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ABSTRACT
We describe a transmission electron microscopy investigation of the distribution of helium precipi-
tates within the plane of an interface between Cu and V. Statistical analysis of precipitate locations
reveals a weak tendency for interfacial precipitates to align along 〈110〉-type crystallographic direc-
tions within the Cu layer. Comparison of these findings with helium-free Cu/V interfaces suggests
that the precipitates may be aggregating preferentially along atomic-size steps in the interface cre-
ated by threading dislocations in the Cu layer. Our observations also suggest that some precipitates
may be aggregating along intersections between interfacial misfit dislocations.

IMPACT STATEMENT
The innovation of this paper is providing the first plane-view experimental images of in-plane
helium precipitate distributions at an interface between physical vapor deposited face-centered
cubic (fcc) and body-centered cubic (bcc) metals.
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1. Introduction

Physical vapor deposited (PVD) multilayers of face-
centered cubic (fcc) and body-centered cubic (bcc) met-
als have proven to be excellent model materials for
studying interactions between solid-state interfaces and
radiation-induced defects [1–3]. They have been espe-
cially fruitful for investigations of the nucleation, growth,
and interaction of helium (He) precipitates at fcc/bcc
interfaces [4–7]. To date, however, experimental imaging
of He precipitates at these interfaces has been confined
to viewing the interfaces edge-on [4–7]. Such imaging
reveals the tendency of precipitates to aggregate at inter-
faces, but does not provide information about the distri-
bution of precipitates within the interface plane. In this
paper, we describe the first experimental imaging study
of the in-plane distribution of He bubbles at a fcc/bcc
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interface in a PVD bilayer of copper (Cu) and vanadium
(V).

Due to its extremely low solubility [8,9], He is not
absorbed into metals from the environment. How-
ever, it may be introduced into metals in supersat-
urated form through nuclear transmutation [10] and
decay [11] or through the direct implantation of high-
energy He ions [12]. Once inside a metal, He atoms
aggregate and grow into nano-scale precipitates or
‘bubbles’ [13]. These bubbles preferentially occupy high-
volume [14] or high-energy locations, including inter-
faces [15]. Understanding the physical mechanisms of
interaction between He bubbles and interfaces may
shed light on the design of radiation-resistant mate-
rials for advanced fission [16] and future fusion [17]
reactors.
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PVD metal multilayers have been used to study the
interaction of He with a variety of interfaces, including
Cu–Nb [18–22], Cu–V [6,23], Cu–Mo [24], Al–Nb [25]
and Fe–W [26]. Recently, studies onHe behavior at inter-
faces in bulk-scale Cu–Nb nanocomposites synthesized
by accumulative roll bonding have also been performed
[27,28]. These investigations have generally concluded
that He precipitates form preferentially along intrin-
sic defects within interfaces, such as misfit dislocations
and their intersections or interfacial facets [28]. Intrinsic
defects are inherent in the internal structure of certain
interfaces. They arise directly from the crystallographic
character of the interface, i.e. its orientation relation and
interface plane orientation [29–31]. For example, pre-
vious experiments have found that He bubbles prefer-
entially occupy misfit dislocations intersections (MDIs)
[32] on low-angle twist grain boundaries (GBs) in
gold (Au).

However, direct observation of the in-plane distribu-
tion of He precipitates at fcc/bcc interfaces has proven
to be more challenging. The density of intrinsic defects
at many of these interfaces is high, making it difficult
to distinguish individual defects in transmission electron
microscopy (TEM). Correlations between the in-plane
distribution of He precipitates in these interfaces and
the network of intrinsic interfacial defects have therefore
been inferred from indirect experiments [6,20,33,34–36]
and atomistic modeling [20,37,38]. We have chosen to
investigate He bubble distributions at a Cu/V interface
because previous calculations revealed that this interface
has a highly anisotropic distribution ofmisfit dislocations
and MDIs [39]. These features enhance the possibility
of detecting an anisotropic in-plane distribution of He
bubbles decorating intrinsic defects, even if the intrinsic
defects themselves cannot be observed [40].

