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Voids, helium bubbles and stacking fault tetrahedra (SFTs) are common irradiation-induced defects in face-
centered cubic (FCC) metals and their alloys that have detrimental effects on their deformation behavior and
lifetime. The formation mechanisms of voids and SFTs have been investigated in single crystals but the poten-
tial augmentation of these mechanisms by a heterophase interface has not been well studied. Here, using trans-
mission electron microscopy (TEM), we report on the stability of both SFTs and voids at interfaces in an
Keywords: irradiated Cu/Ag nanolayered composite. With atomistic simulations, we show that the heterophase interface
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can promote the transformation of voids (<2 nm diameter) directly into SFTs. The interfacial misfit dislocations
generate an atomically varying stress field that substantially reduces the activation barrier for the transforma-
tion at an interface compared to that in a single crystal or coherent interface. The transformation mechanism
involves the sequential hopping of vacancies, starting at the interface and then later progressing to the nearest
and next nearest atomic layers. The calculations further show that just a few helium atoms can hinder this
mechanism and stabilize interfacial voids, explaining the coexistence of voids and SFTs near the interface
observed experimentally. Last, the effect of stabilized defects at the interface on dislocation nucleation is stud-
ied via atomistic calculations employing quasi-static loading schemes. The results indicate that both voids and
SFTs promote interfacial dislocation nucleation, which, in turn, damages the SFTs. These findings can provide

the insight needed to design strategies for healing irradiation defects by interface engineering.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

High-energy particle irradiation can produce extremely high concen-
trations of crystalline defects, such as bubbles, voids, dislocation loops
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and stacking fault tetrahedra (SFTs) in face-centered cubic (FCC) metallic
materials, such as Ag, Cu, Ni and stainless steel [1-5]. While these defects
are nanoscale in dimension, their concentrations are still an order of
magnitude greater than those expected under thermodynamic equilib-
rium states. The formation of these irradiation-induced defects contrib-
utes to the degradation in the mechanical properties of irradiated
materials, such as embrittlement, loss of ductility, and irradiation harden-
ing [6—9]. These detrimental changes can be traced to their interactions
with dislocations, which glide in order to accommodate mechanical
deformation. Studies of these interactions by atomic-scale simulations
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have reported that voids/He-bubbles are harder to shear by dislocation
glide than SFTs and thereby pose the greater barrier to slip [10—13]. Fur-
thermore, while gliding dislocations negligibly affect the size of the void,
they may split or even annihilate the SFT [14—20]. For these reasons, the
relative amounts of voids vs. SFTs in a material are expected to greatly
affect the structural properties of irradiated metals [21].

A process that affects this ratio is the transformation of voids into
SFTs. Several studies have been devoted to understanding the mecha-
nism underlying the transformation, in which the formation of Frank
loops is explored as a key step for such transformations [22—24]. This
mechanism indicates that the vacancies should first aggregate into a
vacancy plate, which can then collapse to form a Frank dislocation
loop. Afterward an SFT is generated by the movements of Shockley
partial dislocations that dissociated from the Frank dislocation loop.
Recent work by Uberuaga et al. [25] demonstrated that voids in a sin-
gle Cu crystal can directly transform into SFT, by a different mechanism
not involving an intermediate formation of a Frank loop. In that mech-
anism, vacancy jumps were demonstrated to play an important role in
the formation of SFT. As a vacancy executes a hop, the corresponding
movable Cu atom enters the void, triggering the transformation event.

The aforementioned studies only focused on transformation phe-
nomena in single crystals, while the effects of grain boundaries, inter-
faces or surfaces, on the transformation have not been considered.
One common remedy to manage irradiation defects is by introducing
a high density of bi-phase interfaces [5,26—32]. Joining two dissimilar
crystal structures, these interfaces are comprised of dislocations,
some of which are intrinsic to the interface, called misfit dislocations,
to accommodate the mismatch in lattice parameter. Several studies
involving molecular dynamic (MD) simulations have observed that
these interfacial dislocations influence the ability of the interface to
annihilate irradiation defects like vacancies, interstitials [30—32].
Nevertheless, apart from studies on the trapping of point defects at
bi-phase interfaces, similar atomic-scale studies on the transforma-
tions of voids and SFTs at interfaces have yet to be carried out.

In this work, using transmission electron microscopy (TEM) analysis
and atomistic simulations, we investigate the transformation between
voids and SFTs at Cu/Ag interfaces. We show that semi-coherent interfa-
ces can promote the transformation of voids into SFTs. The interfacial
misfit dislocations, which are inherent to these interfaces, generate a
periodically varying stress field that can promote the transformation of
a nearby void into an SFT via a mechanism that is different from any
previously suggested transformation mechanisms in single crystals
[23-25,33-35]. This local interface stress-assisted mechanism has a
much lower activation energy barrier than the transformation mecha-
nisms prevailing in bulk crystals and also at coherent interfaces. The
mechanism entails the initiation of vacancy hopping where a void meets
a fluctuating high stress at the interface, followed by an aggregation
process to a tiny four-atom-SFT-unit. The interface stresses found to
trigger this mechanism are not exceptionally high stress concentrators,
suggesting that the process is not a particularly rare occurrence. To
investigate the influence of voids and SFTs on interface-facilitated plas-
ticity, we perform quasi-static and dynamic atomistic calculations under
various loading conditions. The results show that both voids and SFTs
lower the barrier for dislocation nucleation from interfaces and the SFTs
can be removed from the interface by the freshly emitted dislocation.

2. Methodology
2.1. Materials fabrication, characterization and irradiation

The Cu/Ag multilayered samples were prepared through a flux-
melting technique [36] with an average layer thickness of approxi-
mately 45 nm for Cu and 85 nm for Ag, corresponding to the eutectic
composition of Cu and Ag (40Cu—60Ag at.%). This fabrication process
has been shown previously to produce low energy, semi-coherent
interfaces [36].

From this sample, TEM foils were prepared by a conventional
cross-sectioning method, consisting of low-speed saw cutting,
mechanical polishing, dimpling, and ion milling on a Gatan precision
ion polishing system (PIPS). TEM analyses were performed on a
Cs-corrected Titan 80-300 (FEI) operated at 300 kV. He implantation
was conducted on the Cu/Ag TEM foils at 450 °C with 200 keV He-
ions up to a fluence of 2 x 10'7 ions/cm?.

