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One way to enhance the mechanical properties of nickel-based superalloys is through controlling
the grain boundary structure, especially the twin boundary. Therefore, understanding the role of
twin boundary in deformation can assist in engineering strategies aimed at improving the
mechanical properties of nickel-based superalloys. In this study, a molecular dynamics model is
used to simulate the tensile loading process of a nickel-based superalloy containing a twin
boundary under three different loading orientations. The twin boundary is oriented parallel,
inclined, and perpendicular to the loading direction. The effects of different orientations on the
nucleation and slip mechanisms of dislocations are investigated. The results show that the slip of
dislocations in the matrix and precipitate occurs along the {111} plane and when the twin
boundary is parallel and perpendicular to the loading direction, the slip planes are inclined to the
twin boundary and the dislocation slip process is limited by the twin boundary, but when If the
twin boundary is inclined to the direction of loading, the dislocations will gradually slip parallel
to the twin boundary and cause the twinning deformation and the migration of the twin boundary.
Also, crack initiation and growth at the ultimate strain occurred at points on the twin boundary
and phase interface.

Extended Abstract

1. Introduction

ickel-based superalloys are primarily utilized in aerospace and industrial gas turbine engine

components, such as combustion chambers and high-pressure turbines, because of their exceptional

strength at elevated temperatures. These superalloys typically consist of a two-phase structure: an L12
phase with a y'-Ni3Al composition and a face-centered cubic (FCC) y-Ni phase [1]. Twin boundaries are a specific
type of grain boundary with high symmetry and low energy. They can limit the movement of dislocations and
contribute to the storage of dislocations, which in turn enhances the ductility and toughness of materials. As a
result, twin boundaries play a significant role in improving the mechanical properties of materials [2-4].

Ding et al. conducted a molecular dynamics simulation to investigate how different loading orientations affect
the dislocation slip mechanism in nickel with twin boundaries. Their findings demonstrate that loading orientation
significantly influences the mechanical properties of the material. The material displays good plastic behavior
when subjected to loading directions of 90° and 0°. As the strain increases in various loading directions,
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dislocations move along the slip plane, forming a shear ring [5]. Ding et al. studied how varying grain boundary
orientation angles affect the mechanical properties and plastic deformation mechanisms of nickel-based
superalloys during tensile loading, using molecular dynamics simulations. They found that the plastic deformation
mechanism changes as the angle increases from zero degrees to ninety degrees [6]. Experimental results indicate
that the formation of precipitates in nickel-based superalloys consistently corresponds with the twin boundary [7].
Wang et al. explored the impact of twin boundaries that are perpendicular to the loading direction on the plastic
deformation and fracture mechanisms of Ni3Al precipitates. They employed an atomic cracking model using
molecular dynamics for their investigation. The results revealed that as the twin spacing decreased, the strength,
ductility, and fracture toughness of nanotwinned Ni3Al all increased simultaneously. Twin boundaries effectively
hinder the propagation of dislocations, which also serve to blunt cracks [8].

Recent limited studies on nickel-based superalloys have primarily concentrated on macroscale experimental
observations. These studies can only capture the material's initial and final states, leaving the atomic evolution
process and plastic deformation mechanism unexplored. Therefore, it is crucial to investigate how the twin
boundary influences the plastic deformation mechanisms and properties of nickel-based superalloys at the atomic
scale. In this study, a molecular dynamics model was employed to simulate the tensile loading process of a nickel-
based superalloy that contains a twin boundary. The twin boundary was oriented in three different ways in relation
to the loading direction: parallel, inclined, and perpendicular. We investigated how these different orientations of
the twin boundary affect the deformation mechanisms, specifically the formation and slipping of dislocations.

2. Simulation method and model

The study investigates a nickel-based superalloy consisting of a y matrix phase (Ni atoms) and a y' precipitate
phase (intermetallic NisAl) with different lattice parameters (ay = 3.52 A, ay' = 3.572 A). The y' volume fraction
is 72.9%, mimicking real Ni-based superalloys. A 3D model of the Ni/NisAl superalloy with a twin boundary was
created using ATOMSK, where lattice mismatch (5 = 1.5%) induces coherency strain at the y/y' interface. The
model was energy-minimized before tensile simulation to relieve internal stresses. The crystal orientations were
set along [11-2] (X), [-110] (y), and [111] (z), with the twin boundary symmetrically constructed on the (111)
plane. Twin boundaries were rotated to align parallel, inclined, and perpendicular to the loading direction (z),
figure 1. Molecular dynamics (MD) simulations were performed using LAMMPS with an embedded-atom method
(EAM) potential for Ni-Al. Periodic boundary conditions were applied along x and y, while tensile deformation
was imposed along z at a strain rate of 10° s™ (300 K, NVT ensemble). The system contained 1.4—1.5 million
atoms, depending on twin orientation. Dislocation evolution and plastic deformation were analyzed using OVITO,
employing dislocation analysis (DXA), common neighbor analysis (CNA), and surface mesh analysis to visualize
defects and cracks. The twin boundary’s role in deformation mechanisms under varying loading directions was
examined.
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Figure 1. Geometric and atomic cross-sectional model of the nickel-based superalloy sample (a) without a twin boundary and
with twin boundaries in (b) parallel
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Figure 1. Geometric and atomic cross-sectional model of the nickel-based superalloy sample (c) inclined, and (d) perpendicular
orientations relative to the loading direction.
Figure 1: Geometric and atomic cross-sectional model of the nickel-based superalloy sample (a) without a twin
boundary and with twin boundaries in (b) parallel, (c) inclined, and (d) perpendicular orientations relative to the

loading direction.
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3. Results and Discussion

3.1 Deformation mechanism of the sample without a twin boundary
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Figure 2. () Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, Cross-sectional snapshots of
dislocation development and deformation at: (c) £€=0.02702, (d) £€=0.04837, (e) £=0.0549, (f) £=0.061 (FCC atoms removed for
dislocation clarity),
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Figure 2. (g) £=0.0719, (h) £=0.08061, (i) £=0.0915, and (j) £=0.1133.

