containing abundant nanovoids primarily surrounding columnar domain boundaries. Scale bar (a), 100 nm;

scale bar (b), 50 nm. (c) Cross-section TEM micrograph shows high-density S 3{111} coherent twin boundaries (CTB) with an average twin thickness of

B15 nm, and S 3{112} incoherent twin boundaries (ITBs), which were decorated by a large number of nanovoids with an average diameter ofB10 nm.

The inserted selected area diffraction (SAD) pattern confirms the formation of epitaxial nt Cu. Scale bar, 20 nm. (d) High-resolution TEM image of CTBs

and ITBs. (e) A conceptual schematic of metals with CTB and ITB networks and nanovoids. (f) Inside a typical columnar grain radiation-induced interstitials

or their loops can rapidly migrate towards ITBs, where they can migrate rapidly to nanovoids.
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1.56 d.p.a. In contrast, in nv-nt Cu, the density of dislocation
loops increased slightly with dose accompanied by a gradual
elimination of nanovoids. By 0.56 d.p.a., a significant decrease of
void density was observed. By 1.56 d.p.a., voids were mostly
removed (Fig. 2c). However, nanotwins retained after radiation
(Supplementary Fig. 2). A statistical study (Fig. 2d) shows that the
defect density in cg Cu increased rapidly to a much greater
saturation level than that in nv-nt Cu.

Figure 2c shows that the void density declined sharply with
increasing radiation dose, and byB0.7 d.p.a., nanovoids were
barely detectable. The average diameter of nanovoids in as-
fabricated nv-nt Cu wasB10 nm with frequent appearance of
nanovoids as large as 20 nm (Supplementary Fig. 3). Radiation led
to substantial shrinkage of nanovoids, and by 0.65 d.p.a., most of
nanovoids were below 10 nm in diameter. Figure 3a displays
apparent shrinkage of nanovoids over 0.11–0.26 d.p.a. Three
voids with initial diameters of 5.9 nm (marked as V1), 7.2 nm
(V2) and 7.4 nm (V3) were chosen to illustrate the shrinkage
process. These voids reduced diameters continuously. At 82 s,
V1 disappeared completely while V2 and V3 contracted to 2.3
and 4.6 nm, respectively.

Void–interstitial loop interaction. Absorption of interstitial
loops by nanovoids was frequently observed. A typical absorption
event captured by in situ TEM experiments is shown in Fig. 3b.
At 0 s, an interstitial loop with dimension of 15 nm in length and
7 nm in width impinged a nanovoid, B6 nm in diameter. The
loop shrank to 14 nm in length and 6 nm in width at 2.7 s, and
was completely absorbed by the nanovoid by 4.1 s (see the
Supplementary Movie 1). Figure 3c shows the variation of void
size (d) with dose (time) for numerous nanovoids in nv-nt Cu.
A majority of voids contracted continuously and gradually
during radiation. When void diameter reduced to B3 nm, there
appeared to be an accelerated contraction of these tiny voids.
Figure 3d displays the reduction of void diameter, Dd¼ d� d0,
where d0 is the original diameter of voids. The greater shrinkage
rate for the smaller voids than larger voids will be discussed later.

Cyclic variation of mobile dislocation loop density in nv-nt Cu.
In situ radiation of nv-nt Cu also reveals an unusual phenom-
enon: cyclic variation of mobile dislocation loop density (Fig. 4a).
Two short duration cycles were observed during radiation over
0.1–0.4 d.p.a., followed by a 3rd much longer cycle, whereas little
mobile dislocations were observed in irradiated cg Cu. The first
two prominent cycles had a similar period of B75 s (Fig. 4b),
spanning across 0.11–0.34 d.p.a. Furthermore, each cycle con-
tained two maxima and an intermediate local minima state.
In situ TEM snapshots were captured to investigate the two
repetitive cycles. In the first cycle, the density of mobile disloca-
tion loops increased rapidly and reached a maximum by 21.7 s at
0.15 d.p.a. (Fig. 4d); it decreased to an intermediate level at 27.1 s
(Fig. 4e); the population of dislocation loops then increased to a
second maximum by 0.19 d.p.a. (Fig. 4f). This phenomenon
repeated itself for a second cycle from 0.26 to 0.34 d.p.a. as shown
in Fig. 4g–j (also see Supplementary Movies 2 and 3).

