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ABSTRACT
Metallic nanolaminates are promising materials for nuclear applications due to their ability to withstand extreme radiation environments by
trapping irradiation-induced defects. However, the effects of irradiation-induced voids on confined layer slips (CLS) in nanolaminates remain
largely unexplored. In this study, molecular dynamics simulations are employed to investigate how void size and location impact CLS in two
types of Ag/Cu nanolaminates. Nanolaminated Ag and Ag single crystals are also studied as references. The results show that voids act as
obstacles, significantly increasing the critical stress for dislocation glide. The void location plays a role in the critical stress but in different
ways for different slip planes. The void-induced hardening is stronger on planes with lower intrinsic critical stress; as a result, adding a void
homogenizes the resistance to CLS across different slip planes. Ag/Cu type II nanolaminates, where the two crystals have a “cube-on-cube”
crystallographic orientation, demonstrate reduced void-induced hardening compared to type I, where two adjacent layers possess differing
crystallographic orientations. In addition, some void-containing nanolaminated Ag show lower critical stress than their single-crystal line
counterparts.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0241799

I. INTRODUCTION

In nuclear power systems, the first wall structural materials
in reactors are subject to a flux of neutrons and other radiation
particles, inducing clustered defects in materials whose mechani-
cal properties are then altered.1 Metallic materials used in nuclear
reactors must withstand extreme radiation environments in which
irradiation can induce defects such as point defects,2 interstitial3

or vacancy4 clusters, voids,5 precipitates,6 stacking fault tetrahedra,7
prismatic dislocation loops of interstitial8 or vacancy9 types, Frank
loops,10 and helium bubbles.11 These defects increase the yield stress
while reducing the work hardening rate and ductility of materials, as
well as promote the flow localization by dislocation channeling.12–14

In particular, the strengthening of materials by irradiation is mainly
attributed to the nucleation and aggregation of lattice defects, which
act as obstacles to dislocation motion.15,16 Hence, understanding
irradiation-induced strengthening of metallic materials requires in-
depth studies of interactions between gliding dislocations and lattice
defects.

In recent years, there has been a substantial interest in employ-
ing metallic nanolaminates as irradiation-resistant materials due to

their unique structures.17 These laminates consist of layers of differ-
ent materials, where the interfaces between layers play a critical role
in determining mechanical properties.18,19 The high density of inter-
faces results in significant enhancements in strength, hardness, and
stability, as well as desirable properties such as irradiation resistance
and thermal stability.20–24 The interfaces act as sinks for irradiation-
induced defects, encouraging the recombination of interstitials and
vacancies,25–29 thereby enhancing the material’s tolerance to irradia-
tion.30 In metallic nanolaminates, understanding how lattice defects
such as dislocations interact with interfaces remains an impor-
tant area of research. Among all dislocation gliding mechanisms in
nanolaminates, the confined layer slip (CLS) operates when the layer
thickness is approximately between 5 and 100 nm.17,31–33 CLS occurs
in nanolaminates when dislocations glide only within individual
layers, not across interfaces.

Several molecular dynamics (MD) simulations have been
devoted to CLS in metallic nanolaminates.34,35 It has been found
that the CLS process is affected by a variety of factors, including
layer thickness, temperature, dislocation type, and interface struc-
ture, resulting in several different dislocation gliding modes.36–39

However, no MD simulations have been performed to understand
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CLS in nanolaminates with irradiation-induced voids to the best of
our knowledge. In single crystals, voids are known to act as either
barriers or sources of dislocations, affecting the plasticity and failure
of the material.40 The interactions between dislocations and voids
in nanolaminates are anticipated to be more complicated due to the
presence of interfaces. For example, voids were found to influence
the dislocation glide forces within irradiated thin films.41

Experimentally, irradiated nanolaminates exhibit a complex
relationship among dislocations, voids, and interfaces, affecting the
material’s properties and its radiation resistance.1 In an Ag/Cu
nanolaminate, for example, irradiation-induced voids were found
to adhere asymmetrically across the bimetallic interfaces.42 This
is due to the differing surface energies and interface formation
energies between these two metals.43 In particular, there exists a
void-free zone within 20 nm from the interface in the Cu layer,
which has a higher surface energy than Ag.44 This phenomenon has
a great impact on the nanolaminate design. For instance, in order
to increase the material’s radiation tolerance, one may choose two
metals with a specific difference in their surface energies, thereby
manipulating the void density and location.45

