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Abstract 

Intermixing of chemical species as a result of interdiffusion during the manufacturing of 
metallic nanolaminates leads to diffuse interface structures which have distinct properties 
compared to corresponding atomically sharp interfaces. The effect of interdiffusion-
induced changes to the interface structure on interface shear strength is complex due to the 
presence of solute atoms and a reduced misfit dislocation density. The shear responses of 
{111} Cu/Ni nanolaminate interfaces with varying levels of interdiffusion are studied using 
atomistic methods to elucidate the effect of interface structure changes on shear 
deformation mechanisms. Models with diffuse interfaces exhibit improved interface shear 
strength relative to the atomically sharp case; however, shear strength does not increase 
monotonically with solute concentration. The distribution of maximum changes in energy 
per misfit node and non-uniform misfit node displacements, filtered using microrotation 
vector analysis, suggest heterogeneous interface resistance to sliding. No strong correlation 
is found between solute concentration near misfit node centroids and misfit node 
displacements, indicating the importance of the longer-range misfit dislocation structure. 
Increased activation of misfit dislocation glide is associated with larger solute 
concentrations as a result of increased misfit node displacements. Analysis of change in 
energy during the shear deformation process, however, reveals that interface sliding is 
dominated by the misfit node behavior. These findings highlight the importance of 
modeling realistic diffuse interface structures and emphasize the competing effects of 
solute concentration and interface misfit dislocation density. 

1. Introduction 

Nanolaminate metallic composites with high interface density exhibit mechanical 
properties that exceed those of each of the bulk constituent materials, e.g., improved yield 
strength, fatigue strength, radiation tolerance, and others [1–6]. These properties can be 
tailored by controlling layer thickness [7–10] and modulation ratio [11,12], or by adjusting 
interface characteristics such as misfit dislocation density [13–15]. The interfaces play a 
fundamental role in mechanisms that govern plasticity, e.g., defect nucleation [16,17], 
propagation of slip [18–20], and crack growth [21,22]. Computational studies can 
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efficiently evaluate an expansive parameter space at lower cost than experimental studies 
and can project prospective nanolaminate structure to realize improved material 
properties. It is important to strike a balance between approximations employed in such 
simulations and the associated idealization of the actual system or reduction in accuracy. 
For example, computational studies of nanolaminate materials commonly assume 
atomically sharp interfaces [23–26]. This assumption generally does not hold when 
constituent materials are miscible due to the interdiffusion of chemical species as a result 
of manufacturing processes [27-30]. These diffuse interfaces complicate interface structure 
and its evolution under applied loading; however, this additional aspect opens the 
possibility to further tailor mechanical responses. Cu/Ni nanolaminates manufactured 
through sputtering are one such system for which interdiffusion across the interface may 
occur [31] and the application of annealing heat treatments can lead to fine-grained layer 
composition control [32]. There is a need to characterize the effects of diffuse interfaces 
expected in manufactured nanolaminates to provide more realistic predictions of 
nanolaminate responses and to aid nanolaminate design. 

Interfaces in nanolaminate materials can be broadly grouped into coherent, semi-coherent, 
or incoherent interfaces; these interact differently with lattice dislocations [33]. Semi-
coherent interfaces form when both constituents have compatible crystal structures and 
layer thicknesses are above a material-specific critical value [34]. They are characterized 
by a network of misfit dislocations with spacing that depends on the lattice constant 
mismatch between constituent materials. These misfit dislocations resist slip transmission 
across the interface by reacting with incoming lattice dislocations [35,36]. The 
originating/terminating points for misfit dislocations, also referred to as misfit nodes, 
primarily contribute to the interface plasticity by serving as sites for generation of lattice 
dislocations [37] and sites for the initiation of interface sliding [38,39]. While the ideal 
atomically sharp semi-coherent interface between Cu/Ni has been well studied, the effects 
of interdiffusion on interface properties/evolution and the resulting impact on the overall 
nanolaminate properties has received little attention and motivates the present study. 

Interdiffusion has two primary effects on semi-coherent interface structure. The first is the 
adjustment to the bulk layer lattice parameters, namely in terms of a lower misfit 
dislocation density than in the case of a sharp interface. Experimental x-ray diffraction 
studies have noted shifts in lattice parameter for nanolaminate layers with annealing and 
interdiffusion [40–42]. Misfit dislocation density is an important parameter; Yang et al. [15] 
found that the shear response of an interface is closely tied to the misfit dislocation density, 
i.e. a higher misfit dislocation density can increase the interface shear strength. Work by Xu 
et al. [36] showed that a higher misfit dislocation density was associated with a higher 
interface resistance to slip transmission. The reduction in misfit dislocation density is also 
accompanied by changes to the stacking fault energy of the interface which affects the size 
of interface stacking fault regions and the misfit dislocation core structures [43]. Increases 
in the stable stacking fault energy is shown to correlate with reduced interface shear 
strength for the Cu/Ag system [44]. The reduction in misfit between layers as a result of 
interdiffusion thus serves to reduce the shear strength of the interface. 

The second effect of interdiffusion on the interface structure is the presence of solute 
atoms which serve as sites for dislocation generation or as pinning points for interface 



misfit dislocations [44]. Generally, solutes impede dislocation motion by virtue of solute 
segregation to dislocation lines [45] or solute strengthening due to concentration 
fluctuations in a random alloy [46]. Molecular dynamics studies on the effects of Ni solutes 
on dislocation mobility in Cu/Ni solid solutions show that Ni solutes can impede dislocation 
glide, reducing effective dislocation velocities [47]. Local solute concentration fluctuations 
can lead to reduced energy barriers for the cross-slip of screw dislocations [48]. Dislocation 
generation from semi-coherent interfaces due to Friedel-Escaig-like cross-slip of misfit 
dislocations has been reported in the literature [39]. The presence of solute atoms 
therefore leads to increased interface shear strength. which acts in opposition to the 
reductions of interface shear strength associated with reduced misfit dislocation density as 
previously discussed. Whether interdiffusion leads to improvements in mechanical 
properties, or their deterioration, depends on which structural change, either increase in 
solute content or reduction in misfit density, has a greater impact on interface properties.  