Discussion
Void swelling is widely observed in irradiated face-centered cubic
(fcc) metals11, in particular in austenitic stainless steels16,17,48, but
the shrinkage of voids is rarely observed during radiation. The
elimination of nanovoids in nv-nt Cu is thus unusual and must be
related to the nv-nt microstructure.

TB networks enable absorption and rapid transportation of
defects/defect clusters for the following reasons. First, TBs are
effective defect sinks. By using molecular statics simulations, we
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Figure 2 | Superior radiation tolerance and void shrinkage in nv-nt Cu as

evidenced by in situ Kr ion irradiation studies. TEM snapshots in (a) and

(b) compare drastically different evolution of microstructure during in situ

Kr ion irradiation of coarse grained (cg) and nv-nt Cu. (a) During initial

radiation of cg Cu by 0.1 displacements per atom (d.p.a.), there is a rapid

and prominent increase in density of defect clusters, the density of

dislocation loops increased monotonically with dose and high-density

dislocation segments were observed by 1.56 d.p.a.. Scale bar, 100 nm.

(b) In contrast, in nv-nt Cu, the density of dislocation loops increased

slightly with dose accompanied by a gradual elimination of nanovoids. Scale

bar, 100 nm. (c) Up to 0.56 d.p.a., a significant decrease of area density of

nanovoids was observed. By 1.56 d.p.a., nanovoids were mostly removed.

The error bars of void density were determined from the s.d. from the

average void density measured from several locations of the irradiated

specimens. (d) A statistical study shows that the defect density in cg Cu

increased rapidly to a much greater saturation level than that in nv-nt Cu.
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compared the formation and migration energies (Ef, Em) of
interstitials inside crystal and at ITB-CTB network (Fig. 5a). The
formation energy for an interstitial within the crystal lattice is
very large,B3 eV, compared with 1–2 eV on CTBs and ITBs
(Fig. 5b and Supplementary Fig. 4), implying interstitials prefer to
stay at TBs. Furthermore interstitials in grain interior have
very low migration energy (B0.11 eV, see detailed diffusion
mechanism in Supplementary Fig. 5), permitting their rapid
migration to nearby CTBs or ITBs (marked as step 1 in Fig. 5a).
Second, once arrived on ITB-CTB networks, defects or their
clusters can be transported rapidly (similar to 1D diffusion)
along fast diffusion channels to nanovoids (marked as step 2 in
Fig. 5a). For regular ITBs consisting of sets of three adjacent
Shockley partials49, we characterized two fast diffusion paths
along dislocation lines that experience the kinetic barrier of
0.34 eV for channel 1 at tensile sites sandwiched by two partial
dislocations (b1 and b3), and 0.01 eV for expeditious 1D crowdion
diffusion in channel 2 (Fig. 5b), and the detailed diffusion

mechanisms are displayed in Fig. 5c,d, respectively. A complete
view of the interstitial migration at ITB-CTB network is provided
in Supplementary Fig. 4, which, for example, shows the kinetic
energy barrier is as low as 0.01–0.16 eV for channels along
ITB-CTB junctions in nt Cu. Third, although CTBs have low
mobility, the capture of dislocation loops by CTBs can create
abundant minuscule ITB steps50–53, which contain groups of
highly mobile Shockley partials42. In situ nanoindentation studies
have shown that ITB steps in nt Cu can migrate rapidly during
deformation at low stress54. Hence, the 3D ITB-CTB networks
can transport defects and their clusters efficiently to nanovoids.
Further discussions of fast diffusion channels on ITB-CTB
network in nt Cu is provided in Supplementary Note 1.