2.2. MD simulations and analyses

The atomistic simulations are performed using LAMMPS [37] and
employing interatomic potentials for Cu [38], Ag [39] and Cu-Ag [39],
derived from the embedded atom method (EAM). Pair potentials for
modeling the Cu-He, Ag-He and He-He interactions are selected
based on the ability to reflect a strong repulsive interaction at short
distances [40,41].

Based on the HR-TEM observation of the earlier work [42], interface
models used to investigate the transformation process are created and
assembled from two perfect crystals with a specific orientation rela-
tion x-axis along (112), y-axis along (111) and z-axis along (110), as
shown in Fig. S1 in the Supplementary Material (SM). Both commonly
observed types of {111} interfaces are considered, one with a cube-on-
cube and another with a twin/matrix orientation relationship, and
both give nearly the same results in the void-to-SFT transformation
studies to follow. The dimensions of the interface models are chosen
to be 11.5 nm x 14.2 nm x 11.0 nm in the ¥, y, z directions, respec-
tively. The dimensions in the x and z directions are not arbitrarily cho-
sen because of the incommensurate nature of the lattice constants
between Ag and Cu. They are instead determined such that the strains
imposed on Ag and Cu layers are minimized [43], to ensure periodic
boundary conditions, and to create a void in Wulff construction, con-
sisting of only {111} and {100} crystal planes. Periodic boundary condi-
tions are applied in the three directions of the simulation box. The
simulations are performed with the timestep of 1 fs (0.001 ps) under
the isobaric-isothermal (NPT) ensemble and zero stresses are enforced
in all three directions. The temperature of the simulation cell is ele-
vated in increments of 50 K. At each temperature, the system is
annealed for 10 ns to detect whether the transformation occurs or not.
If not, the temperature is increased by 50 K and another annealing
step is performed for another 10 ns. We repeat above process until the
transformation occurs and its associated temperature determined. We
elevated the temperature directly rather than continuously in order to
minimize the effect of heating rates on the transformation mechanism
and help to isolate the role interfaces played in the transformation.
Once the transformation temperature is determined, simulations are
repeated to check the repeatability of the transformation mechanism.
At each temperature level below the transformation temperature, the
annealing time is reduced to 40 ps. At the target transformation tem-
perature, the annealing time is 10 ns.

Interface models with dimensions of 15 nm x 30 nm x 13 nm, were
built to investigate the mechanisms of dislocation nucleation. An athe-
rmal, quasi-static loading scheme was first adopted, and therefore the
temperature effect is removed since we are focusing on a nucleation
mechanism that depends solely on complex potential energy landscape
of atomic configuration. The relaxation schemes and loading schemes
we employed for all interface models in this work follow those already
detailed in [44—46], and thus, only a relatively brief description is given
below. To obtain a model of an interface at equilibrium, the first step
involves dynamically adjusting the in-plane x and z dimensions, while
simultaneously applying a displacement gradient along y. The atomic
forces in the cell are then relaxed using fast inertial relaxation engine
(FIRE) dynamics and conjugate gradient (CG) minimization. Finally, the
internal stresses that satisfy the condition o+ 0% =0,
o + 0% =0, 0 = o} =0, are calculated. To subsequently induce
the dislocation to nucleate, the relaxed interface model is uniformly
strained in increments of 0.1% along one of the three orthogonal
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directions. At each increment, the relaxation process is repeated in
order to achieve the desired uniaxial stress state. For example, when
tension loading is applied along the x-axis, the relaxation step ensures
thatoQt = o} = 0,08 + 0% = 0,and o = (0% + 07%) /2.

In order to evaluate the effect of He atoms and temperature on the
deformation mechanisms, simulations of continuous loading were
also performed. Due to the lack of recoil atoms in radiation, the total
He concentration in the implanted TEM foils is rather low [47]. Hence
He concentrations of 0.05 atom percent and 0.1 atom percent were
considered. Interface models used here were the same as that in
quasi-static simulations. Periodic boundary conditions were imposed
and again, the stresses were kept at zero in all three directions by
using the NPT ensemble. He atoms were randomly introduced to the
octahedral interstices of models. Similar with the previous study
[48], the models were equilibrated at 600 K for 800 ps to reach the
steady state of the systems. The temperature was then decreased to
300 K for a time period of 15 ps and annealed for 5 ps. After prepara-
tion of the He-interface systems, uniaxial deformations were con-
ducted at a strain rate of 10® s~! to a strain of 10%.

Atomic configurations in both unstressed and stressed interfaces are
visualized using the OVITO [49] and VESTA [50] software. The disloca-
tion extraction algorithm (DXA) [51] and Nye’s tensor analysis (NTA)
[52,53] are used to locate and quantify the dislocations. The DXA
method, already embedded in OVITO, can identify a wide range of dis-
location types and extract dislocation lines. The NTA analysis can iden-
tify dislocations without a need to construct the Burgers circuit [52,53],
unlike the DXA method. In a defective region, the vector dr' is related
to it’s dr in the perfect crystal by the local deformation tensor G:

dr=dr'.G (1)

The closed Burgers circuit C' in the dislocated crystal consisting of
lattice vectors satisfies 0 = 5", dr’. Transforming these vectors into
their images will result in an unclosed path C, which defines the Bur-
gers vector b:

b:—zc:dr:—;dr’-G (2)

Replacing the summation in Eq. (2) by an integral and then apply-
ing Stokes’ theorem gives the following transformation:

b:—fdrﬂc:— //n.(vXc) 3)
[ A

The Nye tensor is defined by describing the distribution of the
infinitesimal dislocations [54], according to

db=n-adA (4)
Comparing Egs. (3) and (4), we finally obtain the expression:
a=-V xG (5)
To overcome any difficulty in obtaining the Burgers vectors by an
integral, Dai et al. [55] proposed a simple scheme to resolve the dislo-
cation distributions via single value decomposition of the Nye tensor.
As will be shown, the decomposition of the Nye tensor is an exten-

sion of the Nye tensor, which provides a convenient way to deter-
mine the Burgers vector and line sense [54]:

3
a= Z O’ngVf (6)
é=1

Consider for instance n = u;. Combining Eqs. (4) and (6) for this
case, we obtain:

db:n-adA:m-a1u1v1dA:o1v1dA (7)
In Eq. (7), the line sense and Burgers vector can be identified as u

and v, respectively, while the density of dislocations can be deter-
mined by o;.