Atomistic simulations are required to determine the interplay between these two 
competing mechanisms and their effect on interface properties, given that the interaction 
between misfit density and solute effects alter pathways for atomic-scale restructuring of 
the interface that accommodates deformation. Some preliminary studies on the effects of 
alloying and interdiffusion on the properties of semi-coherent interfaces have been 
explored in the literature. Work by Gola et al. [49] found that alloying Cu layers with Ag in 
Cu/Ni bicrystals led to an increased resistance to both shear and slip transmission due to 
an increase in lattice mismatch and thus misfit dislocation density. Wang et al. [44] studied 
the misfit dislocation structure of Ag/Cu bicrystals after alloying each individual layer with 
the other species. They found a reduction in the yield stress as a result of increased 
alloying, a change in the site of dislocation generation from the misfit dislocation nodes to 
points of impingement between solute clusters and misfit dislocations, and an increase to 
the interface shear resistance due to solute pinning of misfit dislocations. In these previous 
approaches, relatively low solute concentrations were studied, differences in misfit 
dislocation density were limited, and alloying was admitted in only one of the two layers. 
Interdiffusion in Cu/Au bicrystals resulted in the development of a 3D dislocation 
structures at the diffuse interface distinct from the initial 2D semi-coherent interface misfit 
structure [50]; however mechanical behavior of these interfaces was not studied. 
Experimental studies on the properties of diffuse interfaces in the Cu/Nb system, with 
incoherent interfaces, show improved yield strength and ductility compared to the 
atomically sharp case [51,52]; however, similar studies on nanolaminates with semi-
coherent interfaces are lacking. This motivates studies of bicrystal geometries with more 
realistic diffuse semi-coherent interfaces with different degrees of interdiffusion to 
quantify the combined effects of misfit dislocation density and solutes on interface 
properties.  

The present work focuses on effects of interdiffusion on the interface misfit dislocation 
structure and interface shear response. Molecular dynamics (MD), molecular statics (MS), 
and Monte-Carlo (MC) methods are used to study the effects of solutes and decreased layer 
misfit on the properties of semi-coherent interfaces in the Cu/Ni system. Solute 
concentrations of up to 30% in each layer are studied. First, the methodology and 
geometries used to study the effects of interdiffusion induced interface structure on the 



properties of the material are presented. Characterization of the interface structure and the 
solute distribution follows. Finally, the effects of solutes and modified misfit dislocation 
spacing on mechanical response in shear are discussed with a focus on interface sliding. 
This work highlights the importance of accounting for interdiffusion induced interface 
structures for modeling manufactured nanolaminate materials. 

2. Methodology 

 2.1. Models and simulation approach 

 

Figure 1: a) Image of Cu/Ni nanolaminate model geometry with 1% solute concentration. All 
investigated geometries have the same orientations. b) Common neighbor analysis of the 
interface structure with overlaid misfit dislocation lines computed via the Dislocation 
Extraction Algorithm [53]; misfit dislocation density decreases with increasing solute 
concentration up to 30%. 

A representative Cu/Ni model geometry investigated in this work is presented alongside 
the interface structures in Fig. 1. All models are generated using in-house codes. First, a 
rule of mixtures is used to calculate the changes in lattice parameters due to interdiffusion 
for each of the nanolaminate layers. Blocks of Cu/Ni solid solutions are then generated by 
creating pure blocks of Cu and Ni with the correct concentration dependent lattice 
parameter, given in Table 1. In this work, we investigate equal degrees of 0%, 1%, 10%, 
20%, and 30% interdiffusion in both layers. The two blocks of Cu/Ni solid solutions are 
then combined with surface normal along the [111‾] direction to form a semi-coherent 
interface. The solute distributions in each layer are initially random in this procedure; 
however, realistic solute concentrations are expected to be higher at interfaces following 
annealing [31]. 



Table 1: Parameters for geometries under investigation. 

Layer 
Concentration 

Lattice 
Constants Dimensions 

Number 
of Atoms Misfit Spacing 

Cu/Ni 3.615/3.524  51.2 x 29.6 x 36.9 nm 4,971,060 10.1 nm 

Cu.99Ni.01/Ni.99Cu.01 3.615/3.524  51.2 x 29.6 x 36.9 nm 4,971,060 10.1 nm 

Cu.9Ni.1/Ni.9Cu.1 3.606/3.533  42.7 x 24.7 x 36.9 nm 3,457,800 12.2 nm 

Cu.8Ni.2/Ni.8Cu.2 3.597/3.542  57.2 x 33.0 x 36.9 nm 6,178,320 17.0 nm 

Cu.7Ni.3/Ni.7Cu.3 3.588/3.551  43.0 x 24.8 x 36.9 nm 3,492,900 26.2 nm 

 

A hybrid MC/MD scheme is employed for simulated annealing, executed using the LAMMPS 
simulation code [54]. The initial interface structure is minimized using sequential 
conjugate gradient energy minimization and FIRE [55] steps with increasing force 
tolerances. During the conjugate gradient steps, the strain energy of the system, calculated 
by the Parrinello and Rahman expression [56], is minimized using built in LAMMPS 
options. Following this rigorous structural relaxation, the hybrid MD/MC scheme is 
applied. First the system temperature is initialized to 700K by applying a scaled Gaussian 
velocity distribution and equilibrated using an NPT ensemble over 10 ps. Following the 
relaxation, an additional 100 ps of dynamics in an NPT ensemble is conducted. Every ten 
iterations, or 0.01 ps, two hundred MC swap attempts are executed. To maintain the target 
solute concentration in each layer, the swaps attempts are restricted to two atoms within 
the same layer. In total two million swaps are attempted, one million per layer. This is a 
relatively low number of swaps compared to the overall model size. Initial solute 
distributions therefore may not correspond to the fully energy minimized ones, specifically 
considering the extent of solute segregation that occurs to misfit dislocations. Analysis of 
model deformation, however, is not restricted only to the initial interface sliding. The effect 
of initial solute structure on subsequent interface sliding or yielding occurring after 
deformation of the misfit pattern away from the initial position should be reduced as the 
misfit pattern glides over regions of the interface with more random spatially distributed 
solutes. Overall interface solute concentration is expected to be more important, and the 
concentration profiles for the investigated geometries shown in Fig. 2b) exhibit increasing 
solute concentration near the interface as expected [32]. Convergence of the system 
energies with successful swaps can be determined by the change in energy per atom, as 
seen in Fig. 2a). Observed fluctuations in the energy arise from the thermostatting process. 
The change in energy per atom meets a tolerance of 1x10-6 eV/atom. 



 

Figure 2: a) Change in per atom energy versus successful swaps. Fluctuations occur as a result 
of the thermostatting applied. b) Concentration profiles for all models with diffuse interfaces. 
As expected, solute concentrations near the interface are higher than in the bulk.    

Periodic boundaries are used in all dimensions, approximating an infinite nanolaminate 
system with some constraint imparted by the periodic boundaries. As such, the length of 
the simulation cell must be set to a value which is a multiple of the lattice repeat distance 
for both layers. Any change in lattice constant due to interdiffusion leads to a different 
lattice repeat distance; thus, the model dimensions differ for each solute concentration. 
Efforts were taken to select the most similar dimensions, but variation in both in-plane 
dimensions is noted. This work utilizes the Onat and Durukanoǧlu Cu/Ni potential [57] due 
to their focus on fitting the Cu-Ni interaction term leading to improved accuracy of 
calculated mixing enthalpies compared to other EAM potentials. This potential also 
accurately fits stable and unstable stacking fault energies for bulk Cu and Ni validating its 
use for modeling mechanical response in the present work. It is also noted that because the 
lattice mismatch between Cu and Ni is small, the differences in the lattice constants 
between the different alloys studied is also small. As a result, although the solute misfit 
volume is not constant between the different investigated geometries, the differences are 
small enough to be considered negligible. In systems where the lattice constant mismatch is 
large this may not necessarily hold and the dependence of solute strength, through the 
atomic misfit volume, on the layer solute concentration may need to be considered. Models 
are analyzed using OVITO [58] and its Dislocation Extraction Algorithm (DXA) [53] is used 
to determine positions and Burgers vectors of interface misfit dislocations. The 
contribution of the potential to the virial stress [59] is used to calculate the stress for these 
models and is referred to as the interatomic potential stress for clarity 

