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ABSTRACT

This study explores the mechanical behavior of single-crystal copper with silver inclusions, focusing on the effects
of dendritic and spherical geometries using molecular dynamics simulations. Uniaxial tensile tests reveal that
dendritic inclusions lead to an earlier onset of plasticity due to the presence of high-strain regions at the complex
inclusion/matrix interfaces, whereas spherical inclusions exhibit delayed plasticity associated with their symmetric
geometry and homogeneous strain distribution. During the plastic regime, the dislocation density is primarily
influenced by the volume fraction of silver inclusions rather than their shape, with spherical inclusions showing
the highest densities due to their larger volume and higher silver content. Stacking faults, quantified via hexagonal
closed-packed atom populations, are strongly correlated with dislocation activity but exhibit transient behavior,
indicating that many faults are swept out or transformed during deformation. This transfient effect is observed in
all cases, independently of the inclusion size. These findings highlight the complex interplay between inclusion
geometry, dislocation activity, and stacking fault evolution in shaping the mechanical properties of copper. The
study underscores the need to account for inclusion morphology and defect dynamics when designing advanced
copper-based materials and suggests further investigations into the role of dendrite orientation and distribution to
enhance material performance in engineering applications.
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1 Introduction

Secondary metallic phases in metal matrices significantly influence mechanical properties such
as strength, hardness, and ductility. These phases, formed through alloying or thermal treatments,
can enhance performance depending on their composition, size, and distribution [1-4]. Dendritic
structures, which commonly form during solidification, also play a crucial role in determining
mechanical behavior, impacting strength, hardness, and ductility based on factors such as arm spacing,
distribution, and volume fraction [5-9]. Understanding these interactions is essential for optimizing
the mechanical properties of metals in advanced engineering applications, including nuclear reactors,
turbines, electrocatalysis, and the development of lighter materials [10-13].
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Molecular dynamics (M D) simulations are a valuable tool for exploring the effects of inclusions on
the mechanical behavior of materials. Various studies can be found in the literature. Some examples
include investigations into plastic deformation mechanisms in Cu-Ag core-shell nanowires [14], the
enhancement of tensile strength by Zn species in Al samples [1 5], interaction mechanisms in Fe samples
with P impurities and nano oxides [16], and P-induced embrittlement in W grain boundaries [17],
among many others [18-22]. Most current research has focused on dispersed impurities, laminates,
or spherical precipitates. However, more complex structures, such as dendrites, have rarely been
addressed. A recent study systematically explored the effect of crystalline dendrites on the plastic
response of CuZr metallic glasses [23]. Despite this novel approach, each sample considered only
a single planar dendrite, leaving the effects of three-dimensional structures and their interactions
unaddressed. Several efforts have been made to simulate dendritic structures using phase-field models
informed by data from MD simulations. Examples include the study of titanium solidification and
crystal-melt interfacial properties [24], crystallization kinetics and crystal growth mechanisms in
titanium [25], and interfacial energy anisotropy in Al-Cu systems [26], among others. These works
have provided valuable insights into the thermodynamics and kinetics of dendritic growth, but no
studies have yet explored the effects of dendrites on mechanical behavior.

In this work, three-dimensional dendritic structures are constructed and simulated using molecu-
lar dynamics (M D) simulations to evaluate their effect on the mechanical properties of Cu. Artificial
intelligence tools are used to generate the dendrites, with Ag chosen as the atomic species for the
dendritic structures. Uniaxial tensile tests are performed to assess the mechanical performance of
Cu samples containing a single dendrite. For comparison, Cu samples containing a single spherical
inclusion are also considered. Mechanical properties, plasticity, and atomic-level descriptions are
provided to elucidate the influence of these dendritic structures.