2. Experimental methods

A Cu–V bilayer film was fabricated by election beam
evaporation using high-purity (99.999%) Cu and V tar-
gets. The vacuum pumping system consisted of a turbo-
molecular pump backed by a mechanical pump which
provided a base pressure of lower than 10−6mbar. First,
a 150 nm thick V film was deposited on a single-crystal
MgO(111) substrate at 700°C. Then, the chamber was
cooled down to 100°C for the deposition of the Cu
film. Elevated temperatures were used during deposition
to maximize the diameters of the columnar grains in
the deposited film. The deposition rate was set to ∼2
angstroms/s for both the V and Cu layers. The focused
ion beam (FIB) lift out technique was applied to pre-
pare both plan view and cross-sectional transmission
electron microscopy (TEM) foils. During the process of

preparing TEM plan-view foils, the MgO substrate was
carefully sputtered away completely. Bothmicrostructure
and chemical analysis have been conducted using an FEI
Tecnai F30 field emission gun TEM.

Helium ion implantation was conducted at 250°C on a
200 kV Danfysik research ion implanter at the Ion Beam
Materials Laboratory at Los AlamosNational Laboratory.
The TEM samples were mounted on a copper stage using
silver paste along with a mechanical clip. The implanta-
tion was performed using 30 keV He+ ions to a fluence
of 5× 1015 ions/cm2 with a flux of ∼2× 1012 ions/cm2/s
at a temperature of 250°C. The beam direction was per-
pendicular to theCu–V interface plane. The stopping and
range of ions in matter (SRIM) software was used to cal-
culate the He ion distribution in the Cu–V bilayer film.
The peak He concentration was predicted to occur at the
Cu/V interface with a concentration of 0.4 at% [41].

3. Results and discussion

Figure 1(a) shows the morphology of the Cu/V bilayer
under strain contrast. Both the Cu and V layers were
found to consist of columnar grains with a fiber texture.
The diameter of the columnar grains is approximately
half a micron in both layers. Isolated grain boundaries,
within columns and with planes perpendicular to the
Cu/V interfaces, have been detected in the Cu layer (not
shown here). These boundaries are �3 {112} incoher-
ent twins. Figure 1(b) shows a selected area electron
diffraction (SAED) pattern of the Cu–V film, indicat-
ing that the zone axis is along Cu[110] and V[111].
The high-resolution TEM (HRTEM) image (Figure 1(c))
reveals the interface plane orientations, confirming that
the orientation relationship of the Cu/V interface is of
the Kurdjumov–Sachs (KS) type: Cu(111)||V(110) and
Cu[110]||V[111]. An approximately periodic array of
misfit dislocations may be seen near the Cu/V interface.
Only dislocations that have an edge component and inter-
sect the image plane may be seen in the figure. They
have been marked by red ‘⊥’ symbols. The average dis-
tance between them is ∼4 nm. A magnified micrograph
of the region highlighted by the yellow dashed box in
Figure 1 (c) is presented in Figure 1 (d). A Burgers cir-
cuit starting at S and ending at F is shown in Figure 1(d),
demonstrating a closure failure of aCu/6[112].

A plan-view dark field scanning TEM (STEM) micro-
graph of the as-deposited Cu/V sample is presented in
Figure 2(a). We used energy-dispersive spectroscopy to
confirm that all of the MgO substrate was removed from
this sample: only Cu and V signals were detected dur-
ing this analysis. The contrast distribution in Figure
2(a) reveals that there are two grains in the image. The
boundaries between them have been labeled with dashed
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Figure 1. (a) Cross-sectional TEMmicrographof aCu–Vbilayer filmdepositedonanMgOsubstrate. (b) Correspondingdiffractionpattern
showing that the following crystallographic directions are parallel within the interface planes: Cu[110]||V[111]||MgO[110]. (c) Atomic
structure of the interface showing that the interface plane is parallel to Cu(111) and V(110) planes. Interface misfit dislocations that
contain an edge component and intersect the image plane aremarked by red ‘⊥’ symbols. (d) Magnified image of the yellow dashed box
in (c).

lines, with blue color representing Cu〈110〉 directions
and bright blue representing Cu〈112〉. The zone axis is
Cu〈111〉. Thus, the boundaries labeled with the blue-
dashed lines are �3{112} incoherent twin boundaries,
which are commonly encountered in PVD Cu layers.