We investigate the shear properties of the system using standard MS strain-controlled 
loading approaches [60]. The annealed models from the above hybrid MC/MD results are 
assessed. First, it is necessary to employ shrink-wrapped boundaries in the z-[111‾] 
dimension, while the in-plane dimensions remain periodic. Two full atomic layers in both 



the top and bottom z-dimension are held fixed by setting all components of the force vector 
to 0 at each step. An incremental shear strain  or  shear strain with a step size of 

2.5x10-5 is then applied to the cell by displacing all atoms in the fixed upper layer by a 
vector  according to the target strain from 0 initial strain in all cases, computed simply 
as , where Lz is the length of the cell in the z-dimension. The system energy is 

then rigorously minimized through the sequential conjugate gradient/FIRE approach as 
above. Conjugate gradient minimization to an energy tolerance of 1x10-12 with box 
relaxation is first applied with box relaxation to target pressure of 0 bar in the in-plane 
dimensions, followed immediately by FIRE energy minimization to a tolerance of 1x10-12. 
Total system shear stress of the minimized system at each strain increment is determined 
by summing the potential contribution to virial stress in the strain direction or . The 

next fixed shear strain increment is then again applied via per-atom displacement, and the 
process repeats up to total shear strain of 2.0x10-2.  

2.2. Microrotation vector analysis of interface deformation 

In addition to conventional metrics for analysis of atomistic models, such as Common 
Neighbor Analysis (CNA) [61], the microrotation vector is also used to reveal in more detail 
the interface deformation. The microrotation vector is defined as [62,63] 
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Where 𝜀 is the permutation symbol and 𝑅skew is the skew symmetric part of the rotation 
tensor R in the right polar decomposition of the deformation gradient F, i.e., 
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where U is the right stretch tensor. Analysis of the atomic microrotation vector has been 
previously applied to the Cu/Ni semi-coherent interface [38] to elucidate both magnitudes 
and directions of atomic restructuring associated with interface sliding. Components of the 
microrotation vector describe the rotation of lattice vectors attributed to deformation such 
as dislocation glide, stacking fault restructuring, grain boundary sliding, and the glide of 
interface misfit dislocations. Microrotation vector magnitudes reflect the degree of 
restructuring with characteristic values or ranges quantified for a variety of deformation 
processes such as dislocation glide and grain boundary migration [62]. The interested 
reader is referred to Tucker et al. [63] for more in-depth description of the microrotation 
vector and its calculation. 
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Figure 3: a) Change in the interface misfit dislocation pattern for the 30% solute 
concentration model as a result of applied shear strain to two different levels. b) Increased 
microrotation vector magnitude is associated with the structure change that results from the 
glide of interface misfit dislocations with higher magnitude indicating more complex 
structure changes. Starting dislocation lines can be clearly observed as lines of lower 
microrotation as highlighted by the white arrows. c) The displacement magnitude 
distribution does not reveal dislocation lines and instead exhibits a smooth distribution while 
d) the change in centrosymmetry distribution does not capture longer range deformation 
fields generated to accommodate the localized structure change. 

The microrotation vector, atomic displacement vector, and change in centrosymmetry are 
compared in Fig. 3 as metrics to analyze the evolution of the interface misfit dislocation 
pattern after shearing for the 30% solute concentration model. The displacement vector 
magnitude is distributed smoothly as observed in Fig. 3c) complicating the demarcation of 
regions that have undergone structure change. This is because affine deformation of the 
atomic structure affects the value of the displacement vector and because the displacement 
vector does not consider the local atomic structure. The change in centrosymmetry 
parameter, Fig. 3d), can capture changes to atomic crystal structure well but does not 
capture the longer-range deformation fields associated with the local structure changes. 
The microrotation vector distribution in Fig. 3b) more effectively reflects the 
transformation of the underlying atomic structure compared to the other metrics. For 
example, the lines of atoms with lower microrotation vector magnitudes visible in Fig. 3b) 
correspond to those originally within the dislocation core. The lower microrotation vector 
magnitude for these atoms reflects the lesser rotation to underlying lattice vectors 
necessary for the transformation from the intermediate dislocation core structure to either 
the fcc or hcp crystal structure. This is compared to the rotation necessary for the full 
transformation from fcc to hcp or vice-versa. The position of the dislocation in the final 
structure corresponds to atoms with a lower microrotation vector magnitude as well. 
Regions bound by these two lines of lower microrotation vector magnitudes correspond to 



those which have undergone the full transformation from fcc to hcp or vice-versa and can 
be extracted by filtering atomic microrotation vector magnitudes. Longer range 
deformation fields required to accommodate glide induced structure change are also 
captured and can be analyzed if desired. The microrotation vector thus serves as a 
powerful tool for analyzing the interface deformation. 

2.3. Excess volume analysis for tracking node positions 

It is necessary to track misfit node displacement to quantify relative interface motion. 
Misfit node displacement can then be considered to understand the differences in interface 
sliding mechanisms among various interfaces. For this purpose, excess volume analysis, as 
originally presented by Shao et al. [37], is combined with a K-Means clustering algorithm 
[64] to determine the centroids of excess volume regions associated with misfit nodes. This 
method is performed on single atomic layers and can be used to analyze the excess volume 
on either the Cu or Ni majority side of the interface. The present work uses the single layer 
of atoms on the Cu majority side of the interface to select misfit node centroid positions 
due to the larger fluctuations in excess volume magnitude which makes selection of proper 
filter values simpler. Analysis of the Ni majority side of the interface leads to equivalent 
misfit node centroid displacements. The excess volume analysis uses a Delaunay 
triangulation as implemented by the Scipy library [65], shown in Fig. 4, where the area of 
the triangle in the current mesh is compared to the area of the triangle in bulk. The area 
associated with the alloy in bulk (A0) can be calculated using 

 0 2

perfect

3

4
A b=  (3) 

where the ideal Burgers vector (𝑏perfect) is calculated from the solute concentration 

dependent bulk lattice constants, as shown in Table 1. The area of a triangle in bulk is 
subtracted from the area of the triangle in the current configuration and then multiplied by 
the height of the atomic layer (h), i.e., 

 ( )0ΔV h A A= −  (4)   

where A is the area of a triangle in the current configuration. This results in a distribution 
of excess volume across the mesh, such as in Fig. 4b). To determine the misfit node 
position, triangles with excess volumes below 0.2 Å3 are removed. The centroid of the 
remaining triangles, which form clear groups at the misfit nodes as shown in Fig. 4c), are 
then clustered using a K-Means clustering algorithm. The centroids of these clusters 
correspond to misfit node centroid position and can be tracked with applied loading. 