Figure 2: (a) Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, Cross-
sectional snapshots of dislocation development and deformation at: (¢) €=0.02702, (d) €=0.04837, (e) €=0.0549,
(f) e=0.061 (FCC atoms removed for dislocation clarity), (g) €=0.0719, (h) €=0.08061, (i) €=0.0915, and (j)
€=0.1133.

3.2. Deformation mechanism of the sample containing a twin boundary parallel to the loading axis
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Figure 3 (a) Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, 2D cross-sectional snapshots
of dislocation development and deformation at: (b) €=0.027, (d) €=0.04873 (FCC atoms removed for dislocation clarity), (e)
,e=0.058, (f) £=0.06527
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Figure 3 (g) £=0.0831 (FCC atoms removed), (h) £€=0.09138, (i) £=0.10704, (j) £=0.1113, (k) Dislocation slip planes and cracks in
.FCC material, (1) £=0.1083, (m) £=0.1187, (n) £=0.1283, (0) Geometric model of slip planes in the sample
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Figure 3 (a) Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, 2D cross-
sectional snapshots of dislocation development and deformation at: (b) £=0.027, (d) €=0.04873 (FCC atoms
removed for dislocation clarity), (¢) €=0.058, (f) €=0.06527, (g) €=0.0831 (FCC atoms removed), (h) £=0.09138,
(1) e=0.10704, (j) e=0.1113, (k) Dislocation slip planes and cracks in FCC material, (I) e=0.1083, (m) £=0.1187,
(n) £=0.1283, (0) Geometric model of slip planes in the sample.

3.3. Deformation mechanism of the sample containing an inclined twin boundary relative to the loading
axis
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Figure 4 (a) Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, 2D cross-sectional snapshots
of dislocation development and deformation at: (c) €=0.04578, (d) £=0.05528, (¢) £=0.06, (f) showing slip lines parallel to the twin
.boundary in nickel-based superalloy, (g) €=0.07127, (h) £=0.095
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Figure 4 (i) £=0.1015, (j) illustrating crack initiation and propagation along twin boundary in nickel-based superalloy, (k)
£=0.1080, (I) and (m) Geometric model of slip planes in the sample.

Figure 4: (a) Variation in atom count versus strain, (b) Evolution of dislocation lengths versus strain, 2D cross-
sectional snapshots of dislocation development and deformation at: (c¢) €=0.04578, (d) €=0.05528, (e) £=0.06, (f)
showing slip lines parallel to the twin boundary in nickel-based superalloy, (g) €=0.07127, (h) €=0.095, (i)
£=0.1015, (j) illustrating crack initiation and propagation along twin boundary in nickel-based superalloy, (k)
£=0.1080, (1) and (m) Geometric model of slip planes in the sample.

3.4. Deformation mechanism of the sample containing a twin boundary perpendicular to the loading axis
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Figure 5 (a) Evolution of dislocation lengths versus strain, (b) Variation in atom count versus strain, 2D cross-sectional
snapshots of dislocation development and deformation
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clarity), (h) £=0.061, (i) €=0.06536, (g) £=0.0671
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Figure 5 (a) Evolution of dislocation lengths versus strain, (b) Variation in atom count versus strain, 2D cross-sectional
snapshots of dislocation development and deformation at: (c) £=0.02833, (d) £=0.05186, () £=0.05446, (f) £=0.05838, (g)
£=0.059 (with FCC atoms removed for dislocation clarity), (h) €=0.061, (i) €=0.06536, (g) €=0.0671, (k) £€=0.069, (1) e=0.0862,
(m) Geometric model of slip planes in the sample.

Figure 5: (a) Evolution of dislocation lengths versus strain, (b) Variation in atom count versus strain, 2D cross-
sectional snapshots of dislocation development and deformation at: (¢) £=0.02833, (d) €=0.05186, () £=0.05446,
(f) €=0.05838, (g) £=0.059 (with FCC atoms removed for dislocation clarity), (h) €=0.061, (i) €=0.06536, (g)

€=0.0671, (k) e=0.069, (1) &=0.0862, (m) Geometric model of slip planes in the sample.

4. Conclusion

This study employed molecular dynamics simulations to investigate the tensile deformation mechanisms of a
nickel-based superalloy containing twin boundaries with three distinct orientations relative to the loading direction.
Key findings reveal that dislocation slip dominates deformation in samples without twin boundaries and those with
boundaries parallel/perpendicular to loading, while twinning-induced plasticity becomes the primary mechanism
in samples with inclined twin boundaries. The number of active slip systems varies, with four systems activated
in inclined cases versus three in others. Yield strain increases in the perpendicular twin configuration but decreases
in parallel/inclined cases, while ductility improves in parallel/inclined orientations but reduces in perpendicular
ones. Strengthening mechanisms differ significantly: phase interfaces and sessile dislocations operate in all cases,
but twin boundaries contribute additional strengthening in parallel/perpendicular orientations. Crack propagation
paths are orientation-dependent, with cracks following slip planes and phase interfaces in parallel configurations
but propagating along twin boundaries in inclined/perpendicular cases. These results demonstrate how twin
boundary orientation critically governs deformation behavior, mechanical properties, and failure modes in nickel-
based superalloys.
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