Dislocation lines appear bright in dark field imaging.
Several curved white lines may be seen inside Grain II in
Figure 2(a). We interpret these lines as threading dislo-
cations within the Cu layer: dislocations that propagate
parallel to the free surface and interface planes, relaxing
growth stresses in the film [42]. Another clear contrast
feature in Figure 2(a) is the network of straight black lines
in Grain II. These networks are composed of two sets of
lines at 60 degree angles to each other. Distances between
two neighboring parallel black lines vary between ∼10
and ∼30 nm.

This network pattern is not consistent with the ori-
entation and spacing of misfit dislocations at the Cu/V
interface. More likely, it consists of atomic-size steps

deposited on the Cu/V interface by threading disloca-
tions traveling through the Cu layer. In Cu, dislocations
glide along {111}-type planes. The schematic in Figure
2(b) shows the orientation of three such planes intersect-
ing the Cu/V interface in a Cu layer with the crystallo-
graphic orientation observed in our sample. The electron
beam is directed along the z-axis in this schematic. The
intersections of these planeswith theCu/V interface form
lines alongCu〈110〉 type directions at angles of 60 degrees
to each other, in agreement with Figure 2(a).

Figure 3(a) and (b) illustrate He bubble distributions
in the He-implanted plan view and cross-sectional sam-
ples, respectively. Numerous nanoscale bubbles with a
diameter of approximately 3–5 nmwere observed in both
samples. He bubbles exhibit a clear tendency to align
along grain boundaries. In addition, there also appears
to be a tendency for bubbles to align along Cu〈110〉 crys-
tallographic directions, as indicated by blue dashed lines
in Figure 3(a). The cross-sectional high-resolution TEM
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Figure 2. (a) Plan-view TEM image of an as-deposited Cu/V bilayer showing slip steps created at the Cu/V interface by threading
dislocations. (b) Schematic diagram of the orientation of (111) glides planes in the Cu film relative to the Cu/V interface.

Figure 3. (a) Plan-view TEM image of helium implanted Cu/V foil, taken with under-focus of 400 nm. Helium bubbles appear to align
preferentially at grain boundaries and along Cu〈110〉-type crystallographic directions. (b) Edges of He bubbles at the Cu/V interface
imaged by high-resolution TEM, taken with under-focus of 200 nm.

image in Figure 3(b) shows individual helium bubbles
located within the Cu layer and contacting the Cu/V
interface.

Additional quantitative information may be extracted
through digital analysis of the under-focused and over-
focused TEM micrographs shown in Figure 4(a, b),
respectively. In the former, helium bubbles appear as
light spots while in the latter they appear as dark spots.
Since the background contrast in both images is com-
parable, we may subtract them from each other to
obtain an image containing only the bubbles them-
selves, as shown in Figure 4(c). This image was analyzed
using MATLAB to extract the locations and radii of all
bubbles. Figure 4(d) shows a digital plot of the data
obtained with bubble areas exaggerated by a factor of five
for clarity.

Some of the helium bubbles in Figure 4 exhibit an evi-
dent tendency to aggregate into ordered arrangements.
For instance, as in Figure 3(a), bubbles preferentially dec-
orate the GB indicated in Figure 4(a). Inspection of the
vicinity of this GB in Figure 4(d) suggests that the GB is
furthermore flanked on both sides by zones with reduced
helium bubble concentration. In addition to these promi-
nent arrangements along GBs, He bubbles that are far
from GBs may also exhibit subtler forms of ordering.
We carried out a statistical analysis of the digitized atom
positions shown in Figure 4(d) to search for such aggre-
gation tendencies. To exclude bubbles decoratingGBs, we
restricted these analyses to bubbles within the two red
circles shown in Figure 4(d).

Figure 5(a) presents a distribution of radii for bub-
bles contained within the larger red circle in Figure 4(d)
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Figure 4. (a) Under-focused and (b) over-focused plan-view TEMmicrographs of a He-implanted Cu/V bilayer, taken with defocusing of
minus and plus 400 nm respectively. (c) An image generated by subtracting (b) from (a). The plot of the digitized He bubble positions
obtained from (c) is given in (d). Bubble areas in (d) are exaggerated by a factor of five for clarity. The red circles illustrate regions that do
not contain GBs decorated by He atoms. Bubbles drawn from these regions are used for the statistical analysis described in the text.

