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ABSTRACT: THE mechanical response and deformation mechanisms of pure nickel under nanoindentation were
systematically investigated using molecular dynamics (MD) simulations, with a particular focus on the novel interplay
between crystallographic orientation, grain boundary (GB) proximity, and pore characteristics (size/location). This
study compares single-crystal nickel models along [100], [110], and [111] orientations with equiaxed polycrystalline
models containing 0, 1, and 2.5 nm pores in surface and subsurface configurations. Our results reveal that crys-
tallographic anisotropy manifests as a 24.4% higher elastic modulus and 22.2% greater hardness in [111]-oriented
single crystals compared to [100]. Pore-GB synergistic effects are found to dominate the deformation behavior:
2.5 nm subsurface pores reduce hardness by 25.2% through stress concentration and dislocation annihilation at GBs,
whereas surface pores enable mechanical recovery via accelerated dislocation generation post-collapse. Additionally,
size-dependent deformation regimes were identified, with 1 nm pores inducing negligible perturbation due to rapid
atomic rearrangement, in contrast with persistent softening in 2.5 nm pores. These findings establish atomic-scale
design principles for defect engineering in nickel-based aerospace components, demonstrating how crystallographic
orientation, pore configuration, and GB interactions collectively govern nanoindentation behavior.
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1 Introduction

Pure nickel, a face-centered cubic (FCC) metal, is widely utilized in advanced engineering applications
due to its exceptional ductility, corrosion resistance, and thermal stability [1]. While nickel-based superalloys
derive their high-temperature performance from a y-y/ duplex microstructure [2-4], this study focuses
on pure nickel to isolate the intrinsic interactions between pore defects, grain boundaries (GBs), and
plastic deformation at nanoscales. Such insights are pivotal for advancing defect-tolerant material design in
extreme environments.

The advent of nanotechnology has driven material miniaturization to micro/nanoscales, necessitating
rigorous investigation of size-dependent mechanical behaviors and underlying deformation mechanisms [5].
Nanoindentation, as a cornerstone technique for micromechanical testing, enables precise quantifica-
tion of hardness, elastic modulus, and plastic deformation kinetics at submicron scales [6-8]. However,
real materials inherently contain microstructural defects—such as pores and GBs—that profoundly alter
mechanical responses. Pore defects, acting as stress concentrators, facilitate dislocation nucleation and
motion, thereby modulating plastic flow [9]. In polycrystalline metals, GBs impede dislocation motion,
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enhancing strength via the Hall-Petch effect. At nanoscale grain sizes (<20 nm), deformation mechanisms
transition to GB-mediated processes like sliding and diffusional creep, often resulting in an inverse Hall-
Petch relationship [10-12]. Elucidating the interplay between pores and GBs during nanoindentation is thus
critical for optimizing mechanical performance.

Experimental studies have advanced understanding of nickel’s deformation behavior. Shim et al. [13]
demonstrated orientation-dependent indentation size effects in nickel single-crystals, while Kumar et al. [14]
correlated additive manufacturing parameters with porosity evolution in nickel alloys. Nanoindentation
tests by Wang et al. [15] revealed enhanced thermomechanical properties in additively manufactured nickel
superalloys. However, traditional macroscopic experiments often fail to capture atomic-scale deformation
mechanisms, motivating computational approaches.

Numerical simulations have emerged as complementary tools [16]. Finite Element (FE) simulation is a
commonly used simulation tool and allows the study of the effect of defects on the macroscopic properties
of materials. Zhang and Subhash [17] carried out a three-dimensional finite element modeling to study the
nanoindentation process of brittle materials under two indenters, and found that the relative position of the
indenter affects the local damage changes, but does not affect the shape and size of the damage region. Salari
et al. [18] combined nanoindentation with the finite element method to study the mechanical properties
of Inconel 617 surface oxides. Moore et al. [19] investigated the effect of indenter geometry on the load-
displacement response of elastic-plastic materials by using finite element simulations of nanoindentation.
However, finite element simulations cannot study the changes in the microstructure of the material.

Crystal Plasticity Finite Element (CPFE) simulation, on the other hand, adds the crystal plasticity theory
on the basis of finite element simulation, which can study the microstructural behavior of the material. Wu
et al. [20] simulated the nanoindentation test of GH4169 alloy using the CPFE method, and the simulation
after correcting the parameters was in good agreement with experimental. Zambaldi et al. [21] combined
the crystal plasticity finite element and cellular automata to study the room temperature deformation and
subsequent recrystallization simulation of single-crystal nickel-based high temperature alloys. However, the
assumptions and material parameters of the crystal plasticity finite element simulation were incomplete and
the deformation behavior inside the material could not be studied from the atomic scale.