The present study will focus on the Ag/Cu nanolaminates,
which possess exceptional strength, electronic conductivity, ther-
mal stability, and antibacterial properties.46–52 These nanolaminates
exhibit postponed plastic deformation compared to single crystal
line Cu. This is more of a consequence of the lattice mismatch
than it is a result of the difference in stacking fault energy between
Cu and Ag.53,54 An investigation into the helium-implantation of
Ag/Cu nanolaminates showed that the bimetallic interfaces not only
mitigated radiation damage and remained stable but also modified
the defect distribution of adjacent materials as well.30 However, the
effects of voids on CLS in Ag/Cu nanolaminates remain unexplored.
In this paper, MD simulations are performed to model the CLS
process in two types of Ag/Cu nanolaminates that contain a single
spherical void. Geometrical factors, including the location and size
of voids, are varied. Due to the thin layer (5 nm) considered here, the
void is located within the Ag layer instead of the Cu layer. To pro-
vide a reference, similar dislocation gliding processes are modeled in
a nanolaminated Ag and an Ag single crystal. We will calculate the
critical stress for the dislocation on different slip planes to bypass the
void, as well as analyze the detailed bypass mechanism.

II. MATERIALS AND METHODS
Atomistic simulations in this paper were performed using

LAMMPS.55 In this paper, all atomistic structures were analyzed
and visualized using OVITO.56 The embedded-atom method poten-
tial developed by Williams et al.57 was employed for interatomic
interactions.

Figure 1 shows a schematic of the simulation cell for the CLS
process in the presence of a spherical void. In particular, we con-
struct a nanolaminate by putting together two single crystalline
layers, A and B. Let x, y, and z axes represent the coordinate sys-
tems in layer A, whereas x′, y′, and z′ are the coordinate systems in
layer B. The edge lengths of the simulation cell along the x (or x′), y
(or y′), and z (or z′) directions are fixed at 43, 10, and 26 nm, respec-
tively. Periodic boundary conditions (PBCs) are applied along the
axes of x (or x′) and y (or y′), while traction-free boundary con-
ditions are implemented along the z (or z′) axis. As a result, the

FIG. 1. Schematic representation of the simulation cell for CLS in nanolaminates.
Two single crystalline layers, A and B, possess differing crystallographic orienta-
tions and/or materials. An edge dislocation and a spherical void are inserted into
layer A.

thickness of each layer is 5 nm, the same as that used in our prior
work, which studied the CLS process in void-free nanolaminates.35

To find the interface with the lowest energy in each nanolaminate,
layer A is shifted relative to layer B in both x and z directions to
generate 100 rigid body translations. In addition, six different cutoff
distances are applied, with an atom being removed from the atom
pair within each distance. As a result, there are 600 initial structures
for each nanolaminate. After energy minimization using the conju-
gate gradient algorithm, 600 interface energies are calculated and the
structure with the lowest interface energy is selected.34

An edge dislocation is inserted into layer A, while layer B
remains dislocation-free. As found in our prior work,35 the CLS
process in a void-free nanolaminate, especially the stress–strain
response, is significantly affected by the specific slip plane even if
they are crystallographically equivalent. For example, ten adjacent
slip planes within the Ag layer in an Ag/Cu nanolaminate were
found to be associated with ten different critical stresses for CLS.
Here, in the void-containing nanolaminate, instead of studying all
possible slip planes, we choose three representative ones, denoted
as “planemax,” “planemin,” and “planemean,” respectively. The first
and second planes are those with maximum and minimum criti-
cal stresses in a void-free nanolaminate, respectively. The last plane
is the one whose critical stress is the closest to the mean criti-
cal stress over the ten slip planes. Detailed positions for the three
representative slip planes in different nanolaminates are shown in
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FIG. 2. Atomistic structures of the (a) Ag/Cu type I nanolaminate, (b) Ag/Cu type II nanolaminate, and (c) nanolaminated Ag. The green, blue, red, and gray atoms correspond
to those with local FCC, BCC, HCP, and disordered lattices. The specific glide planes considered in this work, in terms of their critical stresses for void-free CLS, are marked
max, mean, and min.