(1597 bubbles total). The distribution is narrow, falling
off rapidly to zero below a radius of ∼0.5 nm and above
∼1 nm. It has a mean of ∼0.6 nm. Because of the Fres-
nel contrast of the bubbles at the 400 nm under-focus
condition, these values may overestimate the true radius
by asmuch as ∼ 20% [43]. Figure 5(b) plots pair distribu-
tion functions as a function of distance between bubbles
computed using three different bin numbers. To avoid
sampling artifacts, the center position bubbles in this cal-
culation were drawn from the smaller circle in Figure
4(d) (1351 bubbles total) while the neighbors of these
atoms were drawn from the larger circle. The difference
in radius between these circles is ∼13.7 nm: equal to the
maximum bubble-to-bubble distance plotted in Figure
5(b). At large inter-bubble distances, all three distribution
functions converge to the same average bubble density of
∼0.0225/nm2. Because the TEM foil is ∼ 100 nm thick,

the corresponding volume density is ∼2.25× 1023/m3.
At low distances, all three functions exhibit a reduced
bubble density, demonstrating that bubbles are not dis-
tributed randomly. Rather, each bubble is surrounded by
an ‘exclusion zone’: the presence of a bubble at one loca-
tion reduces the likelihood of finding another bubble at a
location within a surrounding region of a radius ∼4 nm.

Finally, using the same sampling strategy as employed
in Figure 5(b), we computed a pair distribution func-
tion that tracks not just the bubble-to-bubble distance,
but also the x- and y-coordinates of bubbles neighboring
the central bubble. The outcome is shown in Figure
5(c). As expected, this 2-D pair distribution also exhibits
an exclusion zone: a region of reduced bubble density
approximately 4 nm in radius surrounding the central
bubble. Moreover, this distribution is clearly anisotropic:
an elevated density of bubbles is aligned along the three
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Figure 5. (a) Distribution of bubble radii. (b) Bubble pair distribution function as a function of distance between bubbles. (c) Bubble pair
distribution function expressed in terms of the x- and y-positions of bubbles neighboring a central bubble.

Figure 6. (a) Plan-view TEM image of aligned He bubbles, taken with under-focus of 400 nm; (b) magnified image of the yellow dashed
box in (a); and (c) schematic diagram of MDIs at a Cu/V interface with KS orientation relationship.

‘high-density’ lines with angles of 60 degrees between
them, as plotted in Figure 5(c). Approximately mid-way
between them lie three ‘low-density’ directions.

This anisotropic bubble distribution cannot be
attributed to helium bubbles decorating GBs, as these
were intentionally excluded from the calculation that
resulted in Figure 5(c), as described above. Neither the
shape nor the orientation of such a pattern can match
the calculated distribution of misfit dislocation intersec-
tions (MDIs) in the KS Cu/V interface, either. Figure

4(b) illustrates the discrepancy between the direction of
preferential alignment of He bubbles and the direction of
closest MDI spacing in the Cu/V interface.

However, the directions of preferential He bubble
alignment shown in Figure 5(c) are consistent with
Cu〈110〉-type directions, as proposed previously. As illus-
trated in Figure 2, slip steps deposited along Cu/V inter-
faces by threading dislocations also lie along Cu〈110〉-
type directions. We therefore conclude that He bub-
bles preferentially decorate these slip steps, rather than
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intrinsic interfacial defects. Current TEM imaging tech-
niques are not able to determine whether individual
He bubbles lie along individual slip steps, so our con-
clusion remains an inference based on comparison of
as-deposited and He-implanted samples.