Molecular dynamics (MD) simulations have emerged as a powerful tool to bridge the gap between
macroscopic mechanical behavior and atomic-scale deformation mechanisms by enabling atomistic visu-
alization of deformation events [22]. Recent MD studies have investigated various aspects of nickel, such
as pore-induced softening [23], pore-size-dependent hardness reduction in Ni/Ni; Al composites [24], and
the effects of dislocation density on nickel fatigue [25]. However, a systematic MD exploration of pore-
GB interactions—particularly regarding pore size, spatial distribution, and crystallographic orientation
effects—remains lacking.

This study employs MD simulations to investigate the nanoindentation response of pure nickel across
three canonical single-crystal orientations ( [100], [110], [111]) and equiaxed polycrystalline models with
varied pore defects (0, 1, 2.5 nm) and GB configurations. By analyzing load-displacement curves, phase
transformations, and dislocation evolution, we reveal (i) orientation-dependent anisotropy in indentation
hardness and plasticity, and (ii) the coupled effects of pore geometry and GB proximity on deformation
mechanisms. These findings provide atomic-scale guidelines for defect engineering in nickel-based materials,
advancing the design of high-performance components for aerospace and energy applications.
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2 Simulation Models and Methods

This study employed the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [26] to
perform MD simulations of nanoindentation processes in pure nickel. The simulation results were visualized
and analyzed using the Open Visualization Tool (OVITO) software [27]. The Dislocation Extraction
Algorithm (DXA) [28] was implemented to identify dislocation lines and Burgers vectors within pure
nickel during nanoindentation, while the Common Neighbor Analysis (CNA) [29] method was applied to
investigate the evolution of local atomic structures.

The MD simulation models for single-crystal (Fig. 1a) and equiaxed polycrystalline pure nickel are
illustrated in Fig. 1. The simulations utilized a spherical diamond indenter with a radius of 4 nm. The hardness
of the indenter is assumed to be significantly higher than that of the nickel material, ensuring that the
deformation is primarily localized within the nickel sample rather than the indenter itself. This is a common
simplification in MD simulations of nanoindentation.

(a) (b)

Newtonian region

Thermostatic region

Boundary region

Y .

Figure 1: MD simulation models of pure nickel for nanoindentation. (a) Single-crystal nickel; (b) Equiaxed polycrys-
talline pore-free nickel; (c) Equiaxed polycrystalline nickel containing 1 nm pore, 2.5 nm subsurface pore, and 2.5 nm
surface pore, respectively

The nickel models had dimensions of 20 nm x 20 nm x 20 nm. The equiaxed polycrystalline model was
constructed using the Voronoi tessellation method implemented through Atomsk software [30], representing
an equiaxed-grained nickel structure. The model contained 12 randomly oriented grains with an average
grain size of approximately 10.8 nm, as depicted in Fig. 1b. Prefabricated defects were introduced in three
configurations: 1 nm radius pores (r = 1 nm) within the equiaxed polycrystalline model, and 2.5 nm radius
pores in subsurface and surface regions respectively, as shown in Fig. lc.

For nanoindentation simulations, the MD model was typically divided into three functional zones:
The Newtonian layer, thermostatic layer, and boundary layer, as shown in Fig. 1a. Atoms in the Newtonian
layer obeyed classical Newtonian dynamics to simulate realistic indentation behavior. The thermostatic layer
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employed a Langevin thermostat to maintain temperature stability by dissipating thermal energy. Boundary
layer atoms remained fixed throughout simulations to prevent base displacement. The spherical indenter is
a real diamond indenter built by LAMMPS.

For the diamond indenter, the Tersoff potential [31] was chosen to describe the interaction between C
atoms with the following expression:
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Vij = fo (rij) [fr (ri) + bisfa (rij)]
where fc (r,- j) is the cutoff function, ensuring that interactions rapidly decay to zero beyond a specified
distance. fr (r,»j) represents the repulsive term, describing the repulsive forces between atoms. f4 (rij)

denotes the attractive term, characterizing the attractive forces between atoms. b; jis the bond-order term,
which depends on the local atomic environment and accounts for corrections due to many-body interactions.

Furthermore, the interaction between C and Ni atoms is described by the Lennard-Jones potential [32]:

o=+ (Y]

where 7 is the distance between the two atoms, € corresponds to the depth of the potential energy well, and
o represents the interatomic distance at which the interaction potential energy equals zero.

For the interactions between Ni atoms, the many-body embedded atom method (EAM) potential
function developed by Mishin et al. [33] is employed to describe the interatomic forces. The fundamental
principle involves partitioning the total energy of the system into two components: one is the pairwise
interaction potential between atomic nuclei within the crystal, and the other is the embedding energy
resulting from atoms being embedded in the electron cloud. The expression is expressed as:

1
Etor = > Zq)ij (fij) + ZF(Pi)
ij i

pi=2p(rij) (3)
J#F1

where @;; (r,» j) denotes the pair potential as a function of the distance r;; between atoms i and j. F (p;)

represents the embedding energy of atom i, describing the energy required to embed atom i into the local

electron cloud. p; corresponds to the sum of the electron cloud densities generated by all atoms j (excluding

atom 7) at the position of atom i.