Forgoing discussion suggests that a large number of loops will
be transported to voids via ITB-CTB networks, whereby they are
annihilated. Here we examine loop-void interaction mechanisms
in detail. First, void size plays an important role in capturing and
storing defects in nv-nt Cu. The analytical anisotropic solution of
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Figure 3 | In situ Kr ion irradiation studies of nv-nt Cu unravelling continuous shrinkage of nanovoids and absorption of mobile dislocation loops by

nanovoids. (a) In situ snapshots revealing shrinkage of numerous nanovoids over 0.11–0.26 d.p.a. At 0 s, 3 voids (V1-V3) with respective diameters of 5.9,

7.2 and 7.4 nm were tracked. At 82 s, V1 disappeared completely, while V2 and V3 decreased to 2.3 and 4.6 nm, respectively. Scale bar, 50 nm.

(b) Sequential snapshots capturing the absorption of dislocation loops by voids over 0.13–0.14 d.p.a. (see Supplementary Movie 1 for detail). At 2.7 s,

the loop was partially absorbed by the void. By 4.1 s, a complete absorption of the dislocation loop was observed. Scale bar, 50 nm. (c) Compiled

chart showing the shrinkage of nanovoids with different diameters during in situ radiation. While larger voids shrank continuously during radiation, the rate

of shrinkage is clearly greater for smaller nanovoids. When void diameter reduced to B3 nm (marked as grey band), there appeared to be an accelerated

collapse of these tiny nanovoids, that is these voids vanished nearly instantaneously. (d) The evolution of reduction of void diameter Dd¼ d� d0 with

radiation dose and time, where d0 is the original void diameter.
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stress state between two voids calculated by using complex
variable method (see Supplementary Fig. 6) indicates the
existence of significant tensile stress surrounding voids. Smaller
voids generate higher stress field near void surfaces, while larger
voids introduce higher stress over a longer range. When a Frank
loop approaches a nanovoid, the loop migration rate increases
significantly as tensile stress induces a substantial reduction
of formation and migration energies of the loop (detailed
calculations by molecular statics simulations are provided in
Supplementary Fig. 7).

Second, MD simulation reveals dynamic process through
which a void absorbs a neighbouring dislocation loop. Three
scenarios subjected to self-ion irradiations, were compared,
including a stand-alone Frank (interstitial) loop, a pair of
nanovoid and Frank loop in immediate contact, and the similar
pair that are separated byB1 nm as shown in Fig. 6. As shown in
Supplementary Movie 4, during irradiation, the individual Frank
loop was disturbed, but only slightly changed its shape after a
cascade (Fig. 6a–c). In parallel, the Frank loops immediately
contacting the void (Fig. 6d–f) or slightly separated from the void
(Fig. 6g–i) were prominently absorbed by the void after radiation
(Supplementary Movies 5 and 6). The amount of net interstitials

(inside a Frank loop) absorbed by a void depends on the energy
and fluence of primary knock-on atoms. Supplementary Fig. 8
and Supplementary Movie 7 show one of the cases wherein
multiple cascades (3 incident ions) led to substantial absorption
of a Frank loop and shrinkage of the void, leaving behind stacking
faults, vacancies and a prismatic loop.

In situ radiation studies show that cyclic variation in density of
mobile dislocations is directly related to void shrinkage in nv-nt
Cu. During radiation, the interaction of radiation-induced defects
and TBs provides a continuous source for mobile interstitial
loops. In contrast, nanovoids are sinks for these defects. The net
accumulation of mobile loops is thus a competition between these
two processes. The simulation developed from such concept (see
Supplementary Figs 9 and 10 for details) yields time-dependent
evolution of mobile loop density (shown by solid red curve in
Fig. 4b), in qualitative agreement with experimental observations.
Further discussion of cyclic variation of mobile dislocation loop
density is provided in Supplementary Note 1.