In Eq. (5), the parameter G can be calculated by a linear least-
square fit as [52,53]:

G=Q'P (8)

where Q(y) (y =1, 2, ..., 4) is the radius vectors of the neighbors in the
dislocated configuration and P(y) corresponds to the reference vector.
The integer value of A gives the number of neighbors that are consid-
ered. The matrix Q" = (Q"Q)'Q" is the Penrose-Moore inverse of Q,
where superscripts T and —1 signify the transpose and inverse of the
matrix, respectively.

3. Results
3.1. Microscopic view of the irradiated Cu/Ag sample

He-implantation was first conducted on the TEM foil of the Cu/Ag
nanolayered composite. After irradiation, both voids and SFTs have
formed in the Ag lamellae. As we can see in Fig. 1a, voids prefer to be
near or at the interface, while SFTs prefer to form within the Ag lamel-
lae. The void sizes range from 5 nm to 11 nm, and the SFT sizes range
from 3 nm to 9 nm. However, we also observe the coexistence of voids
and SFTs at the interface, as shown in Fig. 1b. Closer examination in
Fig. 1c, d shows the existence of the SFT at the interface and the void
within the Ag lamella. As we can see, voids are faceted and have an
octahedron shape, which is the same as that observed in previous stud-
ies [42,47]. This shape follows that predicted by the Wulff construction
to minimize surface free energy [42]. Evidently, under high-energy He
implantation, both vacancy type defect clusters, voids and SFTs,
develop at the Cu/Ag interface. However, in the case of coarse-grained,
single-phase metals, nearly all defects after He-ions irradiation are
voids and bubbles [56,57]. The present observations motivate questions
regarding the effect of interfaces on the stability of void and SFTs, such
as, which one is more stable at the interface, and does the interface
favor voids or SFT formation? Furthermore, bearing in mind that inter-
faces can govern plastic deformation mechanisms by serving as sources
or preferred sites for lattice dislocation [44—46,58], interfacial voids or
SFTs can potentially augment dislocation/interface interactions.

Fig. 1. Cu/Ag multilayered sample after He irradiation. (a) Under-focus (—0.5 pum) TEM
image of the distribution of voids and STFs. (b) Over-focus (+0.5 pum) TEM image of STF
and void in the interface at an. (c) HR-TEM image of the SFT at the Ag side interface. (d)
HR-TEM image of the void and the SFT in the Ag layer.
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3.2. Equilibrium interface structure with a void

To study the stability of voids at the interface, MD simulations
were carried out on a model of a semi-coherent Cu/Ag interface and a
nearby void, which has preferentially nucleated at the misfit disloca-
tion intersections (MDIs) [59,60]. According to the TEM observations,
we first considered a void in the shape dictated by the Wulff con-
struction. The void is approximately 1.4 nm in diameter (containing
38 vacancies) and is introduced to the Ag-side of the Cu/Ag interface
(see Fig. S2 in the SM). At this length scale, this construction only
requires that the void surfaces consist of {111} and {100} crystal
planes. Voids of this scale were directly observed in the He-implanted
Cu/Ag nanolayered composites at 400 °C in Ref. [47], see Fig. S3 in the
SM. It should be noted that Fig. S3 shows many voids within the Cu
layer, contrary to Fig. 1. This is because the energy of the He ions in
our present study is lower than that in Ref. [47], while the irradiation
temperature is higher than that in Ref. [47]. Thus, in our study, while
less vacancies are generated, they have higher mobility. Conse-
quently, the “pump effect” as described in Ref. [47] becomes more
effective. The Cu vacancies are driven to transmit across the interface
into the interior of Ag layers rather than remaining in the Cu side. In
Fig. 1 in our study, no voids are detected in the Cu layer.

Fig. 2 provides a spatial mapping of the defects present in the inter-
face-void system. For the semi-coherent interface, the distribution and
edge character of the misfit dislocation network can be seen using the
DXA [51] and NTA [52—54]. Both methods expose the regions of perfect
FCC stacking and faulted hexagonal close-packed (HCP) stacking and
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the edge-type partial dislocations that separate them, as seen in Fig. 2a
and b. The local region, where the void contacts the Ag side of the inter-
face, is also the free surface and there is no Ag atom (marked in Fig. 2a
by the dashed hexagon). Fig. 2c presents the atomic shear stress distri-
bution at the interface after annealed at 300 K and then minimized.
Away from the void, we observe that the positive and negative shear
stresses (7,x and t,,) are distributed alternatively and periodically in
the interface, with the peak stress and potential energy concentrations
generated at the MDIs. Comparison with the structure and stress distri-
bution of the void-free interface, shown in Fig. S4 in the SM, finds a
similar structure and stress distribution. Thus, this variation results
solely from the intrinsic misfit dislocation array of the semi-coherent
interface and not that of the nearby void. Near the void, however, the
stress and energy potential become noticeably disrupted. In particular,
when the void lies in the vicinity of the MDIs, the atoms possess higher
excess potential energy (EPE) and the shear stress distribution becomes
highly heterogeneous. The misfit dislocation network breaks down
sharply at the surface of the void. From the EPE map shown in Fig. 2d,
atoms with the higher potential energy are not located at the vertex in
the core of the misfit dislocations. Instead, the high EPE atoms lie at
regions between these vertex points (see the atoms labeled by symbols
of a, b, c in Fig. 2d). The atomic layers shown in Fig. 2 are the Aglst and
Culst layers, where 1st means the layer immediately adjacent to the
interface. These are also the layers with the largest perturbations and
highest stresses generated by the misfit dislocations. For the Ag2nd,
Ag3rd and Ag4th. .. layers further away, the perturbations and stresses
diminish. This is consistent with the transformation process below, in
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Fig. 2. The misfit dislocation, shear stress and energy distributions of the void-containing Cu/Ag interface. (a) Misfit dislocation lines (green lines) and Burgers vectors (red arrows)
calculated by DXA. The orange circles indicate Ag atoms and the blue squares indicate Cu atoms. (b) Nye tensor plots from the Ag side of the interface. The red and blue arrows indi-
cate the Burgers vectors and dislocation lines, respectively. (c) Shear stress distributions from the Ag side of the interface. The pink arrows indicate 7, and the blue arrows indicate
7y,. The length of each arrow specify the magnitude of stress. (d) Energy distribution on the Ag side of the interface. The atoms are colored according to the excess potential energy,
and red (or blue) color indicates relatively high (or low) energy. The inset adopts the same color bar but uses a different scale. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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which the atoms with the highest excess potential energy in the Aglst
layer are the first to hop.