The MD simulation of nanoindentation employs a 1 fs time step to ensure numerical stability while
capturing atomic-scale deformation events. Prior to indentation, the system undergoes thorough equilibra-
tion: all atoms are energy-minimized using the conjugate gradient algorithm to eliminate lattice distortions
arising from atomic size disparities, followed by an 80 ps Isothermal-Isobaric Ensemble (NPT) relaxation
at 300 K. This two-stage preparation ensures thermodynamic equilibrium while maintaining dimensional
stability through Nosé-Hoover thermostatting and barostatting. Periodic boundary conditions are applied
in all three spatial directions to mitigate finite-size effects.

For the indentation protocol, the simulation switches to the Microcanonical Ensemble (NVE) to
maintain energy conservation during deformation. The z-direction boundary condition is modified to a
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non-periodic shrink-wrapped configuration, while transverse periodicity is retained in x and y directions
to simulate semi-infinite bulk behavior. The spherical indenter, modeled as a repulsive potential with 5 nm
radius, is initially positioned 1 nm above the substrate surface. Upon loading initiation, the indenter descends
at a constant velocity of 0.2 A/ps along the z-axis, inducing plastic deformation in the pure nickel substrate.

The indenter velocity of 0.2 A/ps (strain rate ~1 x 10® s7!) aligns with MD conventions while exceeding
experimental rates (10> — 10° s™!) by 8-11 orders of magnitude. This disparity creates non-equilibrium
conditions that suppress thermally activated mechanisms (e.g., dislocation nucleation, grain boundary
migration) and favor stress-driven deformation modes, including shear localization and twin formation.
While such conditions may alter macroscopic material responses, recent work confirms that strain rates
<5 x 10® s7! preserve qualitatively accurate nanoscale deformation features [34]. Our parameterization
(0.2 A/ps) remains conservative relative to higher velocities (e.g., 0.5 A/ps in Kurpaska et al. [35]), balancing
computational efficiency with physical relevance. Critically, this approach captures atomic-scale pore-
GB interactions and dislocation-pore annihilation dynamics—phenomena experimentally inaccessible but
critical for understanding nickel’s plasticity.

The indentation load F can be calculated as [36]:
4 1
F- 3 E,R*h? (4)

where R is the indenter radius; 4 is the indentation depth; E, is the reduced elastic modulus of pure nickel.
After obtaining E,, the modulus of elasticity can be derived from the following equation:

1 1-vg?2 1-w;?
N 4 (5)
E,  Es E;
where Eg and vg are the modulus of elasticity and Poisson’s ratio of pure nickel, and E; and v; are the modulus
of elasticity and Poisson’s ratio of the indenter, respectively. The indenter selected in this study is a diamond
indenter with E; = 1141 GPa and v; = 0.07.

The hardness H is calculated as:

Fmax
H:
A
A=nh(2R - h) (6)

where Fp,x is the maximum load at the deepest indentation depth; A is the effective contact area between the
indenter and substrate under the maximum indentation load. In experimental nanoindentation, hardness
values typically include error bars to account for variability due to surface roughness, sample inhomogeneity,
and measurement uncertainties. In our MD simulations, we acknowledge potential variability in hardness
due to the stochastic nature of the polycrystalline microstructure generated by Atomsk, but error bars are
not included.

3 Results and Discussion

3.1 Nanoindentation Behavior of Single-Crystal Nickel with Different Crystallographic Orientations and
Equiaxed Polycrystalline Nickel

3.1.1 Mechanical Properties Analysis

The nanoindentation load-displacement curves for pure nickel, obtained from MD simulations, exhibit
four distinct deformation stages (Fig. 2a). Stage I (Initial Approach): As the indenter approaches the
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substrate, the load transiently becomes negative due to adhesive interactions before transitioning to repul-
sive forces upon contact. Stage II (Elastic-Plastic Deformation): Penetration induces rapid load increase
with indentation depth. The curve shows nonlinear fluctuations corresponding to elastic deformation,
elasto-plastic transition, and eventual plastic flow, though maintaining an overall upward trend. Stage IIT
(Unloading): Retraction of the indenter reduces the load, with residual plastic deformation retaining a
nonzero indentation depth at zero load. Stage IV (Adhesive Separation): Further withdrawal generates
negative loads (adhesive forces) until complete detachment occurs.
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Figure 2: (a) Schematic diagram of nanoindentation load-displacement curves for pure nickel; (b) Nanoinden-
tation load-displacement curves for single-crystal nickel with different crystallographic orientations and equiaxed
polycrystalline nickel; (¢) Variation of nanoindentation elastic modulus and hardness at maximum indentation depth

Comparative analysis of indentation curves for single-crystal and equiaxed polycrystalline nickel
(Fig. 2b) reveals pronounced orientation-dependent mechanical responses. At maximum penetration depth
(h = 3 nm), the peak load follows the sequence: [111] > [110] > [100] for single-crystals, with equiaxed
polycrystalline nickel exhibiting the lowest value. This anisotropy aligns with crystallographic slip system
activation energies and deformation mechanism variations across orientations.