Foregoing discussions highlight several uniqueness of nv-nt
architecture in achieving unprecedented radiation tolerance. First,
compared with high-angle grain boundaries in nanocrystalline
metals, TBs are comparable defect sinks, but much more stable
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under radiation. Second, nt metals have extraordinary 3D
ITB-CTB networks with rapid diffusion channels that act as
highways to rapidly transport point defects and their clusters. The
fast diffusion channels discovered in nt metals have one
dimensional nature and are much more efficient than high-angle
grain boundaries to transport defect clusters to desirable
destination (nanovoids). Third, abundant nanovoids at the end
of these highways have capacity to store and eliminate these defect
clusters. In the absence of nanovoids, even if TB networks remain
actively transporting defects, there is no space to eliminate defect
clusters in a timely manner and hence defect density will build up
gradually. For comparison, we fabricated cg Cu with nanovoids
with dimensions of B100� 200 nm, which were the smallest
achievable dimension by using the focused ion beam technique at
the time of experiment. In situ radiation experiments on these cg
Cu films show no shrinkage of nanovoids after radiation to a dose
of 1.56 d.p.a., implying that the removal of nanovoids is a unique
phenomenon in nv-nt Cu films (Supplementary Fig. 11).

In summary, we report on a new method beyond existing
approaches55 to achieve extraordinary radiation tolerance by
using nv-nt architecture. The self-healing effect observed in this

study shall not be interpreted as mitigation of void swelling only.
Instead the proper insertion of nanovoids (along ITBs) ensures
that mobile defect clusters can be ‘stored’, and consequently
permits continuous and expeditious removal of mobile
dislocation loops. The ITB-CTB networks in nt metals enable
rapid transportation of radiation-induced defect clusters to
nanovoids and thus lead to their mutual recombination. The
concept developed from this study –combination of nanovoids
with nanotwin networks– not only helps us to understand defect
mitigation mechanisms in irradiated materials, and but may also
stimulate the design of damage tolerant materials in general that
are subjected to other extreme environments, such as high stress
and high pressure impact.

Methods
Specimen preparation. Fully dense cg Cu foil with thickness of B20mm and
nanotwinned Cu films with nanovoids with thickness of 1.5 mm were prepared
through magnetron sputtering by using 99.995% purity Cu target on HF-etched
Si(110) substrates. Subsequent annealing of free-standing cg Cu foil at 300 �C for
1 h was performed to obtain large grain size. Before deposition, the chamber was
evacuated to a base pressure of B5� 10� 8 torr. TEM samples were prepared by
dimpling, low-energy (3.5 keV) Ar ion milling and subsequent ion polishing.
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Topological model and atomistic simulations of ITB in an fcc structure, exploring that an ITB can be represented as an array of Shockley partial dislocations

on each {111} plane as illustrated in the schematic (b), containing three repetitive partial dislocations (b1,b2 and b3). Two fast diffusion channels along

o1104 dislocation lines are identified as channel 1 and channel 2. The migration paths with lowest energy barriers along the two channels are calculated

by the nudged elastic band (NEB) method as shown in (c) and (d), respectively. (c) For the channel 1, an interstitial initially stays at a dislocation core in
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low-energy site. (d) For the channel 2, an interstitial has a spreading core associated with the distributed free volume along o1104 dislocation line.

The migration of the distributed interstitial requires a very low energy barrier (0.01 eV) displaying a crowdion-type of behaviour.
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In situ Kr ion irradiation. In situ Krþ þ ion irradiation at 1 MeV was performed
for cg and nv-nt Cu at room temperature in the intermediate voltage electron
microscope (IVEM) at Argonne National Laboratory, where an ion accelerator was
attached to a HITACHI H-9000NAR microscope. The microscope was operated at
200 kV and kept on during radiation to record the microstructural evolution. The
average dose rate was 1.8� 10� 3 d.p.a. s� 1. A CCD camera was used to capture
microstructural evolution during radiation at 15 frame s� 1. Stopping power and
range of ions in matter simulation was used to estimate the displacement damage
profile and Krþ þ ion distribution56. The results (see Supplementary Fig. 12) show
that most of the Krþ þ ions at 1 MeV will penetrate through TEM foils, which are
B100 nm in thickness, measured by using the Kossel–Mollenstedt fringes captured
under two-beam conditions.