2 Methodology
2.1 Construction of Dendpritic Structures

Constructing three-dimensional dendritic structures is a complex task, as experimental data
typically consists of two-dimensional images. Therefore, it is necessary to develop methodologies
that can generate three-dimensional structures from two-dimensional data. In recent years, various
artificial intelligence (Al) tools have been developed to accomplish this, many of which are freely
available online. In this work, the Al-based 3D model generator MESHY [27] was employed. The
software utilizes computer vision to generate three-dimensional representations from two-dimensional
objects. Two different images of dendritic structures were used as input data, selected from the work of
Kim et al. [28], where the authors used phase-field simulations to produce growth morphologies. The
process for transforming the images into three-dimensional representations is outlined in Fig. 1. In the
first step, the two-dimensional image was uploaded to Meshy. In the second step, Meshy generated a
three-dimensional representation, producing an stereolithography (STL) file. In the third step, a bulk
atomic configuration with dimensions of 32.5 x 18.1 x 18.1 nm’ was constructed, with orientations
[100], [010], and [001]. In the fourth step, the dendrite was introduced into the atomic configuration.
To achieve this, the coordinates of the three-dimensional shape were extracted from the STL file and
mapped to the length scales of the atomic configuration. The supervised learning KNN algorithm [29]
was then used to classify atoms as either part of the dendritic structure or the matrix, based on their
atomic coordinates. Atoms with coordinates similar to those in the STL file were classified as part of
the dendritic structure, while the remainder were classified as part of the matrix.
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Figure 1: Pipeline for the construction of dendritic structures. (a) Selection of two-dimensional image,
(b) three-dimensional representation produced by Meshy, (¢) construction of the atomic configuration,
and (d) introduction of the dendritic structure in the atomic configuration

2.2 Preparation of the Samples

The obtained configurations, consisting of a dendritic structure embedded in a matrix, were used
to study the mechanical behavior of single-crystal Cu with Ag inclusions. The dendritic structures were
assigned to Ag atoms, while the matrix was assigned to Cu atoms. In addition to the two dendrites,
a spherical inclusion with a radius of R was also considered. The two dendrites were scaled to have
similar equivalent radii, resulting in six different Cu/Ag inclusion configurations: two dendrites and
one spherical inclusion with a radius of 4.5 nm, and two dendrites and one spherical inclusion with a
radius of 6.0 nm. The configuration with the spherical inclusion is referred to as the S sample hereafter,
while the configurations with dendritic structures are referred to as D1 and D2 samples. The three
inclusions for R = 6.0 nm are shown in Fig. 2. To relax the inclusion, the metal matrix, and the
inclusion/matrix interface, energy minimization was conducted with the conjugate gradient method
using a stopping energy tolerance of 107° and a maximum of 10° iterations. Then, each configuration
was annealed at 600 K and zero pressure for 0.4 ns to obtain a well-relaxed inclusion/matrix interface,
with periodic boundary conditions (PBCs) applied in all directions using the NPT ensemble. The
samples were then relaxed at 50 K and zero pressure for 0.1 ns. Table | summarizes the different
inclusions considered and the total number of Ag atoms in each configuration. An integration timestep
of 1 fs was employed in all the simulations.

(a) (b) (c)
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Figure 2: Three-dimensional representation of the three defects with radius R = 6.0 nm: (a) S, (b) D1,
and (c) D2 inclusions. The x, y, z directions are oriented as [100], [010], [001]
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Table 1: Inclusions under consideration in this study, their equivalent radius (for D1 and D2), and the
total fraction of Ag in each of them

Sample Radius (nm) Agat%
S 4.5 2.5
D1 4.5 0.5
D2 4.5 1.1
S 6.0 6.1
D1 6.0 1.3
D2 6.0 2.8

2.3 Tensile Tests

Uniaxial tensile tests were conducted by scaling the atomic positions in the x direction at a strain
rate of 10° s', while applying periodic boundary conditions (PBCs) in the y and z directions at
zero pressure. The temperature was maintained at 50 K to reduce atomic fluctuations for analysis
purposes. The simulations were conducted with the NPT ensemble using an integration timestep of 1
fs. The Dislocation eXtraction Algorithm (DXA) [30] was employed to inspect dislocation nucleation.
This algorithm uses Burgers circuit integrals over the elastic field and the Common Neighbor
Analysis (CNA) [31,32] method to identify atomic structures. The dislocation density was calculated
as pp, = L/V, where L is the total dislocation length provided by DXA, and V is the total volume
of the configuration. Visualization of the results was performed using the Open Visualization Tool
(OVITO) [33].