Elastic modulus (E) and hardness (H) values at maximum depth (Fig. 2c) were derived through
Hertzian contact analysis of the elastic loading segments. For single-crystals, E increases monotonically
as [100] (164.56 GPa) < [110] (190.27 GPa) < [111] (204.77 GPa), while equiaxed polycrystalline nickel
yields E = 180.12 GPa. The single-crystal trend correlates with experimental observations, though MD
simulations overestimate [100] stiffness and underestimate [111] stiffness relative to experimental data [37].
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This discrepancy arises from limitations in the EAM potential, which systematically overpredicts C;; elastic
constants while underpredicting C,4, amplifying stiffness in <100> directions [37].

Hardness measurements show similar orientation dependence: [100] (19.66 GPa) < [110] (22.77 GPa)
< [111] (24.03 GPa), with equiaxed polycrystalline nickel (19.11 GPa) exhibiting the lowest value. Notably,
simulated hardness exceeds experimental ranges (3.5-8.4 GPa) [38-40] due to: (1) elevated strain rates
in MD (~10® s7! vs. ~107 s7° experimentally) [41], (2) experimental artifacts like surface roughness
and pile-up/sink-in effects underestimating contact area [42,43]. The equiaxed polycrystalline nickel’s
reduced hardness compared to single-crystals underscores the softening effect of grain boundaries on
plastic resistance.

While the simulations acknowledge several limitations, these do not negate the qualitative trends and
underlying mechanisms revealed in this study, such as the orientation-dependent plastic responses, coupling
effects between voids and grain boundaries, and defect-induced softening phenomena. It is critical to
emphasize that the conclusions should be interpreted as foundational insights into the relationship between
deformation mechanisms and microscopic sensitivity, rather than as absolute material constants for direct
engineering applications.

3.1.2 Strain Distribution

Fig. 3 shows the evolution of shear strain distribution with increasing indentation depth for nanoinden-
tation atoms of single-crystal nickel and equiaxed polycrystalline nickel with different crystal orientations.
From Fig. 3a, it can be seen that when indenting from the [100] direction, the shear strain first appears
in the contact area between the indenter and the surface, and then expands along the {111} slip planes
with dislocation slip, forming an inclined shear band symmetrically distributed along 45°. The plastic zone
expands with increasing indentation depth, accompanied by a rise in both the quantity and length of shear
bands, while localized plastic deformation becomes more pronounced.

As shown in Fig. 3b, when indenting from the [110] direction, the (110) plane shows irregularly inclined
and relatively localized high strain bands at the beginning of the indentation due to the high degree of atomic
density in the FCC structure, but its spatial angle with the {111} slip planes is different, and as the indentation
gets deeper, the plastic zone spreads to the deeper and lateral directions, and more directional shear bands
are formed in the crystal.

Fig. 3¢ shows that, when indenting from the [111] direction, the (111) plane is the most closely arranged
plane with the largest number of slip systems, which results in more highly strained atomic zones at the
early stage of the indentation, and the shear bands are formed in a net-like distribution due to the uniform
activation of the slip systems as the angle between the slip planes and the direction of the indentation is closer
to 0° or a smaller angle. The overall plastic deformation zone is larger and more complex in shape when it
reaches the deepest indentation.

For the nanoindentation of equiaxed polycrystalline nickel in Fig. 3d, the grain interiors still follow the
slip rules of FCC metals, with dislocations moving along the {111} slip planes. However, these dislocations
encounter strong obstruction from grain boundaries, causing atomic accumulation at grain boundaries and
forming regions of high shear strain. As the indentation depth increases and the applied load intensifies,
atomic pile-up occurs at grain boundaries. The shear strain zones remain confined within individual grains
rather than propagating into the crystal interior, demonstrating that grain boundaries possess the ability to
prevent the diffusion of shear strain into grain interiors. Additionally, grain boundaries can effectively hinder
the plastic deformation of the material.
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Figure 3: Shear strain distribution of nanoindentation atoms with indentation depth for single-crystal nickel with
different crystallographic orientations and equiaxed polycrystalline nickel. (a) [100]-oriented single-crystal nickel; (b)
[110]-oriented single-crystal nickel; (c) [111]-oriented single-crystal nickel; (d) Equiaxed polycrystalline nickel