Finally, we observed one isolated case—shown in
Figure 6 (a)—of helium bubbles aligning along directions
that are not Cu〈110〉-type directions. Figure 6(b) shows a
magnified view of this arrangement, highlighting groups
of bubbles aligned into rows marked by red dashed lines.
The distance between two adjacent rows of these helium
bubbles is ∼8 nm. Within each row, bubbles have an
average spacing of ∼2 nm, with no two neighboring
bubbles overlapping each other. To check whether these
bubbles may be decorating MDIs, we calculated distri-
butions of MDIs at a Cu/V KS interface using O-lattice
theory, as described in [34].We used cubic lattice param-
eters for Cu and V of aCu = 0.36 nm and aV = 0.30 nm,
respectively, and found that the shortest distance between
MDIs is lmin = 2.2 nm and the perpendicular distance
between rows of closest-spaced MDIs is l⊥ = 8.4 nm,
similar to the rows of bubbles in Figure 6(c). The pre-
dicted direction of closest MDI spacing is not aligned
with any low index crystallographic direction in Cu or V.
In fact, this direction is rotated by approximately 14° from
the 〈112〉fcc and 〈112〉bcc directions within the interface
plane, as shown in Figure 6(c).

Although the exact crystallographic orientation of the
bubble alignment in Figure 6 is uncertain, the spacing
between these bubbles is close to the calculated MDI
pattern. Thus, it seems plausible that these bubbles are
formed at the intersection points of misfit dislocations. If
so, then the present observations would be the first time
such an orderedHe distribution pattern has been directly
imaged at a fcc/bcc interface. He bubble networks on
misfit dislocation intersections have been observed pre-
viously at low-angle twist GBs in Au [32]. At present, we
cannot exclude the possibility that the pattern in Figure 6
may have formed along a different kind of defect struc-
ture, e.g. along a low-angle tilt GB passing through the
Cu layer. However, since such GBs have not been previ-
ously reported in PVD-deposited Cu layers, it seems that
the likelihood of encountering such a GB here is low.

4. Conclusions

We have presented TEM images of helium bubble distri-
butions within the plane of a Cu/V interface. Detailed
analysis of these images reveals a tendency for helium
bubbles to decorate atomic steps created along the inter-
face by threading dislocations. Certain bubble patterns
are also consistent with the distribution of misfit disloca-
tion intersections predicted by O-lattice theory for Cu/V

interfaces in the Kurdjumov–Sachs orientation relation.
Our work provides the first direct, plan-view images of
He bubble distributions at interfaces between fcc and bcc
metals.

Acknowledgements

We are grateful to M. Seita for performing the image subtrac-
tion as well as bubble radius and location identification shown
in Figure 4. Part of the research was performed at the Cen-
ter for Integrated Nanotechnologies, an Office of Science User
Facility operated for the U.S. Department of Energy (DOE)
Office of Science. Los Alamos National Laboratory is oper-
ated by Los Alamos National Security, LLC, for the National
Nuclear Security Administration of the U.S. Department of
Energy under Contract No. DE-AC52-06NA25396.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project is funded by Los Alamos National Labora-
tory directed research and development fund (grant number.
20150567ER). D.Y. acknowledges the DOE Office of Sciences
Graduate Student Research (SCGSR) Program to support her
research term at Los Alamos National Laboratory through the
Oak Ridge Institute for Science and Education under contract
number DE-SC0014664.

References

[1] Misra A, Demkowicz MJ, Zhang XH, Hoagland RG.
The radiation damage tolerance of ultra-high strength
nanolayered composites. JOM. 2007;59:62–65.

[2] Beyerlein IJ, Demkowicz MJ, Misra A, Uberuaga BP.
Defect-interface interactions. Prog Mater Sci. 2015;74:
125–210.

[3] Demkowicz MJ, Bellon P, Wirth BD. Atomic-scale
design of radiation-tolerant nanocomposites. MRS Bul-
letin. 2010;35(12):992–998.

[4] Callisti M, Karilik M, Polcar T. Bubbles formation in
helium ion irradiated Cu/W multilayer nanocomposites:
Effects on structure and mechanical properties. J Nucl
Mater. 2016;473:18–27.

[5] Fu EG, Wang H, Carter J, Shao L, Wang YQ, Zhang
X. Fluence-dependent radiation damage in helium (He)
ion-irradiated Cu/V multilayers. Philos Mag. 2013;93(8):
883–898.

[6] Li N, Nastasi M, Misra A. Defect structures and hard-
ening mechanisms in high dose helium ion implanted
Cu and Cu/Nb multilayer thin films. Int J Plasticity.
2013;32–33:1–16.