 

Figure 4: Summary of misfit node cen\troid calculation using excess volume analysis. a)  
Representative interface structure with atoms colored by CNA with green atoms in an fcc 
structure, red atoms in an hcp structure, blue atoms in a bcc structure, and white atoms in an 
undefined structure. The inset image shows the Delaunay triangulation used to calculate 
excess volume. b) Excess volume plot of the Cu side of the interface for the 0% solute 
concentration model.  Misfit dislocations and misfit dislocation nodes have high excess volume 
compared to fcc and hcp regions of the interface. c) Interface excess volume map filtered to 
extract misfit node centroid positions.  

3. Results and Discussion 

3.1. Effects of interdiffusion on misfit dislocation structures at semi-coherent 
interfaces. 

All interface structures presented in Fig. 1b) exhibit the well-established spiral pattern 
associated with the Cu/Ni semi-coherent interface [66]. In Fig. 5, the unrelaxed and relaxed 
interface structures are shown for both the 0% and 20% solute concentration models in 
more detail. Dislocation lines in addition to Burgers vector, line sense, and character are 
analyzed using the DXA algorithm [53]. In Fig. 5c) it is observed that the dislocation 
Burgers vectors and line senses match for both models. The pattern of the atomic 
displacement field as a result of interface relaxation also matches very closely. Dislocation 
character, calculated via DXA, is reflected as the color of the dislocation line. Misfit 
dislocations have predominantly edge character as indicated by the majority blue line 
color. Models with higher solute concentrations, however, have increased mixed character, 
denoted by a light blue or white color, as a result of increased dislocation line curvature. 
The increase in the dislocation line length is compensated for by the reduction in self-
energy as discussed in the literature [43]. This analysis shows similar misfit dislocation 
patterns for all investigated geometries. It is also noted that the shear induced interface 
sliding discussed in following sections results in the translation of the misfit dislocation 
network without any dislocation reactions. Misfit dislocation Burgers vectors and character 
are generally conserved from the initial configuration, e.g., Fig. 5. As a result, the 



comparison of interface energetics for sequential interface sliding events is valid. This type 
of shear sliding behavior is characteristic of semi-coherent metal/metal interfaces [15, 39] 
and has been observed for metal/ceramic interfaces as well [67]. The interested reader is 
referred to Dodaran et al. [68] for more in-depth analysis of the Cu/Ni semi-coherent 
interface. 

 

Figure 5: (a) Unrelaxed interface structure with atoms colored by Common Neighbor Analysis. 
Red atoms are in an HCP structure, green atoms are in an FCC structure, and gray atoms are 
in other structures. (b) Relaxed interface structure with blue lines denoting the dislocations as 
calculated via DXA and black arrows denoting the Burgers vectors of the dislocation. (c) Zoom 
in on a single misfit dislocation node with dislocation line sense visualized as the blue arrows 
and dislocation Burgers vectors labeled. Black arrows indicate directions of atomic 
displacements between unrelaxed and relaxed configurations. 

 

While interdiffusion does not cause significant changes to misfit dislocation Burgers 
vectors or character, outside of slightly increased mixed character, it is expected to impact 
the stacking fault energy of the interface. However, characterization of these changes to 
interface stacking fault energy is not straightforward. Yao et al. [69] developed a Peierls-
Nabarro model for interfacial misfit dislocation arrays in which one of the necessary 
parameters was the generalized stacking fault energy of the interface. For this they used 
the generalized stacking fault energy of the relative coherent interface, generated by using 
the average lattice parameter for both constituents. For the geometries studied in this 
work, the relative coherent interfaces would have identical lattice parameters and as such 
would isolate primarily the effects of solute atoms on the interface stacking fault energy as 
opposed to the reduced misfit. Shao et al. [43] studied the generalized stacking fault energy 
in more detail comparing various model geometries which all exhibited slightly different 
unstable and stable stacking fault energies. Because the present work is concerned 
primarily with the role that interdiffusion plays on the evolution of the interface structure 



and the stacking fault energy is not required as a parameter for the presented analysis, 
such in-depth characterization is considered outside its. The trends for stacking fault 
energy, however, can be understood from analysis of the mean excess energy contained in 
the FCC and intrinsic stacking fault (ISF) regions and the percentage of atoms in the ISF 
structure. 

 

 

Figure 6: (a) Excess energy per unit area for FCC and ISF regions in addition to their 
difference at each solute fraction. (b) Fraction of interface atoms in ISF structure versus 
model solute fraction. A near-linear reduction in the fraction of ISF atoms is observed with 
increasing solute fraction. This is in contrast to the difference in the FCC and ISF energies 
which shows no clear correlation with solute fraction.  

In Fig. 6a) it is observed that the total energy difference per unit area for FCC and ISF 
structures is small for the unrelaxed models and increases slightly after the hybrid MC/MD 
annealing and energy minimization. The individual energies of both FCC and ISF regions 
exhibit a positive correlation with the solute fraction before and after the relaxation 
procedure. This increase in the energy of both FCC and ISF regions can be attributed to 
both the presence of solute atoms at the interface and the additional strain associated with 
the concentration-dependent lattice parameters. The minimum and maximum energy 
differences between FCC and ISF regions post relaxation are 45 mJ/mm2 and 62 mJ/mm2 
for the 0% and 10% solute concentration models, respectively. Neither before nor after the 
relaxation procedure, does the energy difference show a clear trend with solute fraction. 
This is in contrast to the fraction of atoms in the ISF structure which exhibits a clear 
negative correlation with the solute fraction of the models, indicating increasing 
contraction of ISF regions with increasing solute fraction. The difference in the size of the 
interface ISF regions post relaxation cannot be attributed to differences in the interface 



geometry as the area fractions of the interface belonging to ISF regions are equal prior to 
relaxation. These factors suggest that the reduction in the area of ISF regions, and the 
associated increase in the misfit dislocation line curvature, results primarily from the 
reduction in the misfit dislocation line self-energy associated with changing from pure edge 
to mixed character as opposed to a large difference in the stacking fault energy with 
increasing solute fraction. Longer misfit dislocation lines, associated with increased solute 
fractions, exhibit increased curvature as measured by the decrease in the area fraction of 
ISF regions of the interface. More in-depth analysis of the interface stacking fault energy is 
necessary to validate this conclusion and is left to future work. 

3.2. Investigation of solute clustering and solute segregation at the Cu/Ni 
interface 

Partial radial distribution functions calculated for all concentrations are presented in Fig. 5. 
These partial radial distribution functions are calculated only for interface atoms and show 
that the hybrid MC/MD procedure generally leads to increased intermixing of chemical 
species. Clustering is not promoted by the annealing process for the investigated 
geometries. Additionally, it is expected that solutes will segregate to misfit dislocations at 
the interface due to the associated excess volume. To characterize this segregation, the 
Dislocation Extraction Algorithm (DXA) [53] is utilized to determine points along the misfit 
dislocation lines. Interface atoms within a radius of 1.5 nm of these points are then 
determined and the fraction of those atoms which are solutes are calculated. This process is 
repeated for interface atoms near misfit dislocation nodes. Kernel density estimation is 
used to approximate the distribution of the solute atom fraction for all sampled points 
along the misfit dislocation lines. 