3.1.3 Crystal Structure Analysis

Fig. 4 illustrates the crystallographic evolution during nanoindentation of single-crystal and equiaxed
polycrystalline nickel as a function of indentation depth. At the initial indentation stage, localized atomic
rearrangements occur beneath the indenter, with a small fraction of atoms transitioning into body-centered
cubic (BCC), hexagonal close-packed (HCP), and disordered configurations. Plastic deformation is predom-
inantly mediated by Shockley partials, which nucleate from surface ledges or GBs and propagate along {111}
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planes, leaving trailing stacking faults (SFs) with HCP symmetry. Notably, no bulk phase transformations
are observed at this stage, confirming that deformation remains localized.

(b)

(0

(d)

h=3 nm

Figure 4: Evolution of nanoindentation crystal structures with indentation depth for single-crystal nickel with
different crystallographic orientations and equiaxed polycrystalline nickel. (a) [100]-oriented single-crystal nickel; (b)
[110]-oriented single-crystal nickel; (c) [111]-oriented single-crystal nickel; (d) Equiaxed polycrystalline nickel

Subsequent indentation depth increases reveal pronounced orientation-dependent deformation mech-
anisms in single-crystals. In [100]-oriented nickel shown in Fig. 4a, symmetrical activation of <110> {111}
slip systems produces mirror-image SF networks, with dislocation motion constrained to intersecting {111}
planes. This results in characteristic “X”-shaped deformation patterns beneath the indenter. As shown
in Fig. 4b, for [110]-oriented nickel, geometric mismatch between the (110) surface and {111} slip systems
induces complex dislocation interactions, including cross-slip events and tangling, which contribute to
localized strain hardening. In contrast, [111]-oriented nickel exhibits parallel dislocation channels aligned
with the indentation axis, enabling extensive planar SFs and pronounced strain localization directly beneath
the indenter, as shown in Fig. 4c.

Fig. 4d shows that, in equiaxed polycrystalline nickel, deformation behavior diverges significantly due to
GB interactions. While initial indentation induces localized HCP phase formation similar to single-crystals,
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dislocations approaching GBs are either absorbed or annihilated at disordered GB regions. This GB-
mediated dislocation filtering reduces dislocation density in grain interiors but triggers GB sliding/migration
as a complementary deformation mode. Consequently, plastic strain localizes at triple junctions, while
adjacent grains remain largely defect-free. This heterogeneous deformation mechanism explains the reduced
hardness of equiaxed polycrystalline nickel compared to single-crystals, as GBs act as barriers to dislocation
transmission and redistribute plastic strain.

3.2 Effect of Pore Sizes on Nanoindentation Behavior of Equiaxed Polycrystalline Nickel
3.2.1 Pore Sizes Effect on Mechanical Response

Fig. 5a compares the nanoindentation load-displacement curves for equiaxed polycrystalline nickel
under three conditions: pore-free (Fig. 1b), 1 nm subsurface pore (Fig. Ic), and 2.5 nm subsurface pore
(Fig. 1c). 1 nm Pore Model: During initial indentation (h < 1 nm), the presence of nanoscale pores reduces
local load-bearing capacity, resulting in a lower initial loading slope compared to the pore-free model.
This effect stems from material discontinuity in the indenter contact zone. Notably, the 1 nm pore model
enters plastic deformation at shallower depths but asymptotically approaches the pore-free curve at h
> 2 nm, indicating homogeneous strain distribution in deeper regions. 2.5 nm Pore Model: The larger
pore volume introduces persistent softening effects across all indentation stages. Pore collapse dominates
the early deformation phase, with load levels remaining consistently lower than both 1 nm pore and
pore-free configurations.

(a) (b)
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Figure 5: Comparative nanoindentation behavior of equiaxed polycrystalline nickel with pores of different sizes. (a)
Nanoindentation load-displacement curves of equiaxed polycrystalline nickel without pores and with pores of different
sizes; (b) Variation of nanoindentation hardness at maximum indentation depth

Corresponding hardness measurements at maximum depth (h = 3 nm) are summarized in Fig. 5b.
1 nm Pore Impact: The hardness value (19.02 GPa) aligns closely with the pore-free model (19.11 GPa),
suggesting negligible nanoscale strengthening/weakening effects for 1 nm subsurface pores. 2.5 nm Pore
Impact: A marked hardness reduction to 14.29 GPa (25.2% decrease vs. pore-free) reflects severe mechanical
degradation. This disparity arises from stress concentration at pore-matrix interfaces and premature plastic
localization around the larger defect.
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3.2.2 Crystal Structure Analysis

Fig. 6 illustrates the depth-dependent evolution of the crystal structures in equiaxed polycrystalline
nickel containing a 1 nm subsurface pore during progressive nanoindentation. Analyses focus on indentation
depths of 1,1.2, 1.5, and 1.8 nm, as complete pore collapse occurs at 1.8 nm indentation depth, beyond which
the defect no longer influences deformation mechanisms.