[7] Gao Y, Yang TF, Xue JM, Yan S, Zhou SQ, Wang YG,
Kwok TK, Chu PK, Zhang YW. Radiation tolerance
of Cu/W multilayered nanocomposites. J Nucl Mater.
2011;413(11):11–15.

[8] Laakmann J, Jung P, Uelhoff W. Solubility of helium in
gold. Acta Matallurgica. 1987;35(8):2063–2069.

[9] Lamdolt H, Ehrhart P, Ullmaier H. Atomic defects in met-
als. Berlin: Springer-Verlag; 1991.



342 D. CHEN ET AL.

[10] Ullmaier H. The influence of helium on the bulk proper-
ties of fusion reactor structural materials. Nuclear Fusion.
1984;24(8):1039–1083.

[11] Coltman RR, Klabunde CE, Mcdonald DL, Redman
JK. Reactor damage in pure metals. J Appl Phys.
1962;33:3509–3522.

[12] Gadalla AA, Jager W, Ehrhart P. TEM investigation of the
microstructural evolution during MEV helium implanta-
tion in copper. J Nucl Mater. 1985;137(1):73–76.

[13] Rothaut J, Schroeder H, Ullmaier H. The growth of
helium bubbles in stainless steel at high temperatures.
Philos Mag A. 1983;47(5):781–795.

[14] XuWZ, Li LL, Valdez JA, Saber M, Zhu YT, Carl C, Koch
CC, Scattergood RO. Effect of nano-oxide particle size
on radiation resistance of iron–chromium alloys. J Nucl
Mater. 2016;469:72–81.

[15] Kesternich W. Helium trapping at dislocations, precip-
itates and grain boundaries. Radiation Effects. 1983;78
(1–4):261–273.

[16] Beyerlein IJ, Caro A, Demkowicz MJ, Mara NA, Misra
A. Radiation damage tolerant nanomaterials.Materialsto-
day. 2013;16(11):443–449.

[17] HasegawaA, KohyamaA, Jones RH, Snead LL, Riccardi B,
Fenici P. Critical issues and current status of SiC/SiC com-
posites for fusion. J Nucl Mater. 2000;283–287:128–137.

[18] Hochbauer T, Misra A, Hattar K, Hoagland RG. Influence
of interfaces on the storage of ion-implanted He in multi-
layered metallic composites. Appl Phys. 2005;98:123516.

[19] Zhang X, Li N, Anderoglu O, Wang H, Swadener
JG, Hochbauer T, Misra A, Hoagland RG. Nanos-
tructured Cu/Nb multilayers subjected to helium ion-
irradiation. Nucl Instrum Methods Phys Res Sect B.
2007;261(1–2):1129–1132.

[20] Demkowicz MJ, Bhattacharyya D, Usov I, Wang YQ, Nas-
tasi M,Misra A. The effect of excess atomic volume onHe
bubble formation at fcc-bcc interfaces. A Appl Phys Lett.
2010;97:161903.

[21] Han WZ, Mara NA, Wang YQ, Misra A, Demkowicz
MJ. He implantation of bulk Cu–Nb nanocomposites
fabricated by accumulated roll bonding. J Nucl Mater.
2014;452:57–60.

[22] Li N, Mara N, Wang YQ, Nastasi M, Misra A. Compres-
sive flow behavior of Cu thin films and Cu/Nb multilay-
ers containing nanometer-scale helium bubbles. Scripta
Mater. 2011;64:974–977.

[23] Fu EG, Misra A, Wang H, Shao L, Shang X. Interface
enabled defects reduction in helium ion irradiated Cu/V
nanolayers. J Nucl Mater. 2010;407(3):178–188.

[24] Li N, Carter JJ, Misra A, Shao L, Wang H, Zhang X. The
influence of interfaces on the formation of bubbles in He-
ion-irradiated Cu/Mo nanolayers. Philos Magazine Lett.
2011;91:18–28.

[25] Li N,MartinMS, Anderoglu O,Misra A, Shao L,WangH,
ZhangX.He ion irradiation damage inAl/Nbmultilayers.
J Appl Phys. 2009;105:123552.