3.3. Transformation process at the interface

To this interface/void assembly, the temperature is increased in
50 K increments and at each increment, annealed to equilibrate the
structure, until the final temperature of 850 K is reached. Below 700 K,
the atoms vibrate around their equilibrium positions. Some atoms
may begin to jump, but then they usually jump back to the original
sites or exchange positions with other atoms. Approaching 800 K, the
void to SFT transformation process occurs during the annealing, but at
an extreme low rate. At 850 K, the void directly transforms into an SFT,
relatively quickly, within 2.4 ns. The temperature effect in combination
with the stress effect on the transformation rate can be understood by
using transition state theory [25]:

R = Roexp {7%5(;7)]

9

where R and Ry are the transformation and intrinsic rates, respec-
tively. In Eq. (9), the energy barrier AE(c) is described as a function
of stress state o but independent of temperature. From Eq. (9), it is
clear that a higher temperature would increase the transformation
rate from a void to an SFT. The importance of the stress dependence
will be discussed next.

The kinetic process of the direct transformation at 850 K is
depicted in Fig. 3. It is observed that vacancy hopping is initially trig-
gered on the interface side of the void, resulting in the displacements
of Ag atoms along (110) directions, as indicated by the green arrow
in Fig. 3a. For the three atoms with higher EPE (see the atoms labeled
by symbols of g, b, c in Fig. 2d), it is found that they have the same
probability to initiate the first jump. The inhomogeneous distribution
of atomic EPE at the MDI-void intersection promotes these high pri-
ority jumps. From Eq. (9), it can also be understood that the energy
barrier for the first jump reduces at the interface-void intersection
plane where the stress is the highest. Atoms in this area jump

Fig. 3. Transformation process from a void to an SFT. Only the atoms belonging to the
first Ag atomic layer of the interface and the atoms belonging to SFT are illustrated.
Blue and gray shaded circles indicate the atomic positions in the front and back of the
void, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

initially, leading to a series of additional atomic movements, as will
be described below.

When one atom with high EPE starts to jump, the other two atoms
jump immediately afterward, as indicated by the blue arrows. After
these first jumps, subsequent jumps of vacancies are observed from
the interface Ag layer to nearest and next nearest adjacent atomic Ag
layers (see Fig. 3b). These atomic jumps fill atomic positions in the
bottom plane of the void. This hopping process finally results in the
formation of one surface of the SFT located in the interface. From this
surface, the SFT starts to grow as shown in Fig. 3c. SFT growth can
potentially begin after the formation of a small four-atom-SFT-unit,
meaning it has two atoms on each edge. Many such four-atom-SFT
units are formed and destroyed by thermal disturbances, indicating it
is the critical unit size at this temperature. Once a unit stabilizes, a
fast growth process follows in accordance with nucleation theory
[61]. Fig. 3d shows a full-grown SFT with seven atoms on each edge
formed in the end of the process.

In order to select a representative case, the transformations into
SFTs of voids of other shapes and sizes are also investigated. Both size
and shape are found to influence the temperature and time needed
to finish the transformation. For the same shape, the bigger the void
(more vacancies), the weaker is the interface effect. Further, a bigger
void needs a higher temperature or longer times to transform into an
SFT. For the same size, different initial void shapes share the same
basic two-stage transformation mechanism. First, atom/vacancy hop-
ping (at the interfacial end of the void) triggers the transformation
and second, the SFT grows via the formation of four-atom-SFT units.
The shape, however, affects the transformation times, by primarily
affecting the contact area between the void and the interface. This
contact area directly determines the part of the void engaging in the
interface, influencing both the number of atoms/vacancies to initiate
the first jump to trigger the transformation and the energy barrier of
the jump. With this last aspect it is important to note that the void
shape has to be stable. While we did not simulate every possible void
shape, based on these simulations, the void in the shape of a Wulff
construction is the most stable one at a relatively low temperature.
Examples of transformations of several other voids, are also provided
in the Supplementary Material and Fig. S5.

Taking the above factors into consideration, we extend Eq. (9) for
nucleation of SFT at the interface to:

~AE(o
Ryoid — s;iT = NsitepRO exp{ kB; )]

(10)

where Ng;e is the number of atoms that could initiate the first jump
and p is probability of forming a stable four-atom-SFT-units, that is,
not destroyed by thermal disturbances. As shown here, N and p
are related to the area of the intersection area between the void and
the interface as well as the size of the void, suggesting that the shape
of the void would affect the transformation rate.

3.4. Transformation process in the Ag single crystal and the Ag twin
interface

The foregoing direct void-to-SFT transformation mechanism in
Cu/Ag interface is different from that reported earlier in the simula-
tion of Cu [25]. As a second reference case, the simulation is repeated
in a single Ag crystal to confirm that the transformation mechanisms
seen in the interface still differ from those in the bulk. As shown in
the left inset image of Fig. 4 (I and IV), the direct transformation from
void to SFT is also observed in Ag but at a higher temperature, around
1050 K, than in the Cu/Ag interface. An interesting step that occurs
early in the transformation process within the simulation of a single
crystal Cu [25], which had used parallel-replica dynamics (PRD),
involves a single hopping atom attracting another atom lying on the
opposite side of the void surface. We find that this step also occurs in



628 X.F. Kong et al. / Acta Materialia 188 (2020) 623—-634

Energy Barrier (eV)

&
9
!