Figure 6: Evolution of crystal structures during nanoindentation of equiaxed polycrystalline nickel containing a 1 nm
pore at indentation depth of (a) 1 nm, (b) 1.2 nm, (c) 1.5 nm, and (d) 1.8 nm

At 1.0 nm indentation depth, the pore exhibits pronounced distortion (Fig. 6a), acting as a stress
concentration site that triggers early-stage dislocation nucleation. Upon reaching 1.2 nm indentation depth
(Fig. 6b), the pore collapses into a disordered atomic cluster accompanied by localized atomic displacement
and lattice rearrangement. This structural transformation results in the formation of divergent HCP domains
extending from the original pore site.

At 1.5 nm indentation depth (Fig. 6¢), the disordered atomic ensemble undergoes partial reorganization,
forming localized HCP configurations while concurrent grain boundary deformation is evident in adjacent
regions. By 1.8 nm indentation depth (Fig. 6d), residual dislocation networks near the initial pore interface
achieve complete annihilation. Simultaneously, thermodynamic-driven atomic interactions promote lattice
reversion toward FCC symmetry through energy minimization pathways.

The FCC lattice reformation observed at 1.8 nm indentation depth underscores the material’s intrin-
sic self-healing capability, wherein the 1 nm subsurface pore undergoes complete annihilation through
thermally-activated plastic deformation mechanisms. This crystallographic recovery process, mediated by
energy minimization pathways, restores the material’s original FCC symmetry and mechanical integrity at
the atomic scale, directly explaining the load-displacement curve convergence between 1 nm pore-containing
and pore-free models documented in Fig. 5a.
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Fig. 7 shows the crystal structure evolution in equiaxed polycrystalline nickel containing a 2.5 nm
pore during initial-stage nanoindentation. During the initial indentation stage (0-0.5 nm, Fig. 7a), the pore
induces localized material softening, resulting in minimal structural alterations in the interstitial regions
between the indenter contact zone and the pore. Most regions retain FCC symmetry due to insufficient
applied stress to initiate atomic rearrangement. However, localized disordered zones and HCP-structured
atomic ensembles are observed near the pore periphery, indicating stress-driven dislocation nucleation from

the pore-defect interface.
wa © AW W Fcc
‘ W M HCP
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Figure 7: Evolution of crystal structures during nanoindentation of equiaxed polycrystalline nickel containing a 2.5 nm
pore at indentation depth of (a) 0.5 nm, (b) 1.5 nm, (¢) 2.0 nm, and (d) 3.0 nm

With increasing indentation depth (Figs. 7b-d), a neighboring GB migrates toward and coalesces
with the pore, as shown in the enlarged figure of Fig. 7d. This phenomenon stems from the high-stress
gradient field surrounding the pore, which drives GB motion along the energy dissipation pathway to achieve
system free energy minimization. The GB-pore interaction induces heterogeneous deformation patterns,
compromising the material’s homogeneous plasticity.

3.2.3 Dislocation Analysis

Fig. 8 illustrates the depth-dependent evolution of dislocation networks and HCP-structured domains
in equiaxed polycrystalline nickel containing a 1 nm subsurface pore. At initial indentation stages (Fig. 8a),
Shockley partials (green) nucleate beneath the indenter tip and propagate with applied load, generating SFs
that mark the onset of localized plastic deformation. As indentation progresses, dislocation multiplication
occurs around the pore periphery, forming stress concentration zones that facilitate dislocation slip and
FCC—HCP phase transformations in adjacent regions.

Fig. 8b reveals the formation of a Hirth dislocation (yellow) at the intersection of two SFs, as shown in
the enlarge figure of Fig. 8b. This structure arises from the reaction of Shockley partials gliding on intersect-
ing slip planes, producing an immobile dislocation with Burgers vector components outside all primary slip
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systems. In Fig. 8c,d, increasing indentation depth induces the generation of Stair-rod dislocations (pink),
which act as sessile barriers anchoring SF boundaries. They are shown in the enlarge figure of Fig. 8c,d. Both
dislocation types create lattice resistance barriers that impede subsequent dislocation motion, enhancing
local strain hardening and load-bearing capacity through dislocation interaction mechanisms.