All simulations were conducted using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [34,35]. Atomic interactions were modeled with the potential developed by
Williams et al., based on the embedded atom method (EAM) framework [36]. The equations were
integrated with a timestep of 1 fs.

3 Results and Discussions
3.1 Annealing

When studying metals at the atomic scale, whether they contain grain boundaries, voids, vacancies,
or inclusions, it is essential to conduct annealing to relax the interfaces. During this procedure, it is
expected that dislocation nucleation, twinning, grain size reduction, or small atomic rearrangements
occur [37-40]. To address this matter, the dislocations nucleated after the annealing process were
examined. Fig. 3 shows the dislocations identified by DXA in the 6.0 nm spherical and dendritic
inclusions. Blue lines correspond to perfect dislocations, while atoms in green, white, and red
correspond to face-centered cubic (FCC), hexagonal closed-packed (HCP), and other (unidentified)
structures, respectively, as indicated by CNA. In the case of the spherical inclusion, perfect dislocations
are homogeneously distributed due to the high symmetry of the spherical geometry. Most of the
atoms remain in the FCC structure, with some exhibiting unidentified structures, typically found
at the interfaces of two different phases due to atomic mismatch [41-44]. In contrast, for the
dendritic inclusions, dislocations are heterogeneously distributed, with a high fraction of Ag atoms
showing unidentified structures. Moreover, the presence of Ag atoms exhibiting HCP structure is
more prominent in both DI and D2 compared to the spherical inclusion. The dislocation density
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after annealing in each configuration was calculated, resulting in the values shown in Fig. 4, where pp,
denotes the initial dislocation density, which will be referenced in the following sections. As observed,
the R = 4.5 nm samples exhibit a lower density due to their smaller volume compared to their 6.0 nm
counterparts. A similar phenomenon is noted when comparing the three structures. D1, which has the
smallest volume of Ag atoms (see Table 1), has the lowest dislocation density, while D2, with the largest
volume, exhibits the highest density. From these results, it can be concluded that, after annealing,
dislocation density is directly related to the size of the inclusions. Dislocations are essential to metal
stability, enabling controlled deformation under stress by allowing atomic layers to slip, which prevents
brittle fracture. Their movement strengthens metals through work hardening, while interactions with
grain boundaries enhance toughness and resistance to further deformation. However, it is important
to note that the present study focuses only on single-crystal samples rather than polycrystalline ones.
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Figure 3: Dislocations identified by DXA in the 6.0 nm (a) inclusion, (b) D1, and (c) D2 structures.
Dislocation lines are colored according to the type indicated in the legend, while atoms in green, white,
and red correspond to FCC, HCP, and Other structure, respectively
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Figure 4: Dislocation density in each configuration after annealing

3.2 Stress-Strain Curves

Mechanical characterization was performed using uniaxial tensile tests, resulting in the stress-
strain curves shown in Fig. 5. In the 4.5 nm samples, the elastic regime is very similar across the three
samples. However, yielding occurs earlier in the D2 sample, followed by D1, and then by the S sample.
A sawtooth-like behavior is observed, typical of single-crystal metals, due to dislocation nucleation
[45,46]. In the case of the 6.0 nm samples, the elastic regime remains similar up to 0.02 strain. However,
slight differences arise as the samples approach the onset of yielding, suggesting that the increased
Ag content (ranging from 1.3% to 6.1%) affects the onset of plasticity. Additionally, the S samples
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exhibit the highest yield stress. Nevertheless, the plastic regime indicated by the stress-strain curves
does not show significant differences. Stress-strain curves for single-crystal Cu with Ag inclusions,
in both spherical and dendritic forms, can inform targeted applications. If dendritic inclusions show
earlier onset of plasticity, they could be beneficial in load-bearing applications requiring adaptability
under fluctuating loads, such as connectors or structural components exposed to impacts. In the case
of spherical inclusions, they contribute to higher yield strength, which may enhance wear resistance in
precision parts like electrical contacts or microscale mechanical systems.
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Figure 5: Stress-strain curves from the uniaxial tensile tests for the (a) 4.5 nm and (b) 6.0 nm radius
inclusions