Molecular statics/dynamics simulations. Molecular statics with the nudged
elastic band method57 was used to calculate the formation/migration energy
(Ef/Em) for interstitials at TBs and in the bulk, with the embedded atom method
interatomic potentials for Cu58. Twinned structures (Supplementary Fig. 13) were
created by successively gliding Shockley partial dislocations on each (111) plane in
a single crystal49,59. We introduced interstitials, one at a time, at all possible sites in
the twinned structure and subsequently calculated the corresponding Ef and Em

with respect to migration path.
Molecular dynamics was used to study the void–Frank loop interaction under

cascades. The box size is B200� 100� 100 Å. A void was created in a shape
of Wulff construction with a radius of B1.5 nm. Frank loop takes a hexagonal
shape with six o1104 sides and radius of B1.5 nm. Embedded atom method
interatomic potential developed by Mishin et al.60 was used to describe the
interatomic interaction, splined to the ZBL repulsive potential for interatomic
distances o0.5 Å. MD models were initially relaxed at 300 K. Cascade simulations
were performed along different directions for primary knock-on atoms (PKA) with
kinetic energy 5–8 keV. MD simulation stopped till the cascade cooled down
without obvious rearrangement of atoms.

References
1. Grimes, R. W. et al. Greater tolerance for nuclear materials. Nat. Mater. 7, 683

(2008).
2. Was, G. S. Materials degradation in fission reactors: Lessons learned of

relevance to fusion reactor systems. J. Nucl. Mater. 367–370(Part A): 11 (2007).
3. Ackland, G. Controlling radiation damage. Science 327, 1587 (2010).
4. Zinkle, S. J. & Was, G. S. Materials challenges in nuclear energy. Acta Mater.

61, 735 (2013).

5. Sickafus, K. E. et al. Radiation-induced amorphization resistance and radiation
tolerance in structurally related oxides. Nat. Mater. 6, 217 (2007).

6. Sickafus, K. E. et al. Radiation tolerance of complex oxides. Science 289, 748
(2000).

7. Watkins, G. D. EPR observation of close Frenkel pairs in irradiated ZnSe. Phys.
Rev. Lett. 33, 223 (1974).

8. Wirth, B. D. How does radiation damage materials? Science 318, 923 (2007).
9. Fu, C.-C. et al. Multiscale modelling of defect kinetics in irradiated iron. Nat.

Mater. 4, 68 (2005).
10. Zinkle, S. J. et al. I. Energy calculations for pure metals. Philos. Mag. A 55, 111

(1987).
11. Singh, B. N. & Zinkle, S. J. Defect accumulation in pure fcc metals in the

transient regime: a review. J. Nucl. Mater. 206, 212 (1993).
12. Arakawa, K. et al. Observation of the one-dimensional diffusion of nanometer-

sized dislocation loops. Science 318, 956 (2007).
13. Matsukawa, Y. & Zinkle, S. J. One-dimensional fast migration of vacancy

clusters in metals. Science 318, 959 (2007).
14. Cawthorne, C. & Fulton, E. J. Voids in irradiated stainless steel. Nature 216, 575

(1967).
15. Osetsky, Y. N. et al. Atomistic study of the generation, interaction,

accumulation and annihilation of cascade-induced defect clusters. J. Nucl.
Mater. 307–311 (Part 2), 852 (2002).

16. Mansur, L. K. Theory and experimental background on dimensional changes in
irradiated alloys. J. Nucl. Mater. 216, 97 (1994).

17. Garner, F. A. et al. Comparison of swelling and irradiation creep behavior
of fcc-austenitic and bcc-ferritic/martensitic alloys at high neutron exposure.
J. Nucl. Mater. 276, 123 (2000).

18. Kiener, D. et al. In situ nanocompression testing of irradiated copper. Nat.
Mater. 10, 608 (2011).

19. Singh, B. N. Effect of grain size on void formation during high-energy electron
irradiation of austenitic stainless steel. Philos. Mag. 29, 25 (1974).

20. Singh, B. N. et al. On grain-size-dependent void swelling in pure copper
irradiated with fission neutrons. Philos. Mag. A 82, 1137 (2002).

21. Ukai, S. & Fujiwara, M. Perspective of ODS alloys application in nuclear
environments. J. Nucl. Mater. 307–311(Part 1): 749 (2002).