0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Reaction Displacement

Fig. 4. Energy barrier for vacancy hopping. Processes I and IV are hopping processes in
the void at the bulk Ag crystal. Processes Il and III are hopping processes in the void at
the Cu/Ag interface.

the Ag crystal, but over a much longer simulation time than in the Cu
crystal. The difference in transformation time may be attributed to
the different temperatures used in the studies; temperature can
affect the probability and duration of the transformation. In contrast
to both Cu and Ag, in the void-to-SFT transformation process at the
Cu/Ag interface, the involvement of attracting atoms on opposite
void surfaces is not observed, which is one of the many aspects.

To further elucidate the role of the misfit dislocations on the void-
to-SFT transformation at the Cu/Ag interfaces, simulations are
repeated for a void at a coherent %3{111} interface of Ag. Lacking
misfit dislocations, the coherent interface develops a stress state at
that is nearly homogeneous (see Fig. S6 in the SM). Some fluctuations
in shear stress 7, and 7y, are seen but these are orders of magnitude
lower in value than the stress developing in the heterophase inter-
face due to the misfit network. Consequently, a much higher temper-
ature up to ~1000 K is required for the transformation from the
coherent interface. These results would suggest the stress effect on
energy barrier has the following relationship:

AE(0) ~AE(0) + T1Q0 (11)

where () is the effective transformation volume and Il can be
regarded as a constant related with the shear modulus. We note that
the stress field generated in the crystals adjacent to the interface by
the misfit dislocations contains both a hydrostatic component and
deviatoric normal and shear stresses. A void or voids lying at the
interface would only make this local interface stress field even more
complex. Nonetheless, both the hydrostatic and deviatoric stresses
are likely to play a role in the transformation, as will be discussed
below in Discussion. Although it is an approximation, Eq. (11)
embodies the dependence the energy barrier has on stress that we
have identified in this study.

To calculate the activation barrier associated with the direct trans-
formation from the void to SFT in the semi-coherent interface, we
employ the nudge elastic band (NEB) [62] method. As seen in the
results presented in Fig. 4, the calculated energy barrier for the initial
jump of the Ag atom in the interface (Process II) along (110) direction
is approximately 0.64 eV, which is a much lower value than the
1.04 eV for the void-to-SFT transformation in the Ag single crystal
(Process I). It is also lower than the value (1.15 eV) reported for the
transformation in a Cu single crystal under constant pressure [25].
The energy barriers for the subsequent jumps in the interface (Pro-
cess IIl) are only slightly lower than the value (~1.04 eV) in Ag single
crystal (Process IV). From Fig. 4, it is found that the jump associated
with process II at the interface is triggered by the non-uniform stress
at the interface and occurs at a much lower energy barrier. The
migration energy barriers of a single point defect under different

stress components have also been investigated previously [63—65]. It
is found that the energy barrier varies with the vacancy migration
direction and for a given stress condition (or stress state), the migra-
tion energy barrier of a vacancy decreases along a specific migration
direction. The migration might be retarded by another stress state or
another migration direction. These reductions in the vacancy migra-
tion energy were observed in tension, compression and shearing
stress states respectively. Although the stress state may be less com-
plex than that in the present situation, in which the effect of the voids
(especially their shape and size) on the local stress distribution is also
coupled with the heterogeneous stress field generated by misfit dis-
locations. But by affecting vacancy hopping (migration)—the basic
unit procedure of the transformation process—the effect of stress
field generated by the interface on the vacancy migration energy
could be similar to the simple case.

3.5. Effect of He atoms on the transformation process

The foregoing barrier calculations support the finding that the inter-
face can facilitate the transformation of a void into an SFT. While this
would suggest voids are less likely to exist at interfaces, an irradiated
Cu/Ag composite can still find both voids and SFTs at the Cu/Ag interface
(see Fig. 1b). It is also possible that some He atoms could be trapped
inside the void and SFT (see Fig. S7 and Fig. S8 in the SM) since the bind-
ing energy [66] between He and a vacancy cluster is positive. Because of
the positive binding energy, the probability p and stress contribution
I1820 in Egs. (10) and (11) would decrease and increase, respectively,
indicating that voids and SFTs could coexist near the interface. To test
this notion, MD simulations were performed to study the transformation
of voids containing different concentrations of He atoms. Fig. 5a shows
the average potential energy of the atoms belonging to the region
affected by the void or the transformed SFT after annealing at 300 K and
at 850 K and above. We find that He can stabilize the void, hindering its
transformation. A relatively high temperature (up to 950 K) is needed for
the transformation of a 38-vacancy void containing up to three He atoms.
However, for the same void with more than three He atoms, the transfor-
mation does not occur, even at much higher temperatures of 1100 K.
Such differences can be attributed to a repulsive interaction between the
He and Ag atoms, which hinders the jumping of Ag atoms, resulting in an
increase in [1£20 and hence reduction in p. Last, we considered an inter-
face containing two voids, one with five He atoms and one without He
atoms. They are placed in the interface at a distance of ~5 nm. The simu-
lation temperature was increased to 1200 K in order to apply even higher
thermal fluctuations to induce the possible transformation in both.
Fig. 5b shows these cases after full relaxation. It is observed that the void
without He atoms transforms into an SFT, while the void containing five
He atoms does not. This finding provides further confirmation that He
atoms stabilize voids against transformation.

3.6. The void and SFT facilitated dislocation nucleation at interface

In this section, we study the influence of voids and SFTs on the
nucleation of dislocations. For the athermal, quasi-static deformation
investigation, three cube-on-cube Cu(111)//(111)Ag interface models
are built: 1) a void-free and SFT-free interface, 2) an interface con-
taining a Wulff void, 1.4 nm in diameter, and 3) an interface contain-
ing a perfect SFT, comprised of 36 vacancies, and an edge length of
1.8 nm. Each interface model was relaxed using the procedures
described earlier. To promote dislocation nucleation, the relaxed
interfaces are deformed in uniaxial/biaxial tension and compression
using schemes that mimic quasi-static deformation [44-46]. The
strain was raised in increments of 0.1% until a dislocation was seen to
nucleate from the interface and propagate into the crystal. The aver-
age stress in the system that was reached just before the dislocation
appeared is deemed the critical stress. Table 1 summarizes the critical
stresses for dislocation nucleation under compression or tension in
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Fig. 5. Effect of He atoms on the void-to-SFT transformation. (a) Average potential energies of the atoms surrounding the void with He atoms or transformed SFT after annealed at a

given temperature. (b) Co-existence of the SFT and 5He-void at the Ag side of the interface.