Fig. 2. In each case, adjacent to the dislocation, a spherical void is
inserted by deleting atoms. Three void diameters are considered: 0.5,
1, and 2 nm. Two void locations are considered: (i) at the center of
the layer A and (ii) adjacent to the interface between the layers A
and B. In the second case, the void is positioned within layer A, and
the distance from the interface to the void center equals the void’s
radius. The void locations are selected to approximate the asymmet-
rical adherence experimentally observed across bimetallic interfaces.
In either case, no void exists in layer B, because the thickness of the
void-free region, 20 nm, is larger than the layer thickness, 5 nm.

Depending on the crystallographic orientations and materi-
als in layers A and B, we construct three types of nanolaminates,
as summarized in Table I. The first type is named “Ag/Cu type I
nanolaminate,” while the two layers have differing crystallographic
orientations and materials. The second type is named “Ag/Cu type II
nanolaminate,” while the two layers have the same crystallographic
orientation but differing materials. Note that the two layers have
the so-called cube-on-cube orientation. The third type is named
“nanolaminated Ag” because the two layers have the same material
but different crystallographic orientations. In all nanolaminates, the
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TABLE I. Crystallographic orientations and materials in the two layers in differ-
ent nanolaminates. Orientations and material in the single crystal case are also
presented, whereas only layer A is involved.

x y z x′ y′ z′

Ag/Cu type I
nanolaminate [11̄0] [112] [1̄1̄1] [11̄0] [112̄] [111]
Ag/Cu type II
nanolaminate [11̄0] [112̄] [111] [11̄0] [112̄] [111]
Nanolaminated Ag [11̄0] [112̄] [111] [11̄0] [112] [1̄1̄1]
Ag single crystal [11̄0] [112̄] [111] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

interfaces are incoherent with a misfit dislocation network. In partic-
ular, the symmetric incoherent twin boundary in the nanolaminated
Ag exhibits a repeating arrangement of two parallel sequences,
which consist of Burgers vectors b⃗1 and −2b⃗1 on each {111} plane,
where b⃗1 is a Shockley partial dislocation.58

To provide references to nanolaminates, we study CLS pro-
cesses in Ag single crystals whose size and crystallographic orien-
tations are the same as layer A. There are two types of models. The
first model, referred to as “SC-Ag,” features an infinitely long edge
dislocation a result of the PBCs applied along the y axis. The sec-
ond model, named “FS-Ag,” includes an edge dislocation pinned
between two {112} free surfaces because of the traction-free bound-
ary conditions applied along the y axis. In the SC-Ag model, the two
void locations are equivalent; hence, only the three void diameters
are considered. However, in the FS-Ag model, the two positions of
the voids are not equivalent. Therefore, we examine the effects of
both void location and void size, as in the nanolaminates.

III. RESULTS AND DISCUSSION
A. Ag/Cu type I nanolaminate

Figure 3 presents the stress–strain curves for the CLS in
planemean in the Ag/Cu type I nanolaminate. As the strain

progresses, the stress increases and decreases multiple times. The
same phenomenon is found in planemin and planemax as well.

Figure 4 illustrates the change in dislocation configuration as
the strain progresses for planemin. Initially, the stress increases with
strain, whereas the dislocation does not change much. Then, the dis-
location starts to move, while still pinned by the interface void, right
before the first peak stress of 438.28 MPa, corresponding to a strain
of 0.018 57. It follows that the dislocation exits the void and the stress
drops by 133.68 MPa. Similar processes are observed in 13 out of
the 18 total cases (three slip planes, three void sizes, and two void
locations) for the Ag/Cu type I nanolaminate.