22. Han, W. Z. et al. Effect of grain boundary character on sink efficiency. Acta
Mater. 60, 6341 (2012).

23. Sun, C. et al. In situ evidence of defect cluster absorption by grain boundaries in
Kr Ion irradiated nanocrystalline Ni. Metall. Mater. Trans. A 44, 1966 (2013).

24. Demkowicz, M. J. et al. Interface structure and radiation damage resistance in
Cu-Nb multilayer nanocomposites. Phys. Rev. Lett. 100, 136102 (2008).

Frank Frank

PKA: 5 keV

Cascade

Vacancy

Void shrinkage Void shrinkage

Cascade

PKA: 5 keV

PKA: 8 keV

d=~3 nm
Void

a

b

c

d

e

f

g

h

i

Figure 6 | Two-dimensional projected view of interstitial loop–nanovoid interactions. (a) For a stand-alone Frank loop, a 5 keV primary knock-on

atom (PKA) generates a cascade at one corner of the loop (b). During the quenching process, the cascade shrinks, accompanied by the recovery of the

Frank loop. After the retreat of the cascade, the Frank loop evolves back to its original configuration, except a vacancy at the loop and an interstitial out of

the loop (a Frenkel pair) (c). (d) For a Frank loop immediately next to a void (d¼ 3 nm), a similar cascade is performed. (e) Accompanying the retreat

of the cascade, the interstitials are absorbed into the void (f), leading to a shrinkage of the void and substantial removal of the Frank loop. No defects

appear out of the Frank loop. (g) For a Frank loop B1 nm away from a void (d¼ 3 nm), a similar cascade generated by an 8 keV PKA is performed (h).

The interstitials of the Frank loop are attracted into the void (i), leading to shrinkage of the void and Frank loop. No defects appear out of the Frank loop in

cases d and h. Detailed processes are provided in Supplementary Movies 4–6.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8036 ARTICLE

NATURE COMMUNICATIONS | 6:7036 | DOI: 10.1038/ncomms8036 | www.nature.com/naturecommunications 7

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


25. Demkowicz, M. J. et al. The role of interface structure in controlling
high helium concentrations. Curr. Opin. Solid State Mater. Sci. 16, 101
(2012).

26. Fu, E. G. et al. Interface enabled defects reduction in helium ion irradiated
Cu/V nanolayers. J. Nucl. Mater. 407, 178 (2010).

27. Misra, A. et al. The radiation damage tolerance of ultra-high strength
nanolayered composites. JOM 59, 62 (2007).

28. Zhang, X. et al. Nanostructured Cu/Nb multilayers subjected to helium
ion-irradiation. Nucl. Instrum. Methods Phys. Res., Sect. B 261, 1129
(2007).

29. Bringa, E. M. et al. Are nanoporous materials radiation resistant? Nano Lett. 12,
3351 (2011).

30. Fu, E. et al. Surface effects on the radiation response of nanoporous Au foams.
Appl. Phys. Lett. 101, 191607 (2012).

31. Sun, C. et al. In situ study of defect migration kinetics in nanoporous Ag with
enhanced radiation tolerance. Sci. Rep. 4, 3737 (2014).

32. Samaras, M. et al. Computer simulation of displacement cascades in
nanocrystalline Ni. Phys. Rev. Lett. 88, 125505 (2002).

33. Bai, X.-M. et al. Efficient annealing of radiation damage near grain boundaries
via interstitial emission. Science 327, 1631 (2010).

34. Chen, D. et al. Defect annihilation at grain boundaries in alpha-Fe. Sci. Rep. 3,
1450 (2013).

35. Millett, P. C. et al. Phase-field simulation of irradiated metals: Part I: Void
kinetics. Comput. Mater. Sci. 50, 949 (2011).

36. Kaoumi, D. et al. A thermal spike model of grain growth under irradiation.
J. Appl. Phys. 104, 073525 (2008).

37. Lu, L. et al. Ultrahigh strength and high electrical conductivity in copper.
Science 304, 422 (2004).

38. Lu, L. et al. Revealing the maximum strength in nanotwinned copper. Science
323, 607 (2009).

39. Li, X. et al. Dislocation nucleation governed softening and maximum strength
in nano-twinned metals. Nature 464, 877 (2010).