= QOther
L. —— Perfect
. = Shockley

Hirth
Frank

Hirth
dislocation

Figure 8: Dislocation evolution in 1 nm pore-containing equiaxed polycrystalline nickel during nanoindentation: (a)
1 nm, (b) 1.2 nm, (¢) 1.5 nm, and (d) 1.8 nm depth profiles

Fig. 9 shows the dislocation evolution in equiaxed polycrystalline nickel containing a 2.5 nm subsurface
pore. As indentation depth increases, dislocations primarily nucleate in the region above the pore, with
Shockley partials dominating the initial deformation response (Fig. 9a—c). The extended pore size causes
dislocation lines to either annihilate at the pore interface or deflect outward, while the pore-induced stress-
softening effect reduces load transfer efficiency beneath the indenter. At maximum indentation (Fig. 9d),
the dislocation network remains dominated by Shockley partials, with limited Hirth/Stair-rod formation
observed only in peripheral regions, as shown in the enlarge figure of Fig. 9d. This reduced dislocation
interaction stems from pore-mediated dislocation absorption, which suppresses secondary dislocation
reactions and contributes to the material’s overall lower load-bearing capacity compared to the 1 nm
pore case.
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Figure 9: Dislocation evolution in 2.5 nm pore-containing equiaxed polycrystalline nickel during nanoindentation:
(a) 0.5 nm, (b) 1.5 nm, (c) 2.5 nm, and (d) 3.0 nm depth profiles

The temporal evolution of dislocation densities in equiaxed polycrystalline nickel with varying pore
sizes is presented in Fig. 10. For the pore-free model, total dislocation density (Fig. 10a) exhibits steady
accumulation, forming a three-dimensional dislocation network that sustains work hardening throughout
the indentation process. In contrast, the 1 nm pore model shows early dislocation activation (50-100 ps),
generating an initial surplus, though final density converges with the pore-free case due to pore collapse-
induced dislocation annihilation. It is noteworthy that the 2.5 nm pore model exhibits a transient dislocation
burst at 80 ps, with its dislocation density approaching that of the pore-free model. At the maximum
indentation depth, however, the dislocation density in the 2.5 nm pore model is 7.8% lower than that of
the pore-free model. This reduction correlates with stress-softening effects and diminished mechanical
performance observed in large-pore configurations.

Fig. 10b-f details the evolution of specific dislocation types. In the pore-free model, Shockley, Stair-
rod, and Hirth dislocations exhibit delayed activation, indicating a high threshold for plastic initiation and
contributing to elevated hardness and elastic recovery.

In the 2.5 nm subsurface pore model, the Perfect dislocation density exhibits a distinct evolution
pattern characterized by a rapid increase during early indentation stages followed by a gradual decline.
Initially, the high stress concentration induced by the pore-GB synergy facilitates widespread activation
of Perfect dislocations, enhancing plastic strain accommodation. However, as deformation progresses,
dislocation reactions along with partial pore closure and dislocation escape, collectively suppress further
Perfect dislocation proliferation. This transition reflects a dynamic balance between defect generation and
recovery, ultimately influencing the model’s mechanical performance by coupling early plasticity with
reduced hardening capacity at later stages.
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Figure 10: Temporal evolution of dislocation densities of different types in pore-free and equiaxed nickel with varying
pore sizes. (a) Total dislocations, (b) Frank dislocations, (c) Perfect dislocations, (d) Shockley dislocations, (e) Stair-rod
dislocations, (f) Hirth dislocations

Shockley dislocations exhibit stable growth during the nanoindentation process. Stair-rod and Hirth
dislocations remain at low levels throughout, attributed to constrained slip pathways and limited dislocation
reactions in the pore-affected region. This absence of stabilizing dislocation structures accelerates plastic
instability and mechanical degradation.

The 1 nm pore model balances strength and ductility: while total dislocation density matches the
pore-free case, Frank dislocations decay over time (Fig. 10b), suggesting localized stabilization. Concurrent
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Shockley and Stair-rod activation indicates mild stress perturbation without catastrophic failure, enabling
recovery of elastic properties during unloading.

3.3 Effect of Pore Locations on Nanoindentation Behavior of Equiaxed Polycrystalline Nickel
3.3.1 Pore Locations Effect on Mechanical Response

Fig. 11a compares the load-displacement responses of equiaxed polycrystalline nickel models with and
without 2.5 nm pores at different locations. For the surface pore configuration, load initiation occurs at
1.0 nm indentation depth, with the indenter load surpassing the subsurface pore model by 2.0 nm depth.
This phenomenon stems from the dual effects of surface pore-induced local stiffness reduction and enhanced
stress concentration. As indentation progresses, accelerated local deformation triggers premature dislocation
activity and FCC—~HCP phase transformations, manifesting as elevated unloading stiffness in the load-
displacement curve. At maximum indentation depth, the surface pore model exhibits marginally higher
load-bearing capacity than the pore-free reference, indicating that pore closure induces a hardened zone
capable of sustaining increased stress during sustained indentation.
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Figure 11: Nanoindentation behavior of equiaxed polycrystalline nickel with 2.5 nm pores at different locations: (a)
Load-displacement responses; (b) Hardness evolution at maximum depth

Fig. 11b presents the corresponding hardness evolution. While the subsurface pore model shows signif-
icant hardness degradation, the surface pore configuration recovers to achieve hardness values comparable
with the pore-free model at maximum depth. This mechanical restoration confirms the defect site’s capacity
for structural rehabilitation during advanced deformation stages.