In the remaining five cases, however, the CLS process is some-
what different. Those cases include (i) 2 nm, center void, planemin;
(ii) 1 nm, interface void, planemin; (iii) 2 nm, center void, planemean;
(iv) 2 nm, interface void, planemean; and (v) 2 nm, center void,
planemax. The last case is shown in Fig. 5 to demonstrate the CLS
process. Initially, the stress still increases with the strain, whereas
the dislocation, on the original {111}a plane, does not change much.
Then, at the first peak stress of 311.11 MPa (corresponding to a
strain of 0.012 92), instead of the dislocation moving, it partially
climbs to an adjacent {111} plane, denoted as {111}b. Then, the
climbed part’s stacking fault starts to expand with the trailing par-
tial dislocation pinned at the void. It follows that the stress drops
by 64.79 MPa to a local minimum, by which the stacking fault has
propagated over the entire simulation cell. Then, the stress increases
again, until the second peak stress (474.20 MPa) is reached, that is
when the non-climbed part of the dislocation (on plane {111}a) exits
the void; see Fig. 5(e).

In this paper, we denote the maximum stress for the disloca-
tion to bypass the void as the critical stress for CLS. It is found that
both the critical stress and the magnitude of the subsequent stress
drop are associated with the void size, void location, and slip plane.
As shown in Fig. 6, on the same slip plane and for the same void
location, the critical stress generally increases with the void size.
In most cases, the void-containing nanolaminate has a higher crit-
ical stress than the void-free one (i.e., the void diameter is zero).
Notably, the void-induced increase in the critical stress is larger

FIG. 3. Shear stress–strain curves for CLS within the Ag/Cu type I nanolaminate containing a void with varying diameters. The dislocation glides on planemean. The void is
either (a) at the center of the Ag layer or (b) near the interface and within the Ag layer.
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FIG. 4. (a)–(c) Dislocation configuration
on planemin in CLS of the Ag/Cu type
I nanolaminate containing an interface
void with diameter being 2 nm at var-
ious shear strains. All FCC atoms are
deleted, while blue represents BCCs, red
represents HCPs, and gray represents
disordered structures. (d) Stress–strain
curve.

FIG. 5. (a)–(e) Dislocation configuration
on planemax in CLS of the Ag/Cu type
I nanolaminate containing a center void
with the diameter being 2 nm at vari-
ous shear strains. All FCC atoms are
deleted, while blue represents BCCs, red
represents HCPs, and gray represents
disordered structures. (f) Stress–strain
curve.

for planemin than for planemax. For the void location, our results
show that the center void is associated with a higher critical stress
than the interface void on planemax, while the opposite is true on
planemin. Introducing a void at the interface appears to facilitate
dislocation glide on high-resistance planes in an otherwise void-
free nanolaminate. In the meantime, it makes the dislocation glide
on low-resistance planes more difficult. In other words, through
this redistribution of resistance, the critical stress is more uniform

or “homogenized” across the various slip planes, which results in
a more consistent CLS behavior throughout the material. Taken
together, our results showcase the intricacy of the void-induced
hardening of nanolaminates.

B. Ag/Cu type II nanolaminate
The stress–strain curves for the Ag/Cu type II nanolaminates

are similar to those for the type I nanolaminates. Hence, the curves
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FIG. 6. Critical stress for CLS as a function of void diameter for different slip planes
and void locations in the Ag/Cu type I nanolaminates.

are not shown here. Figure 7 shows the dislocation configurations on
planemax at different shear strains. The stacking fault expands mod-
erately before the entire dislocation exits the void. In our previous
work,35 we found that in a void-free type II nanolaminate, the dislo-
cation partially climbed, forming a jog, which moves along with the
dislocation as the strain increases. In the presence of a void, however,
the jog is pinned by the void and does not move forward with the
other parts of the dislocation; see Fig. 7(c). A similar “partial climb
+ pinned by the void” phenomenon was observed on planemax for all
other center voids. However, the dislocation climb was subdued if
the void is located at the interface. In all 18 cases for the Ag/Cu type
II nanolaminates, the critical stress for the dislocation to exit the void
is the first peak stress, except in the case of the CLS on planemean in
the presence of a center void with diameter being 2 nm. In that spe-
cial case, the dislocation exits the void at the second peak stress, with
the critical stress being 546.60 MPa.

The critical stresses for CLS in the Ag/Cu type II nanolaminates
are shown in Fig. 8. Similar to the type I nanolaminates, the critical

FIG. 8. Critical stress for CLS as a function of void diameter for different slip planes
and void locations in the Ag/Cu type II nanolaminates.

stress is found to be a function of void size, void location, and specific
slip plane. Between type I and type II nanolaminates, we found that
the void-induced hardening is much less in the latter, corresponding
to the fact that the void-free type II nanolaminate is more than twice
as strong as the type I counterpart.