 

Figure 7: Partial radial distribution functions for investigated concentrations before and after 
the hybrid MC/MD annealing for atoms within one atomic layer on either side of the interface. 
Clustering of Ni or Cu is not observed as seen by the increases to the Ni-Cu partial radial 
distribution function and decreases to Cu-Cu and Ni-Ni partial radial distribution functions. 



The fraction of solute atoms near misfit dislocation lines or misfit dislocation nodes 
specifically are compared to the overall interface solute fraction in Fig. 6. It is observed that 
the atomic neighborhoods near misfit dislocations have higher solute fractions than the 
overall interface. This confirms solute segregation to misfit dislocation lines. The misfit 
dislocation nodes and misfit dislocation lines both have similar fractions of solute atoms in 
surrounding atomic neighborhoods. The low standard deviation of the distribution for the 
30% solute concentration annealed model is attributed to the reduced misfit node density 
within the geometry. The standard deviation for post-anneal solute fractions calculated for 
points along the misfit dislocation lines is approximately 0.02 for the 1% solute 
concentration model and 0.03 for the other solute concentrations. This non-uniform solute 
segregation is expected to lead to a distribution of energy barriers for misfit dislocation 
glide as solute drag forces [70] increase with increasing solute concentration as does the 
extent of pinning by solute configurations [71]. This is discussed in more detail in following 
sections on shear response of the models. 

 

Figure 8: Kernel density estimate of the fraction of solute atoms within a radius of 1.5 nm of 
points sampled from the misfit dislocation line and the misfit dislocation node positions. 
Dashed vertical lines represent the overall interface solute fraction. Significant solute 
segregation to both misfit dislocations and misfit nodes are observed. Solutes have only a 
small preference for misfit nodes over misfit dislocations. The inset figure is a schematic 
highlighting points used to generate misfit dislocation distribution and misfit node 
distribution. 

 

3.3. Effect of solute concentration on interface shear strength and misfit node 
glide 

Stress-strain curves for the investigated geometries under shear loading are presented in 
Fig. 7a-b). The presence of solutes increases the interface shear strength and resistance to 
sliding relative to the atomically sharp interface case (0%), as observed by the increase in 
the average stress maxima in Fig. 7c). The increase in shear strength between the models 
with 0% solute and 1% solute can be attributed solely to the effects of the solutes since the 
interface misfit densities are essentially identical. Further increases to solute concentration 
do not result in a clear trend for average nor median stress maxima values. This may be 



attributed to the competing effects of increased solute concentration, which improves 
interface shear strength [44], and the reduced misfit density, which reduces shear strength 
[15]. The spread of stress maxima values also increases, with the 30% model having the 
largest spread of approximately 0.07 GPa. The spread of stress maxima values is a result of 
heterogeneous solute configurations encountered by the misfit dislocation pattern as 
interface sliding occurs. These locally fluctuating solute configurations offer different 
resistance to misfit dislocation glide and non-uniform strengthening. The various solute 
configurations encountered may also result in the lower minimum stress values observed 
for the models with solutes present compared to the 0% solute concentration model. As the 
misfit dislocations overcome solute configurations with higher resistance to interface 
sliding, a significant amount of stress is relaxed as the misfit pattern glides over regions of 
the interface with lower resistance to sliding. The period of the oscillations observed in 
Fig. 7a-b) strongly indicates that interface sliding does not occur uniformly. In the case of 
the 0% solute concentration model, the stress builds up to the maximum value and is 
relaxed to a minimum value over very few strain steps. In the presence of solutes, the 
stress build-up and relaxation occur gradually which can be explained by the non-uniform 
glide of the misfit dislocations until they encounter solute configurations which have high 
resistance to glide. Use of a statistically sampled interface shear strength in reduced-order 
models, as opposed to an average interface shear strength, more accurately considers the 
underlying random distribution of solutes at the interface and may lead to improved 
predictions of real nanolaminate response. Alternative descriptions of the shear strength 
may be necessary for systems which form ordered patterns of solute clusters at the 
interface. 

 

Figure 9: Shear stress-strain response of the entire model for the different geometries under 
investigation under a) zx shear and b) zy shear. c) shows the distribution of shear stress 
maxima in both directions for the different geometries. Increased maximum stress values 
indicate solute strengthening of the interface.   

It is possible to track the misfit node displacements via excess volume analysis to 
determine the connection between the solute concentration dependent interface structures 
and the pathways for interface sliding. For this purpose, several simulation snapshots of 
the atomic structures are analyzed. Each snapshot is separated by a 2.5x10-4 shear strain 
increment. The displacement of misfit nodes between snapshots is computed by relating 
the misfit node centroid positions in the current snapshot to their positions in the previous 



snapshot.  This is performed for all models under investigation and is presented in Fig. 8. 
The 0% solute concentration sharp interface model exhibits uniform misfit node 
displacement for each strain increment, indicative of uniform interface sliding. This is not 
the case for the diffuse interface models with solutes. Addition of solutes is observed to 
increase the spread of node displacements, indicating that for any given strain step, only a 
subset of the misfit dislocation nodes accommodates the imposed strain through glide. This 
again suggests non-uniform resistance to misfit node glide and heterogeneous interface 
sliding. The increased node displacement with larger solute concentrations may result 
from one of two causes. First, glide of misfit dislocation nodes may be facilitated by 
increase of solute concentration, resulting in larger displacements per strain increment. 
Alternatively, local solute configurations may lead to significant variation in the interface 
resistance to misfit node glide, resulting in larger node displacements that overcome these 
regions of locally increased resistance. Both mechanisms are likely contributing factors as 
the increases in node displacements between the 0% and 10% solute concentration models 
correspond to an elevation of shear strength, while the increase between the 10% and 20% 
solute concentration models corresponds to a reduction. Analysis of energy changes 
associated with interface sliding in the following sections will discuss this in more detail. 

 

Figure 10: Range of misfit node displacements resulting from the application of sequential 
2.5x10-4 shear strain increments for all solute concentration models. The node displacement 
at each strain is calculated relative to the immediately preceding strain step, e.g. 

( ) ( ) ( )0.003 0.003 0.00275x x x   = = = − =  where x is the position of a single misfit node 

centroid and 𝛾 is the shear strain. The increased spread of node displacement values suggests 
distributed resistance to misfit dislocation glide along the interface. The 0% sharp interface 
exhibits very uniform misfit node displacements for all strain increments considered. 