Table 1
Peak yield stresses before dislocation nucleation of the SFT-containing, the void-
containing and the clean Cu/Ag interfaces. Results are given in GPa.

Compression Tension
X y z X-z X y z Xx-z
SFT -3.67 ~7.96 -878 -1344 540 9.63 3.26 6.36
Void -484 -1080 1024 1427 528 833 4.08 9.16
Clean -743 -1544 1227 -2127 7.87 1055 433 10.16

The bold values indicate that at these loading schemes, the cirtical stresses of the
SFT-containing interface are lower than that of the void-containing interface.

one or two of the three axes (x, y, or z). In all cases, the void and SFT
reduces the critical stress, and in most cases, the critical stresses of
the SFT-containing interface are lower than those of the void-
containing interface. The exception occurs under tension along the
x-axis, wherein the critical stress decreases from 7.87 GPa for the
pristine interface to 5.40 GPa for the SFT-containing interface and to
5.28 GPa for the void-containing interface. When the loading mode
changes to compression, the critical stress becomes 7.43 GPa for the
pristine interface, and dramatically lowers to 3.67 GPa for the SFT-
containing interface and 4.84 GPa for the void-containing interface.

To identify the reasons for the influence of voids and SFTs on dis-
location nucleation, the effective stress-strain curves and partial dis-
location nucleation mechanisms under uniaxial loading are analyzed
in Fig. 6, as well as in Fig. S9 in the SM. As the dislocation nucleates
from the interface, we observe that the SFT undergo distinct shape
changes and eventual removal, in a manner that depends on the
direction and sense of loading. Under compression along the x-axis
[112] or the y-axis [111], both the leading and trailing partials emit in
succession from one face of the SFT, as shown in Fig. 6g and h, which
completely removes it. As a consequence, the interface becomes
atomically flat, as observed in Fig. 7. Biaxial tension in the x-z axes
invokes a similar process, also eventually leading to the removal of
the SFT (similar to Fig. 7b). Under tension along the y axis [111], how-
ever, three sets of leading partials nucleate from both the void- and
SFT-containing interfaces. The SFT is absorbed, leaving a complex
stacking fault junction at the interface, as shown in Fig. S9b in the
SM. A similar situation occurs under biaxial x-z compression.

In contrast to the strong interactions that are seen to develop between
the SFT and nucleated dislocations, the void is more stable. After disloca-
tion nucleation, the void slightly changes its shape and hardly shrinks in
size, as shown in Fig. 6d—f. Two factors are identified to contribute to the
easier nucleation from the SFT-containing interface than the void-con-
taining interface. First, compared to the void, the geometry of SFT gener-
ates severe stress concentrations in its vicinity. Such concentrations
induce dislocations to nucleate. Fig. S10 shows the calculated Von Mises

stress distribution of these two interfaces at equilibrium condition and at
a compression strain of 3.0% along x-axis. It is clearly seen that the stress
concentrations around the SFT are more severe than that around the
void. Second, as a dislocation based defect, the SFT consists of stair-rod
dislocations with Burgers vector of 1/6<110> along the edges of the tet-
rahedron. It is possible for the stair-rod dislocation to dissociate into two
Shockley partial dislocations, i.e. By — BA + Ay, that is 1/6[101] —
1/6[112] + 1/6[211]. At equilibrium, this reaction would not occur
because it is energetically unfavorable. However, under compression
along x-axis, for instance, the Shockley partial A in the ACD plane would
be activated since it bears the maximum Schmid factor under this loading
state [44]. After the stress enables the partial SA to nucleate, the partial, in
turn, reacts with the SFT to damage it, as shown in Fig. 7a. When the
interfaces are compressed along the z axis [110] or stretched along x axis
[112], leading Shockley partials nucleate from one side of void, again
without a noticeable change in shape (see Fig. 6f and Fig. S9a in the SM).
In contrast, two sets of leading partials nucleate from one edge of the SFT,
leaving a small stable partial dislocation loop at one surface of the SFT, as
shown in Fig. 6i and Fig. S9g in the SM.

In simulation, after introducing He atoms to the interface, equilibrat-
ing at 600 K and reducing the temperature to 300 K, significant lattice
distortions are observed to develop. Frenkel pairs, He clusters and inter-
stitial-induced dislocation loops form in both the Ag and Cu layers. As
shown in Fig. S11 in the SM, the densities of these defects correlate posi-
tively with He concentration. In particular, the radii of the dislocation
loops that developed in the interface with 0.1% He are larger than those
that developed with 0.05% He. This difference is expected to have a sig-
nificant influence on the subsequent deformation mechanism and the
damage of the SFT. To test this notion, the system containing interfaces
with two He concentrations was deformed in either uniaxial tension and
compression. For interfaces with 0.05% He, dislocation nucleation occurs
from the interfacial void or SFT and leads to the damage of the SFT,
mechanisms similar to those seen in the case without He. None of the
pre-existing dislocation loops activated prior to those forming from the
void or SFT. Fig. 8 shows the stress—strain curves and dislocation nucle-
ation mechanisms under compression along either x- or y-axis. As
shown, for both the void- and SFT-containing interfaces, the pre-existing
dislocation loop do not activate and rather new dislocations nucleate
from the interfacial void or SFT. Under compression, the SFT is damaged
by the just nucleated partial dislocation, similar to the process shown in
Fig. 7, and the void hardly changes in shape. The deformation mecha-
nisms in tension are also similar to those without He. In contrast, in the
cases of interfaces with 0.1% He, plasticity is initiated by the activation of
the dislocation loops, whose Burgers vectors are favorably oriented for
glide, rather than dislocation nucleation from the void or SFT at the inter-
face. Thus, the critical stress (the first drop in the strain—stress curve) is
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Fig. 6. (a)-(c) Effective stress—strain curves of the void-containing and SFT-containing interfaces under different compression loadings, and the corresponding dislocation nucle-

ation mechanisms for (d)-(f) void-containing interfaces and (g)-(i) SFT-containing ones.