Quantification of the Young’s modulus (£) and yield stress (o,) were performed by calculating
the slope of the curves in the elastic regime and the maximum stress for each curve, respectively. The
values are shown in Fig. 6. As observed, the S samples display the lowest £, whereas the D1 samples
the highest. Previous studies have reported that Cu has a Young’s modulus close to ~ 80 GPa in the
[100] direction [45,47] while Ag has a value close to ~ 44 GPa [36,48], depending on the temperature
and applied strain rate. This way, the trends observed here can be interpreted in the following manner
according to Table 1: the larger content of Ag in the S samples reduce the value of E, while the lower
content of Ag in the D1 samples increase the value of E. Regarding the yield stress, the S samples
exhibit the highest o,, while the D2 samples show the lowest. Although the S samples possess the
highest volume fraction of Ag species, yielding occurs earlier in the configurations with decreasing Ag
content. Previous studies have reported that Ag promotes deformation mechanisms in single-crystal
Cu, such as dislocation nucleation and twin boundary migration [46,49]. This indicates that a more
complex phenomenon is responsible for the observed contradiction. Insights into this matter will be
provided in the following sections.
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Figure 6: (a) Young’s modulus and (b) yield stress (o,) for each sample

3.3 Plastic Behavior

Qualitative descriptions of the deformation behavior were conducted using DXA and CNA.
Fig. 7a—c shows the onset of plasticity for the 6.0 nm configurations, where lines correspond to
dislocations identified by DXA, and atoms are colored according to CNA. FCC atoms were removed
for visualization purposes. In the case of the S sample, plasticity initiates from the surface of the
spherical inclusion, characterized by a leading partial dislocation (green lines) and a stacking fault
(red atoms). For the dendritic inclusions, plasticity begins earlier and more abruptly, with large partial
dislocations and stacking faults. As observed from the strain fields in Fig. 7d—f, the higher symmetry
of the spherical inclusion induces a homogeneous strain distribution prior to the onset of plasticity.
In contrast, the complex shapes of the dendrites involve regions with both high and negligible strains,
ultimately leading to the abrupt onset of plasticity. Characterizing the geometric effects of the dendrites
on the plastic response is a challenging task due to their three-dimensional nature and is beyond the
scope of the current study.
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Figure 7: Onset of plasticity of the (a) S, (b) D1, (c) D2 samples, where lines correspond to dislocations
(see the legend) and red atoms to stacking faults. Strain fields of the (d) S, (e) D1, (f) D2 samples just
before the onset of plasticity
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Plasticity was quantified by means of dislocation density (p,), resulting in the curves shown in
FFig. 8. The initial dislocation density (pp,), which is the density after annealing, was extracted from
the calculations. The dislocation density of the D1 and D2 samples increases earlier, as expected from
the earlier onset of plasticity observed in the stress-strain curves. However, during the plastic regime,
the S sample exhibits the highest density, followed by D2 and then D1. As shown in Table 1, the highest
fraction of Ag species corresponds to the S sample, followed by D2 and then D1. These results indicate
that the complex shape of the dendritic structure is most relevant for the onset of plasticity, due to
the presence of highly strained regions at the inclusion/matrix interface. However, during the plastic
regime, the volume fraction of the inclusion becomes more relevant, where a larger fraction of the
inclusion correlates with increased dislocation activity.
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Figure 8: Dislocation density (p,) for the (a) 4.5 nm and (b) 6.0 nm radius inclusions during the tensile
tests. The initial dislocation density (p,,) was extracted from p,. The dislocation densities shown here
consider all dislocation types