3.4. Microrotation vector analysis of interface deformation and activation of 
misfit dislocation glide 

Examples of interface atom microrotation maps are shown in Fig. 9 for all geometries 
subject to a shear strain high enough to deform the interface misfit dislocation pattern. A 
few observations can be made for the cases presented. First, the 0% solute concentration 
model exhibits a uniform distribution of atomic microrotation magnitudes, consistent with 
the results of the misfit node displacement analysis in the previous section. Maximum 



values are noted at the misfit nodes accompanied by regions of lower microrotation values 
near misfit dislocation lines. In contrast, diffuse solute interface structures manifest a 
heterogeneous distribution of microrotation values, with atoms near certain misfit nodes 
and misfit dislocations exhibiting large microrotation magnitudes while atoms near other 
nodes with microrotation magnitudes close to zero. This further supports heterogenous 
resistance to misfit dislocation glide due to fluctuations in local misfit dislocation/solute 
configurations. The effect of local solute content on dislocation glide resistance will be 
discussed later. The second main observation is that the magnitude of the microrotation 
vector increases with the presence of solutes. This is qualified by the brighter regions near 
misfit nodes for all diffuse interface models and suggests that increased atomic 
restructuring accompanies interface sliding in those models. 

 

Figure 11: Interface microrotation maps for all solute concentrations subjected to a shear 
strain step which causes deformation of the interface misfit pattern. It is observed that the 0% 
solute concentration model exhibits a homogeneous microrotation distribution for atoms 
near misfit dislocations and misfit nodes resulting from uniform glide of the misfit 
dislocations. Models with solutes exhibit non-uniform distribution of microrotation values 
near misfit dislocations and nodes. This suggests non-uniform energy barriers resulting from 
the differing local solute environment which leads to glide of only portions of the interface 
misfit dislocations at any specified shear strain step. 

The microrotation vector distribution is further quantified over several strain steps to 
characterize factors such as the degree of uniformity for interface sliding or degrees of 
atomic restructuring associated with interface sliding with relation to the overall solute 
concentration. The relationship between the microrotation vector magnitudes for atoms at 
misfit nodes and the interface deformation is visualized. This is done by selecting atoms 
with microrotation vector magnitudes greater than 0.06 and grouping them together using 
a K-Means clustering algorithm. Each cluster of atoms can then be assigned to a specific 
node by finding the minimum distance, as measured by the Euclidean norm, between the 



atom cluster and the misfit node centroid calculated via the previously described excess 
volume analysis. These clusters of deformed atoms are only mapped if their centroids differ 
by at most the node displacement to ensure that only atoms participating in misfit node 
glide are isolated. The filter value of 0.06, slightly less than 0.07 which has been shown in 
the literature to correspond to full dislocation glide [63], is selected as it is the minimum 
cutoff to cleanly isolate misfit nodes that have undergone glide as measured by the excess 
volume analysis. That it is slightly less than the value for full dislocation glide suggests that 
certain atoms at misfit dislocation nodes do not fully transition between distinct atomic 
structures. This is likely the case for an atom that remains within the region of high atomic 
structure distortion, resulting from the strain fields associated with misfit nodes, before 
and after the misfit node displacement. 

 

The relationship between both the mean and sum of the microrotation vector magnitudes 
for atoms deformed during misfit node glide are shown in Fig. 10. The mean atomic 
microrotation vector magnitude at a node and its displacement exhibits a clear positive 
correlation. Smaller node displacements lead to smaller swept areas and atoms at the glide 
front may end up in the misfit node core, undergoing only a portion of the atomic structure 
change associated with interface sliding. Larger misfit node displacements ensure that a 
greater portion of atoms involved undergo the full structure change. Larger means can also 
indicate more complex restructuring at the misfit node associated with the larger 
displacements. This may be the case when large local resistance to interface sliding 
requires more complex deformation of the local atomic structure to accommodate misfit 
node glide. The summed microrotation vector magnitude presented in Fig. 10 is related to 
the number of atoms participating in the deformation process. Atomic microrotation vector 
magnitudes associated with misfit dislocation/node glide take values of approximately 
0.06~0.15. An increase in the summed microrotation from ~10 to ~100 requires a tenfold 
increase in the number of atoms participating in the deformation. The present analysis also 
shows that the 20% solute concentration model tends to exhibit more significant 
microrotation as a function of node displacement. The relationship between the increased 
microrotation vector magnitude near misfit nodes and the reduced shear strength 
compared to the other models with solute content will be discussed in more detail in the 
following section. These results tie the microrotation vector magnitudes to the underlying 
interface evolution, specifically the extent of misfit node glide. Microrotation vector 
analysis of atoms near misfit dislocation lines similarly shows the extent of misfit 
dislocation glide and can be used to quantify the activity of both misfit dislocation glide and 
misfit node glide.  



 

Figure 12: (a) Mean and (b) sum of microrotation vector magnitudes for atoms which have 
undergone deformation due to the glide of misfit nodes versus the displacement of that node. 
Larger node displacements are associated with both larger microrotation vector magnitude 
sums and averages. The increase of average misfit node microrotation with node 
displacement suggests more complex atomic structure deformation with larger misfit node 
displacements, while the increased sum of average misfit node microrotation with larger 
misfit node displacements is associated with the participation of larger numbers of atoms in 
the misfit node glide compared to smaller node displacements. 

While there is a clear relationship between the microrotation at a node and its 
displacement, a large spread in values is still observed. Analysis of the solute fractions for 
atoms which are deformed by the glide of a misfit node can provide insight into the 
influence of local solute environment on either the spread in the misfit node displacements 
observed or the spread in the microrotation values for a given node displacement. As 
shown in Fig. 11, the local solute environment does not correlate strongly with either the 
average node microrotation or the node displacement. This suggests that local misfit node 
glide is not primarily dependent on the local solute environment and is instead highly 
coupled to the glide of the entire misfit pattern. The configuration formed by the overall 
misfit pattern and the distributed solute atoms likely exhibits improved correlation with 
resistance to sliding. Characterization of these configurations through more complex 
atomic structure analysis such as the smooth overlap of atomic positions (SOAP) metric 
[72] may provide insight into the structural factors which lead to improved sliding 
resistance. 



 

Figure 13: Plots of node displacement versus solute concentration and mean node 
microrotation versus solute fraction for atoms which undergo structure change due to the 
glide of misfit nodes. No clear relationship between solute fraction and either misfit node 
displacement or average microrotation is observed. This indicates that misfit node glide is not 
a localized event and is instead dependent on the longer-range configuration formed by the 
misfit pattern and solutes. 