40. Zhang, X. et al. High-strength sputter-deposited Cu foils with preferred
orientation of nanoscale growth twins. Appl. Phys. Lett. 88, 173116 (2006).

41. Jang, D. et al. Deformation mechanisms in nanotwinned metal nanopillars.
Nat. Nanotech. 7, 594 (2012).

42. Wang, Y. M. et al. Defective twin boundaries in nanotwinned metals. Nat.
Mater. 12, 697 (2013).

43. Demkowicz, M. J. et al. The influence of S3 twin boundaries on the formation
of radiation-induced defect clusters in nanotwinned Cu. J. Mater. Res. 26, 1666
(2011).

44. Zhang, X. & Misra, A. Superior thermal stability of coherent twin boundaries in
nanotwinned metals. Scripta Mater. 66, 860 (2012).

45. Anderoglu, O. et al. Thermal stability of sputtered Cu films with nanoscale
growth twins. J. Appl. Phys. 103, 094322 (2008).

46. Yu, K. Y. et al. Removal of stacking-fault tetrahedra by twin boundaries in
nanotwinned metals. Nat. Commun. 4, 1377 (2013).

47. Niewczas, M. & Hoagland, R. G. Molecular dynamic studies of the interaction
of a/6o1124 Shockley dislocations with stacking fault tetrahedra in copper.
Part II: Intersection of stacking fault tetrahedra by moving twin boundaries.
Philos. Mag. 89, 727 (2009).

48. Zinkle, S. J. et al. Dose dependence of the microstructural evolution in
neutron-irradiated austenitic stainless steel. J. Nucl. Mater. 206, 266 (1993).

49. Wang, J. et al. Detwinning mechanisms for growth twins in face-centered cubic
metals. Acta Mater. 58, 2262 (2010).

50. Zhu, Y. T. et al. Dislocation–twin interactions in nanocrystalline fcc metals.
Acta Mater. 59, 812 (2011).

51. Zhu, Y. T. et al. Deformation twinning in nanocrystalline materials. Prog.
Mater. Sci. 57, 1 (2012).

52. Li, N. et al. Twinning dislocation multiplication at a coherent twin boundary.
Acta Mater. 59, 5989 (2011).

53. Yu, K. Y. et al. In situ studies of irradiation-induced twin boundary migration
in nanotwinned Ag. Scripta Mater. 69, 385 (2013).

54. Liu, Y. et al. Plasticity and ultra-low stress induced twin boundary migration in
nanotwinned Cu by in situ nanoindentation studies. Appl. Phys. Lett. 104,
231910 (2014).

55. Zinkle, S. J. & Snead, L. L. Designing radiation resistance in materials for fusion
energy. Annu. Rev. Mater. Res. 44, 241 (2014).

56. Ziegler, J. F. & Biersack, J. P. SRIM-2008, Stopping Power and Range of Ions in
Matter (2008).

57. Sorensen, M. R. & Voter, A. F. Temperature-accelerated dynamics for
simulation of infrequent events. J. Chem. Phys. 112, 9599 (2000).

58. Mishin, Y. et al. Structural stability and lattice defects in copper: Ab initio,
tight-binding, and embedded-atom calculations. Phys. Rev. B 63, 224106 (2001).

59. Wang, J. et al. Dislocation structures of S3 {112} twin boundaries in face
centered cubic metals. Appl. Phys. Lett. 95, 021908 (2009).