Fig. 7. The damage of an SFT through its reaction with a dislocation that has nucleated at
the interface under (a) compression along the x axis [112] and (b) compression along the y
axis [111].

determined by the orientations and types of dislocation loops induced by
the He clusters. However, with further loading, the SFT becomes dam-
aged by the subsequent dislocation nucleation, as shown in Fig. S12 in
the SM. Thus, the damage mechanism of the SFT we proposed is also
effective when He atoms are present at the interface.

Taken together, unlike in the case of a void, these findings indicate
that dislocation nucleation is accompanied by the damage of the SFT
defect at the interface, which would make dislocation nucleation more
favorable from an SFT-containing interface than a void-containing
interface. The SFTs are less stable against destruction than the voids at
the heterophase interface.

4. Discussion

The results of this work identify two important interactions that
bi-phase interfaces can have with irradiation defects, namely voids
and SFTs, commonly occurring in FCC metals. The first pertains to the
promotion of a void-to-SFT transformation, unlike that occurring
within the crystal, and the second is an SFT-recovery mechanism that
promotes dislocation nucleation from the interface. In both situa-
tions, the interface alters the defect density or the relative amounts
of voids and SFTs maintained in the composite. In this way, interfaces
can influence hardening of irradiated materials in an indirect way,
when considering that voids and SFTs interact differently with mov-
ing dislocations [10,11,13,20].

Fig. 9a—c illustrates the different mechanisms for void-to-SFT trans-
formations that have been studied for single crystals. None are like the
interface-facilitated mechanism revealed in this work. Fig. 9a shows
the vacancy plate-to-SFT process proposed for Cu, Ni and Al [24]. The
plate first collapses to form a Frank dislocation loop, and then Shockley
partial dislocations that dissociated from the Frank loop react to form
the SFT. Fig. 9b depicts an alternative vacancy aggregation mechanism
studied in Ni [35], in which a vacancy-tetrahedron cluster, resulting
from the aggregation of randomly distributed vacancies, serve as a
nucleation center of the SFT. In Fig. 9c, the direct transformation of a
vacancy cluster into an SFT as seen in PRD simulations of Cu [25], is
shown. In this event, the transformation takes place via a series of inter-
mediate structural transformations that are enabled via vacancy/atom
hops. The atom which initiates the first hop to start the transformation
is determined by thermal fluctuations, and the atom executing the hop
is selected without preference. The transformation mechanism from
voids to SFTs at semi-coherent interfaces discussed in this work differs
from these previously proposed ones. In the case of the interface-facili-
tated transformation, a dislocation reaction was not involved, the void
does not morphologically change into a vacancy-tetrahedron cluster
before transforming to an SFT, and the first vacancy jump is highly cor-
related with localized stress concentration regions in the interface. It



X.F. Kong et al. / Acta Materialia 188 (2020) 623—-634

5t (a) Compression in x[112]
Gyoid
| —OgFr

G

intact

Stress (GPa)

0
Strain (%)

X Z
SFT-interface

631

9l (b) Compression in y[111]
-8t — Ovoid
=1t — Oskr
_2- Gintact
4
3
-2
-1

2 3 45 6 7 8 9
(d)

i

&\’%‘\\.\'

WA
Sl N
SO

S

@

%
SFT-interface
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should be noted that here we refer to the relative ease of the transfor-
mations directly from void to SFT (excluding the cases involving disloca-
tions) with respect to two major indices, temperature and the number
of He atoms. Regarding temperature, among all the Cu/Ag interface
models, Ag twin models and single crystal Ag models in our work, the
voids and annealing schemes are all the same. The results show that for
the void at the Cu/Ag interface, only 850 K is required to accomplish the
transformation into SFT, while for the void at the Ag twin boundary, the
threshold temperature is approximately 1000 K. For the void in the sin-
gle crystal Ag, a temperature of 1050 K is needed. Further, the energy
barriers calculated by NEB method for vacancy hopping, which is the
unit procedure to accomplish the transformation, suggest that the inter-
face promotes vacancy hopping by reducing its barrier. With respect to
the number of He atoms, our simulations show that the interface facili-
tates the transformation from the void to SFT, even when there are up
to 3 He atoms in a 38-vacancy Wulff void at 950 K. But in the case of a
void in a single crystal, at 1100 K, two or more He atoms can prevent
the transformation. Hence, with no He or other noble gas, SFTs would
dominate the interfaces. The findings in a more recent study by Han et
al. [67] directly support our conclusions. In their study, a bulk Cu/Ag
nanolayered sample was irradiated with 800 keV Ne-ions up to a flu-
ence of 1.2 x 10'® ions/cm?. According to the SRIM calculation, the
region of radiation damage extends to a depth of 800 nm. At the depth
of 900 nm from the sample surface, there is no cascade damage. But the
irradiation-induced vacancies at the radiation damage zone could dif-
fuse to such depth while Ne atoms could not, due to different mobilities
between them. The TEM image shows that there are a large number of

SFTs, rather than voids, lying at the Ag side interface, as given in Fig. S13
in the SM.