Focus to this point has been placed on quantifying misfit node glide and the associated 
deformation; however, glide of misfit dislocations is also expected to occur. To quantify and 
compare the deformation of misfit dislocations and misfit nodes, average microrotation 
vector magnitudes are calculated in atomic neighborhoods surrounding points along the 
misfit dislocation lines and the misfit nodes. Analysis of the evolution of misfit dislocation 
points in a manner similar to the previously presented misfit node analysis is made difficult 
by the inaccuracy associated with determining exact positions along the misfit dislocation 
line when using DXA. This is particularly true closer to the highly distorted misfit node 
regions. Extraction of positions along the misfit dislocation line using excess volume 
analysis is also not feasible due to large fluctuations in the excess volume associated with 
solute atoms. Analysis of the microrotation vector magnitudes near misfit dislocation lines 
extracted via DXA provides insight into the degree of misfit dislocation glide without 
requiring rigorous tracking of points along the misfit dislocation lines. These atomic 
neighborhoods are calculated using the same methodology as used to calculate the solute 
fractions in Fig. 6. The distribution of averaged microrotation vector magnitudes over 
several strain increments are then rendered as box plots and shown in Fig. 12. The 
distribution of average microrotation vector magnitudes shows that misfit nodes are the 
primary sites of interface structure deformation, while misfit dislocations are secondary 
sites. As expected, both are higher than the interface average. This trend matches the 
expected deformation pathway of Cu/Ni semi-coherent interfaces, which has been shown 
to initiate at misfit nodes and then progress along the misfit dislocation lines [39]. An 
increase in the spread of values accompanies the increase in solute concentration, 
reflecting the heterogenous misfit node sliding as discussed previously. It is important to 



note that the present analysis includes the mean microrotation vector magnitude for all 
misfit nodes regardless of whether they have undergone glide or not. Lower mean 
microrotation vector magnitudes can be attributed to misfit nodes or misfit dislocations 
that have undergone no glide. Increase in the spread of microrotation vector magnitudes 
means both larger and smaller, or non-existent, node displacements which often occur for 
the same strain increment. This suggests heterogeneous misfit node and misfit dislocation 
glide which may occur as a result of heterogeneous interface resistance to sliding. The 
increase in maximum mean microrotation vector magnitude can be attributed to both 
larger node displacements and more complex restructuring at the misfit node as previously 
discussed. Maximum microrotation vector magnitudes for atoms near misfit dislocations 
increases alongside the increase in misfit node microrotations. The 0% and 1% models 
exhibit very similar microrotation distributions for atoms near misfit dislocations. Further 
increases to the solute fraction lead to increasing microrotation for atoms near misfit 
dislocations with the 20% solute concentration model exhibiting the largest values. This 
analysis reveals a transition from primarily misfit node glide to a combination of misfit 
dislocation and misfit node glide with increasing solute concentration. 

 

Figure 14: Box plots depicting distribution of microrotation magnitude for atoms within a 
spherical shell of 1.5 nm near misfit dislocations and misfit dislocation nodes averaged over 
several strain steps. Line plots mark average values with red denoting the overall interface 
average value. As expected, atoms near misfit nodes exhibit the highest degree of 
restructuring as determined by the microrotation magnitude. Increased solute concentration 
increases both the spread of microrotation values and the maximum values observed but does 
not change the average significantly. Increased spread in observed values implies increased 
spread in the local resistance to misfit dislocation glide.   

3.5. Qualitative comparisons of energy barriers for interface sliding 

The microrotation filtering employed in previous sections to characterize the distribution 
of deformation along the interface can also be used to compute approximate energy 



barriers for interface sliding for comparing the investigated geometries. It is noted that the 
methodology used to compute the change in energy should not be regarded as a 
quantitative estimate of the activation energy barrier for the process (such as that 
calculated by NEB methods [73]) but rather as a means to enable qualitative comparisons 
of the interface energetics of misfit dislocation glide between the various interface 
structures investigated. A methodology similar to the one used to calculate node 
displacements in Fig. 8 is applied to calculate the change curves plotted in Fig. 13 for 
change of energy per node. Simulation snapshots of all geometries at three different 
applied shear strains are analyzed, corresponding to three different points on the stress-
strain curves in Fig 7a). The microrotation vector is calculated using the atomic positions 
corresponding to the selected shear strain, e.g., 0.0425, and the atomic positions at a lower 
shear strain separated by an increment of 2.5x10-4, e.g., 0.0400. Atoms are then filtered by 
microrotation using a cutoff of 0.06 as in previous analysis. The change in energy plot using 
4.75x10-3 shear strain as the current configuration for the microrotation vector analysis 
corresponds to the first shear stress maxima in Fig. 7. Atoms are grouped to the nearest 
node by minimum Euclidian norm between the atom position and the misfit node centroid 
and summed to produce a total change in energy associated with that node. The average 
change in energy per node is then plotted in Fig. 13. The three different changes in energy 
plots in Fig. 13 correspond to three distinct evolutions of the misfit dislocation pattern 
through misfit dislocation and misfit node glide. These are distinct in that the starting 
configuration and ending configuration of the misfit pattern is unique to each. The 
methodology used here closely resembles the control box method presented by Sangid et 
al. [74]. 

 
Figure 15: Calculated change in energy per node for associated atoms that have undergone 
node deformation as a result of the evolution of the misfit dislocation pattern for different 
starting configurations. Each change in energy plot approximates the energy barrier for 
sliding. The inset images show the atoms which have participated in the misfit pattern 



deformation and used to calculate the change in energy plots for the 10% solute 
concentration. In the inset images, green dislocation lines representing dislocations in the 
reference configuration and the red dislocation lines representing dislocations in the current 
configuration. 

As the misfit dislocation pattern glides across the interface, it encounters a complex energy 
landscape. In the case of heterogenous solute distribution at the interface, the dislocation 
network is pinned in local energy minima. These energy minima are not uniform for the 
entire misfit pattern. The previous analysis showing heterogenous node displacements 
suggest distributed glide resistance. Application of shear stress allows the misfit pattern to 
overcome smaller energy barriers first, resulting in localized misfit node or misfit 
dislocation glide. The maximum stress in Fig 7 therefore corresponds to a misfit pattern 
configuration with the highest energy barrier for glide. This is confirmed by the present 
analysis as the maximum change in energy increases for misfit node glide at strains closer 
to the maximum peak stress. This energy analysis again suggests the efficacy of statistically 
distributed shear strengths in reduced order models to represent the fluctuation of energy 
barriers for interface sliding of misfit dislocations. The trend for maximum change in 
energy versus solute concentration for the 0%, 1%, 10%, and 30% solute concentration 
models are similar to that of the interface shear strength. The 20% model, however, has the 
largest maximum change in energy and the lowest shear strength among models with 
solutes at the interface. The cause for this behavior may arise from the previous finding 
that the 20% solute concentration model exhibits the highest degree of atomic deformation 
near misfit dislocations. Misfit dislocation glide is observed to be less prevalent in both the 
0%, 1%, and 10% models, as shown numerically through the analysis of microrotation 
vector magnitudes for atoms near misfit dislocation lines in Fig. 12. This can also be 
observed qualitatively from a selection of representative model snapshots with atoms 
filtered by the microrotation shown in Fig. 14. Atoms which participate in misfit dislocation 
glide contribute additional energy and inflate the computed changes in energy per node for 
the 20% and 30% models. It is unclear, however, whether resistance to misfit dislocation 
glide contributes significantly to the energy barrier for interface sliding or whether the 
deformation pathway is dominated by the energy barrier for misfit node glide. The shear 
stress-strain response indicates that the larger change in energy per node for the 20% does 
not correlate with improved shear strength as expected. Separating the change in energies 
for solely misfit dislocation glide and misfit node glide is necessary to provide insight into 
the dominant deformation mechanism.  