60. Ziegler, J. F. et al. The stopping and range of ions in matter Vol. 1 (Pergamon,
1985).

Acknowledgements
Y.C. and X.Z. acknowledge financial support primarily by NSF-DMR-Metallic Materials
and Nanostructures Program under grant no. 1304101 (in situ radiation and micro-
scopy). Y.L. who works on fabrication of nanotwinned metals is supported by DOE-
OBES under grant no. DE-SC0010482. S.S. and J.W. acknowledge the support provided
by the Los Alamos National Laboratory Directed Research and Development (LDRD-
ER20140450) and J.W. also acknowledges the Start-up provided by the University of
Nebraska-Lincoln. We also thank Peter M. Baldo and Edward A. Ryan at Argonne
National Laboratory and L. Jiao in Texas A&M University for their help during in situ
irradiation experiments. The IVEM facility at Argonne National Laboratory is supported
by DOE-Office of Nuclear Energy. Access to the DOE—Center for Integrated Nano-
technologies (CINT) at Los Alamos and Sandia National Laboratories and Microscopy
and Imaging Center at Texas A&M University is also acknowledged. The open access
publishing fees for this article have been covered by the Texas A&M University Online
Access to Knowledge (OAK) Fund, supported by the University Libraries and the Office
of the Vice President for Research.

Author contributions
Y.C. performed in situ radiation and microscopy experiments under the supervision of
H.W. and M.A.K. Y.C., K.Y.Y. and Y. L. performed sample fabrication by magnetic
sputtering. Theoretical simulations were constructed by Y.C. and S.S., supervised by J.W.
X.Z. supervised the entire project. All authors commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Chen, Y. et al. Damage-tolerant nanotwinned metals
with nanovoids under radiation environments. Nat. Commun. 6:7036
doi: 10.1038/ncomms8036 (2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8036

8 NATURE COMMUNICATIONS | 6:7036 | DOI: 10.1038/ncomms8036 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	TB and nanovoid morphology in nv-nt Cu
	Irradiation-induced morphology evolution in nv-nt and cg Cu

	Figure™1Deliberate introduction of nanovoids and nanotwins in Cu (nv-nt Cu).(a-b) Plan-view transmission electron microscopy (TEM) micrograph showing the as-prepared nv-nt Cu film containing abundant nanovoids primarily surrounding columnar domain boundar
	Void-interstitial loop interaction
	Cyclic variation of mobile dislocation loop density in nv-nt Cu

	Discussion
	Figure™2Superior radiation tolerance and void shrinkage in nv-nt Cu as evidenced by in™situ Kr ion irradiation studies.TEM snapshots in (a) and (b) compare drastically different evolution of microstructure during in™situ Kr ion irradiation of coarse grain
	Figure™3In situ Kr ion irradiation studies of nv-nt Cu unravelling continuous shrinkage of nanovoids and absorption of mobile dislocation loops by nanovoids.(a) In situ snapshots revealing shrinkage of numerous nanovoids over 0.11-0.26thinspd.p.a. At 0thi
	Figure™4Significant cyclic variation of mobile loop density observed in nv-nt Cu subjected to in™situ Kr ion irradiation within 0.4thinspd.p.a.(a) Statistic studies show cyclic variation of mobile dislocation loop density, with two short cycles during 0.1
	Methods
	Specimen preparation

	Figure™5Absorption and diffusion of interstitials in nv-nt Cu.(a) Fast interstitial diffusion pipes enabled by ITB-CTB networks in nt Cu. (b) Two fast diffusion channels at ITBs and (c,d) the corresponding diffusion mechanisms. An interstitial created wit
	In situ Kr ion irradiation
	Molecular staticssoldynamics simulations

	GrimesR. W.Greater tolerance for nuclear materialsNat. Mater.76832008WasG. S.Materials degradation in fission reactors: Lessons learned of relevance to fusion reactor systemsJ. Nucl. Mater.367-370Part A112007AcklandG.Controlling radiation damageScience327
	Figure™6Two-dimensional projected view of interstitial loop-nanovoid interactions.(a) For a stand-alone Frank loop, a 5thinspkeV primary knock-on atom (PKA) generates a cascade at one corner of the loop (b). During the quenching process, the cascade shrin
	Y.C. and X.Z. acknowledge financial support primarily by NSF-DMR-Metallic Materials and Nanostructures Program under grant no. 1304101 (in situ radiation and microscopy). Y.L. who works on fabrication of nanotwinned metals is supported by DOE-OBES under g
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