Here, we reveal a mechanism that damages even removing an SFT
but not a void, when a stress is applied to the interface. When the dislo-
cation first forms from the interface, it bows out as a half loop with a
mixed character. We find that it can damage the SFT, particularly more
efficiently than a void (Fig. 7). With the SFT removed, the interface then
recovers its low energy state. This finding would imply that SFTs would
be less stable than voids, especially under compressive tractions experi-
enced at the interface. This finding is distinct from many studies that
report that the intrinsic or constitutional defects of bi-metallic interfa-
ces can trigger the formation of dislocations or SFTs in the adjoining
crystal when under an applied load. Atomic-scale simulations in Ref.
[44,68] have shown that the misfit dislocation intersections (MDIs) in
the semi-coherent interface possess more free volume than the interior
of the grain and these have been referred to as constitutional vacancies
[29]. In simulation, it was found that dislocation nucleation from the
interface reduced the excess volume at the MDIs [44,68], transporting
the excess volume into the adjacent crystal. For Cu/Al interfaces under
out-of-plane tension, Li et al. [69] observed in MD simulation, the
development of a closed SFT on the Cu side and an open-ended SFT on
the Al side. In this case, the SFTs formed via a dislocation reaction
between Shockley partials that had emitted from the interface. Atomic-
scale simulation of shock loading of Ni/Al interfaces in Ref. [70]
reported the formation of stacking fault pyramids on the Al side. The
square grid of the misfit dislocation network provides a template for
forming the stacking fault pyramids. In all these cases, dislocations
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a single crystal, and (d) through the sequential transformation from a void at a semi-coherent interface.

emit from the interface formed a defect rather than eliminating one.
Many experimental and simulation studies [14—19] report that SFTs in
the interior of the grain could be split or annihilated by interacting
with gliding dislocations. Martinez and Uberuaga [71] also showed that
small SFTs can diffuse by temporarily disrupting their structure through
activated thermal events, and that the mobility of SFTs can be rather
high, even higher than isolated vacancies. The present study further
shows an interfacial effect that influences not only the void to SFT
transformation, but also the initial growth of SFTs as well as their dam-
age by interface dislocation nucleation.

Experimental studies have shown that a high density of bi-phase
interfaces efficiently reduces irradiation defects or adjusts their dis-
tribution [26—-32] and in efforts to design interfaces to optimize
defect mitigation, studies on the mechanisms underlying defect/
interface interactions can be useful. Based on our studies on Cu/Ag,
we find that the distinct interface features that promote the void-to-
SFT transformation are (i) the character of misfit dislocations; (ii) the
non-uniform stress distribution; and (iii) the thermal fluctuation at
relatively low temperature. Regarding (i) and (ii), the misfit disloca-
tions forming between two dissimilar metals will generate atomically
localized stress/strain fields that can reduce the activation barrier for
the transformation at the interface. Such localized, non-uniform
interface stresses drive the atom/vacancy in the defect cluster to hop,
facilitating the transformation. This also brings into question the abil-
ity of other interfaces to facilitate the transformation. Recalling (i)
and (ii), the character of the misfit dislocations determines the stress
field they generate. Their characteristics are determined by the prop-
erties of the two adjoining materials, such as differences in their lat-
tice constants, stacking fault energies (for fcc metals), and elastic
moduli, and their orientation relationship, including crystal direction
and crystal plane. For example, for the Ni/Ag interface [72] with the
same orientation relationship, the lattice mismatch is 14.79%, which
is larger than the 12.26% of the Cu/Ag interface. Thus, the Ni/Ag inter-
face contains a higher density of the misfit dislocations and misfit dis-
location intersections (MDIs), compared to the Cu/Ag interface.
Moreover, the elastic modulus of Ni is higher than that of Cu, indicat-
ing that the Ni/Ag interface has a higher elastic mismatch than the

Cu/Ag interface. For these reasons, it may be expected that the Ni/Ag
interface is better able to promote the transformation. Yet, the misfit
dislocation intersections (MDIs) of the Cu/Ni interface taken on a
complex atomic structure in the form of a spiral, which leads to a
highly non-local stress distribution in the interface [44]. Under these
circumstances, which interface would better promote the transfor-
mation is not clear. Regarding fcc/bcc interfaces with a K-S orienta-
tion, such as Ag/V [73], Cu/V [74], Cu/Mo [75] and Cu/Nb [76], the
misfit dislocation network adopts a block-like pattern, consisting of
connected parallelograms. The spacings and Burgers vectors vary,
however, among these Cu/V, Cu/Mo and Cu/Nb interfaces, leading to
different capacities to trap He atoms at MDIs in interfaces, which can
affect hardening [77]. For the void to SFT transformation process,
these differences in the misfit dislocation network translate to differ-
ences in the local stress state, which would affect at the very least the
first key hopping step that triggers the transformation. As demon-
strated in Fig. 4, the energy barrier of the key step in the transforma-
tion is found to be much lower than that in the bulk. It should be
noted that the stress field generated by the interfacial misfit disloca-
tions can also play an important role in trapping vacancies, which are
generated initially during irradiation [78,79]. A preferential drift of
vacancies toward the interfaces is induced by this stress field
[63—-65,78], especially by the shear stress component [64]. Voids can
also form at the interfaces by the aggregation of such vacancies, in
addition to being created directly in the cascade process. Many of
these characteristics are common to semi-coherent interfaces and
some incoherent interfaces, suggesting that the mechanisms
reported here can apply to other bimetallic systems. Regarding (iii),
the present study demonstrates that a high temperature would accel-
erate the transformation from the void and bubble (with finite He
concentrations) to the SFT.

5. Concluding remarks
In summary, we report an interface-facilitated mechanism for the

direct transformation of a void (<2 nm diameter) into a stacking fault
tetrahedron (SFT) in the FCC/FCC Cu/Ag system. Atomic-scale simulations
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indicate that the non-uniform stress field that develops around the misfit
dislocations at the semi-coherent interface can promote the direct trans-
formation of a void into an SFT via a mechanism, which is different than
that occurs in the single crystals. In the interface-facilitated transforma-
tion mechanism, vacancies initially jump at the relatively high atomic
stress areas in the interface. The initial jump then triggers a series of
vacancy jumps from the crystallographic layers adjacent to the interface.
The bottom layer of the SFT first forms in the interface plane and grows.
NEB calculations show that the activation energy barrier for the direct
transformation at the interface has a much lower value than that associ-
ated with a similar void to SFT transformation in the single crystal. It is
shown that compared to a pristine interface, SFT-containing interface
can possess a much lower energy barrier for dislocation nucleation than
a void-containing interface. The dislocation nucleation is more favorable
in the former case when the newly emitted dislocations react with the
SFT and damage it, enabling the interface to return to its planar, pristine
state.
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