C. Nanolaminated Ag, FS-Ag, and SC-Ag
Figures 9(a) and 9(b) present the shear stress–strain curves

for CLS on the planemean in a nanolaminated Ag. The curves are
similar to those in Ag/Cu nanolaminates. Figure 9(c) shows the
stress–strain responses for CLS in the FS-Ag model, where the dis-
location is pinned between two traction-free surfaces. Similar to the
nanolaminated Ag, the void size dependence on the critical stress
is much stronger for the interface void than for the center void.
Finally, Fig. 9(d) includes the stress–strain responses for CLS in the
SC-Ag model, where the dislocation line is infinitely long. While the
void-free SC-Ag model has a lower critical stress than the void-free
FS-Ag model, the void-containing SC-Ag model has a higher critical

FIG. 7. (a)–(c) Dislocation configura-
tion on planemax in CLS of the Ag/Cu
type II nanolaminate containing a center
void with diameter being 2 nm at var-
ious shear strains. All FCC atoms are
deleted, while blue represents BCCs, red
represents HCPs, and gray represents
disordered structures. (d) Stress–strain
curve.
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FIG. 9. Shear stress–strain curves for CLS within the void-containing nanolaminated Ag, FS-Ag, and SC-Ag models. In the nanolaminated Ag, the dislocation glides on
planemean. The void is either (a) at the center of the layer or (b) near the interface. Panels (c) and (d) are for Ag single crystals, with (c) being the case where the dislocation
is pinned between two traction-free surfaces, i.e., FS-Ag, and (d) being the case where the dislocation is infinitely long, i.e., SC-Ag.

FIG. 10. Critical stress for CLS as a function of void diameter for different slip
planes and void locations in nanolaminated Ag, FS-Ag, and SC-Ag models.

stress than its FS-Ag counterpart. This finding is likely due to that
adding a void (with traction-free surface) disrupts the SC-Ag model
more than the FS-Ag model, which already has two traction-free
surfaces. Figure 10 shows all critical stresses for CLS in nanolami-
nated Ag, FS-Ag, and SC-Ag. It is shown that some void-containing
nanolaminated Ag has a lower critical stress than Ag single crystals,
in contrary to the void-free cases. In all cases, the dislocation glid-
ing mode is similar to those in Fig. 4, i.e., the critical stress is the
first peak stress. No dislocation climb was observed, except in the
nanolaminated Ag for planemax in the presence of a 1 nm void at the
interface.

IV. CONCLUSIONS
Using MD simulations, we investigate the effects of irradiation-

induced voids on CLS in two types of Ag/Cu nanolaminates,
nanolaminated Ag, and two types of Ag single crystals. The results
demonstrate that while voids play an important role in influencing
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the stress–strain response and CLS behavior, their impacts, even in
the same system, strongly depend on many factors, including the
void size, void location, and specific slip plane. Our key findings are
as follows:

● In Ag/Cu nanolaminates, larger voids increase the critical
stress required for dislocation glide; a void near the interface
reduces an originally high critical stress while decreasing an
originally low critical stress.

● Dislocation glide is hindered by the presence of voids, and
the stress–strain curves exhibit multiple peaks due to the
complex interactions between dislocations, voids, and inter-
faces. In most cases, the dislocation exits the void at the first
peak stress, while in some cases, it does at the second peak
stress.

● Different slip planes in the same material exhibit varying
critical stresses in the presence of voids. For instance, this
study identifies three representative planes based on the crit-
ical stress in the void-free case—max, min, and mean—and
notes that the void-induced increase in critical stress is larger
for planemin than for planemax.

● Ag/Cu type II nanolaminates, where the two layers have
the same crystallographic orientation but different materi-
als, exhibit less void-induced hardening compared to type
I nanolaminates. In Ag single crystals, the presence of
voids increases the critical stress similarly to the nanolam-
inates. In certain cases, void-containing nanolaminated
Ag shows lower critical stress than the single-crystal Ag
models.
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