3.3.2 Crystal Structure and Dislocation Analysis

Fig. 12a illustrates the depth-dependent crystallographic transformations in surface-pore model. At
1.0 nm depth, only indenter-contact atoms exhibit disorder, while the bulk lattice remains intact. By 2.0 nm
depth, a localized HCP stacking fault region develops adjacent to the pore, marking the onset of stress-
induced phase transformation. At 3.0 nm depth, multiple oriented HCP stacking faults propagate beneath
the pore, as shown in the enlarge figure of Fig. 12a, though the parent grain boundary remains undeformed,
suggesting confinement of plastic deformation within the crystal interior.

Fig. 12b details the concurrent dislocation evolution. Initial indentation (1.0 nm) produces minimal
structural perturbation. At 2.0 nm depth, extensive HCP stacking faults form beneath the pore, accompanied
by nucleation of two Hirth dislocations at the fault intersections. These sessile defects create dislocation
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interaction barriers that enhance strain hardening. By 3.0 nm depth, multiple Shockley partial-derived HCP
regions and three intersecting Stair-rod dislocations act as local obstacles, impeding dislocation motion and
increasing material yield strength. The persistent absence of grain boundary migration confirms that plastic
deformation remains localized to the crystal interior, explaining the surface pore model’s superior late-stage
load-bearing capacity observed in Fig. 11a.
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Figure 12: Crystal structural and dislocation evolution in surface-pore equiaxed polycrystalline nickel: (a) Crystallo-
graphic transformations; (b) Dislocation network development

Fig. 13 compares dislocation evolution in 2.5 nm pore models with surface vs. subsurface pore positions.
Total dislocation density (Fig. 13a) reveals rapid early-stage proliferation (50-100 ps) in both porous configu-
rations, mirroring the pore-free response. However, as indentation approaches maximum depth, the surface
pore model surpasses subsurface dislocation density while remaining 5.6% below the pore-free reference.
This divergence stems from distinct annihilation mechanisms: subsurface pores sustain continuous dislo-
cation interactions, driving persistent annihilation, whereas surface pores stabilize post-collapse, enabling
cumulative storage and partial mechanical recovery.

Analysis of dislocation subtypes (Fig. 13b-f) shows comparable Frank dislocation trends across models,
indicating preserved generation kinetics despite pore positioning. Surface pore configurations exhibit early
Shockley dislocation activation, driven by stress coupling between the pore and free surface, which triggers
shallow slip and alleviates load concentration but reduces initial stiffness. During late-stage indentation,
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Stair-rod and Hirth dislocations rise sharply in the surface pore model, approaching pore-free levels.
Concurrently, Perfect dislocations maintain steady growth, aligning closely with the pore-free model by mid-
indentation. These findings suggest that surface pores, despite early perturbations, enable recovery of slip
coordination and hardness during advanced deformation stages.
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Figure 13: Temporal evolution of dislocation densities (a) Total, (b) Frank, (c) Perfect, (d) Shockley, (e) Stair-rod, and
(f) Hirth in pore-free and 2.5 nm pore-containing equiaxed polycrystalline nickel with pores at different locations
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4 Conclusions

This study has systematically analyzed the mechanical behavior of pure nickel using MD simulations,
examining single-crystal orientations ( [100], [110], [111]) and equiaxed polycrystalline configurations with
varying pore characteristics. Key findings are summarized as follows:

(1) Orientation-driven mechanical boundaries are quantified, with [111]-oriented single crystals setting new
benchmarks for elastic modulus (24.4% higher than [100]) and hardness (22.2% enhancement).

(2) Pore-GB interaction dynamics are shown to dominate softening behavior, with 2.5 nm subsurface
pores causing 25.2% hardness reduction via GB-mediated dislocation annihilation, while surface pores
enabled recovery through stabilized HCP/SF networks.

(3) Porelocation effects are revealed: Surface pores trigger early dislocation activity and HCP phase changes,
leading to mechanical recovery comparable to pore-free models through sessile dislocation hardening;
subsurface pores exhibit 27.8% lower hardness than surface pores from sustained GB-pore interactions,
while retaining 92.2% of pore-free dislocation density at the maximum indentation depth.

These findings elucidate the interplay between crystallographic orientation, defect size, and spatial
distribution in governing nanoscale plasticity of nickel-based materials.
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