 

Figure 16: Representative simulation snapshots for all solute concentrations with atoms 
filtered by microrotation. It is observed that the 0%, 1%, and 10% model geometries exhibit 
primarily misfit node glide while the 30% exhibits significant misfit dislocation glide separate 
from any motion of the misfit node. The 20% model exhibits both misfit node glide and misfit 
dislocation glide which may contribute to the larger energies observed in Fig. 13.   

It is necessary to distinguish atoms which participate in misfit dislocation glide from those 
that participate in misfit node glide to calculate associated energy change for each 
mechanism. The previous microrotation filtering technique combined with a K-Means 
clustering algorithm is applied to isolate atoms which belong to either the misfit node or 
the misfit dislocation. The number of clusters are selected by maximum silhouette score. 
This score measures the effectiveness of clustering algorithms by comparing intercluster 
distance and intracluster distance, i.e., the compactness of each cluster and the separation 
of the cluster centroids. This metric is commonly used to evaluate clustering algorithms 
[75]. Clusters corresponding to misfit node regions and misfit dislocation regions are 
manually selected from the inspected snapshot. The energies of those subsets of atoms can 
be tracked to generate similar change in energy curves for atoms involved in misfit 
dislocation glide and for those involved in misfit node glide. Results here are presented in 
terms of per-atom energy changes meaning that the difference in energies between atoms 
in their current state and their reference state are averaged for misfit dislocation glide 
atoms or misfit node glide atoms. The results of this analysis are presented in Fig. 15, with 
shaded regions denoting the 95% confidence interval. The misfit node has a higher change 
in energy than the glide of misfit dislocations for both 20% and 30% solute concentration 
models. This is the case even when segments of the misfit dislocation line glide seemingly 
independently from the misfit node, such as for the 30% snapshot investigated. The low 
change in energy per atom for misfit dislocation glide can be understood to result from the 
facilitation of misfit dislocation glide by the misfit node glide. Previously presented results 
show that misfit nodes are the primary sites of interface sliding, yet the lower change in 



energy per atom for misfit dislocation glide suggest that misfit dislocation glide should 
occur more readily. This seeming contradiction can be resolved by understanding that the 
misfit dislocation glide is coupled to the misfit node glide. As a result, the lower change in 
atomic energy for misfit dislocation glide means that misfit dislocation glide is not 
significantly resisted, and instead the glide of misfit nodes controls the misfit pattern 
deformation, i.e., the rate-limiting step in the process.  

 

Figure 17: Atoms filtered by microrotation are grouped into atoms which have deformed as a 
result of either misfit dislocation glide (red) or misfit node glide (blue) with black denoting 
atoms not included in the calculation. Change in energy per atom plots are calculated for 
atoms which have deformed as a result of misfit dislocation glide (red box) or misfit node 
glide (blue box) for both solute concentrations.. When only atoms near misfit nodes are 
included in the calculation, a lower maximum energy change is observed for the 20%, 
suggesting a reduced barrier for misfit node glide compared to the 30% which is opposite of 



the trend observed in Fig. 13. Here the shaded regions in the change in energy per atom plots 
represent the 95% confidence interval.  

 In Fig. 13. the 20% solute concentration model has a higher average change in energy per 
node than the 30% model, yet when only atoms near misfit nodes are included, this trend is 
reversed, and the 20% solute concentration model is revealed to have a lower change in 
energy as observed in Fig. 15. This matches the trend for shear strength in Fig. 7. It is 
observed through comparison of both Fig. 13 and Fig 15 that increasing solute 
concentration generally increases the change in atomic energy per node, indicating that a 
higher energy barrier for misfit node glide is associated with increased solute 
concentrations. This trend is not monotonic, however, as the 20% solute concentration 
model has a lower maximum change in energy than the 30% solute concentration model 
when only atoms participating in misfit node glide are included. The distribution of energy 
barrier strengths is confirmed by the differences in the change in atomic energy per node 
when different misfit configurations are considered. Determination of structure factors 
which lead to improved interface resistance to sliding will be important for improved 
design of nanolaminate interfaces and is left for future work.  

 4. Conclusions 

In summary, interdiffusion is an important consideration when modeling metallic 
nanolaminates with semi-coherent interfaces as it can affect misfit dislocation interface 
glide mechanisms and resulting shear strength. When considering interdiffusion, it is 
important to consider both the addition of solute atoms and the scaling of the layer lattice 
constant by the solute concentration, along with concentration gradients near the interface 
and segregation at misfit dislocations. The primary findings of this work are as follows: 

• Solute atoms in the Ni/Cu system segregate to both misfit dislocations and misfit 
nodes. Solute clustering is not observed and instead solutes tend to order 
themselves randomly. 

• Interface shear strength increases with solute concentration; however, this increase 
is not monotonic due to the competing effects of solute-dislocation strengthening 
and decreased misfit density in reducing resistance to sliding. Fluctuations in the 
shear strength for models with solutes indicate a distribution of misfit-solute 
configurations which lead to a distribution of resistance to glide of misfit dislocation 
nodes. 

• Addition of solutes causes a switch from uniform interface sliding to heterogeneous 
interface sliding where only select misfit nodes/dislocations glide due to a 
distribution of local energetic barriers. The solute environment directly surrounding 
a misfit node is not strongly correlated with the initial node deformation. 

• Rough estimates for the energetic barriers to energy pathways resulting from 
interface sliding were computed; these correlated well with shear strength. 
Increased solute concentration is correlated with increased maximum energy along 
the energy pathway for atoms deformed by the glide of the interface misfit pattern; 
however, this correlation is not monotonic and further work is necessary to 



determine the structure factors which contribute to larger energy barriers in the 
distribution. 

• Misfit dislocation glide was found to occur readily alongside misfit node glide, as 
evaluated by the low change in atomic energy per atom for misfit dislocation glide. 
Interface sliding depends primarily on misfit node glide. Misfit node response to 
shear may therefore be the primary consideration for accurate modeling of 
nanolaminate response to shear loading. 

• The microrotation is found to be a useful metric which can quantify various aspects 
of the interface deformation and enables the detailed relative energy barrier 
estimates conducted for misfit dislocation glide. 

The results highlight the importance of modeling more realistic diffuse interface structures 
for predicting nanolaminate properties. A methodology is presented that employs the 
microrotation metric for to estimate energy barriers during interface sliding/restructuring. 
The competing roles of misfit dislocation density and solute concentration require further 
investigation through targeted simulations that isolate each parameter to the extent 
possible. Extension of present work to larger scales through the use of the Concurrent 
Atomistic-Continuum method [76-79] can provide additional insight into the deformation 
behavior of nanolaminate materials by modeling larger interface spacings and period cell 
sizes. Further study of experimental process conditions to control diffuse interface 
structure and resulting properties is desirable to foster interplay of these simulations with 
experiments regarding interface behavior to demonstrate the efficacy of this additional 
diffuse interface degree-of-freedom in tailoring nanolaminates for specific applications or 
property targets. 
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