[26] Li N, Fu EG, Wang H, Carter JJ, Shao L, Maloy SA, Misra
A, ZhangX.He ion irradiation damage in Fe/Wnanolayer
films. J Nucl Mater. 2009;389(2):233–238.

[27] Han WZ, Demkowicz MJ, Nathan AM, Fu EG, Sinha S,
Rollett AD,Wang YQ, Captenter JS, Beyerlein IJ, Misra A.

Design of radiation tolerant materials via interface engi-
neering. Adv Mater. 2013;25(48):6975–6979.

[28] Timothy GL, Elvan HE, Robert SA, Nathan AM, Pascal
B. Role of interfaces on the trapping of He in 2D and 3D
Cu–Nb nanocomposites. J Nucl Mater. 2015;466:36–42.

[29] Wei QM, Misra A. Transmission electron microscopy
study of the microstructure and crystallographic
orientation relationships inV/Agmultilayers.ActaMatal-
lurgica. 2010;58(14):4871–4882.

[30] Singh BN, Leffers T, Green WV, Victoria M. Nucle-
ation of helium bubbles on dislocations, dislocation
networks and dislocations in grain boundaries during
600MeV proton irradiation of aluminium. J Nucl Mater.
1984;125:287–297.

[31] Thorsen PA, Bilde-Sorensen JB, Singh BN. Influence of
grain boundary structure on bubble formation behaviour
in helium implanted copper. Mater Sci Forum. 1996;
207–209:445–448.

[32] Di Z, Bai XM,WeiQ,Won J, HoaglandRG,WangY,Misra
A,Uberuaga BP,NastasiM. Tunable heliumbubble super-
lattice ordered by screw dislocation network. Phys Rev B.
2011;84:052101.

[33] Demkowicz MJ, Misra A, Caro A. The role of interface
structure in controlling high helium concentrations. Curr
Opin Solid State Mater Sci. 2012;16:101–108.

[34] Kashinath A, Wang P, Majewski J, Baldwin JK, Wang YQ,
Demkowicz MJ. Detection of helium bubble formation
at fcc-bcc interfaces using neutron reflectometry. J Appl
Phys. 2013;114:043505.

[35] Zhernenkov M, Jablin MS, Misra A, Nastasi M, Wang
YQ, Demkowicz MJ, Baldwin JK, Majewski J. Trapping of
implanted He at Cu/Nb interfaces measured by neutron
reflectometry. Appl Phys Lett. 2011;98:241913.

[36] Zhernenkov M, Gill S, Stanic V, DiMasi E, Kisslinger K,
Baldwin JK,Misra A, DemkowiczMJ and Ecker L. Design
of radiation resistant metallic multilayers for advanced
nuclear systems. Appl Phys Lett. 2014;104:241906.

[37] Kashinath A, Misra A, Demkowicz MJ. Stable storage of
helium in nanoscale platelets at semicoherent interfaces.
Phys Rev Lett. 2013;110:086101.

[38] Zhang X, Fu EG, Misra A, et al. Interface-enabled defect
reduction in He ion irradiated metallic multilayers. JOM.
2010;62:75–78.

[39] Yuryev DV, Demkowicz MJ. Computational design of
solid-state interfaces using O-lattice theory: An appli-
cation to mitigating helium-induced damage. Appl Phys
Lett. 2014;105:221601.

[40] Yuryev DV, Demkowicz MJ. Modeling growth, coa-
lescence, and stability of helium. precipitates on pat-
terned interfaces.Modeling Simul Mater Sci Eng. 2016;25:
015003.

[41] Ziegler JF, Ziegler MD, Biersack JP. SRIM–The stopping
and range of ions in matter. Nucl Instrum Methods Phys
Res Sect B. 2010;268:1818–1823.

[42] Matthews JW, Blakeslee AE. Defects in epitaxial multilay-
ers: II. Dislocation pile-ups, threading dislocations, slip
lines and cracks. J Crystal Growth. 1975;29(3):273–280.

[43] Wei QM, Li N, Mara N, Nastasi M, Misra A. Suppression
of irradiation hardening in nanoscale V/Ag multilayers.
Acta Matallurgica. 2011;59(16):6331–6340.


	1. Introduction
	2. Experimental methods
	3. Results and discussion
	4. Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