In addition to partial dislocation nucleation, stacking faults are also formed during the plastic
regime, as previously observed in Fig. 7. Although quantifying the number of stacking faults is
challenging, insights can be gained by calculating the number of HCP atoms associated with these
planar defects, albeit with certain limitations. For instance, depending on the atomic arrangement,
HCP atoms in a monolayer can represent twin boundaries [50—52]. The variations in the population
of HCP atoms are shown in Fig. 9. The pattern is very similar to that of the dislocation densities;
specifically, the D1 and D2 samples exhibit an earlier increase in the populations of HCP atoms.
However, for the 4.5 nm cases, the S samples show a strong peak followed by a drastic decrease,
while the opposite behavior is observed in the D1 and D2 samples. In contrast, for the 6.0 nm cases,
all samples exhibit sharp peaks during the onset of plasticity, which then decrease to semi-stable
populations. It is important to note that not all HCP atoms correspond to stacking faults; some may
represent isolated atoms or noisy atoms identified by CNA. Moreover, stacking faults are formed by
leading partial dislocations and can be eliminated by trailing partial dislocations. Therefore, not all
stacking faults persist during deformation; many can disappear throughout the process [53,54].
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Figure 9: Populations of HCP atoms for the (a) 4.5 nm and (b) 6.0 nm radius inclusions during the
tensile tests

To further examine plastic activity, dislocations in the 6.0 nm samples at various strain levels were
analyzed, as illustrated in Fig. 10. In all three cases, dislocations propagate from the inclusion/matrix
interface to the surrounding material. As noted earlier, most dislocations are Shockley partials, with
some traces of Stair-Rod dislocations. Comparing the three configurations, the S and D2 samples
exhibit a substantial number of line defects, reflecting the higher dislocation densities shown in Fig. 8.
This high density results in entangled dislocations, which can eventually lead to work hardening,
consistent with the higher stress observed in the stress-strain curves for the S and D2 samples relative
to the D1 case in Fig. 5b.

Dislocation densities and stacking faults play a critical role in the mechanical performance of
metals in real-world applications. High dislocation densities generally increase strength through mech-
anisms like work hardening, where dislocations obstruct their movement, enhancing the resistance to
further deformation. This is valuable in applications requiring durability under repeated loading, such
as in structural beams or aerospace components. Stacking faults also impact mechanical properties by
modifying the slip behavior, thereby affecting ductility and toughness. In materials with controlled
stacking fault densities, these faults might enhance energy absorption and resistance to fracture,
making them ideal for demanding applications in construction and automotive industries where
resilience under impact or high loads is essential. Overall, managing dislocation densities and stacking
faults provides a powerful approach to optimizing strength and toughness for specific engineering
applications.
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Figure 10: Dislocations in the 6.0 nm radius (a) S, (b) D1, and (¢) D2 samples at different strains.
Dislocations are colored according to the type indicated in the legend. Atoms were removed for
visualization purposes

4 Conclusions

In this study, we investigated the mechanical properties of copper with silver inclusions, specifically
focusing on the influence of dendritic structures using molecular dynamics simulations. Our findings
demonstrate that the complex morphology of dendrites affects the onset of plasticity and the
subsequent dislocation behavior. The dislocation density results indicate a direct relationship between
the shape of the inclusions and the nucleation of dislocations, with dendritic structures facilitating
earlier plastic deformation compared to spherical inclusions. Notably, the largest dislocation activity
was observed in samples with higher volume fractions of inclusions, highlighting the importance of
not only the inclusion geometry, but also its volume fraction in determining the mechanical response
of copper.

Furthermore, the quantification of stacking faults through HCP atom analysis provided addi-
tional insights into the deformation mechanisms at play. While HCP populations were shown to
correlate with dislocation densities, the behavior of stacking faults revealed that not all defects
persist during deformation. However, it is important to note that HCP atoms are not necessarily a
reliable representation of stacking faults. This study underscores the necessity of considering both
inclusion shape and defect dynamics when designing copper-based materials for advanced engineering
applications.

Future work could explore the effects of varying dendrite orientations, branching patterns, and
spatial distributions on mechanical performance, as these factors may impact dislocation mobility
and deformation pathways. Experimental studies using SEM imaging could validate simulation
findings by visualizing dendrite morphology and dislocation structures, providing direct insights
into the microstructural behavior under stress. Additionally, multi-scale simulations or experimental
analyses could further examine the thermal stability of these inclusions and their influence on fatigue
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resistance, broadening our understanding of how dendritic structures can enhance the durability and
performance of copper-based alloys in engineering applications.
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