
Citation: Zhang, Z.; Zhang, X.; Yang,

R.; Wang, J.; Lu, C. The Ni3Al/Ni

Interfacial Contribution to the

Indentation Size Effect of Ni-Based

Single-Crystal Superalloys. Solids

2024, 5, 580–592. https://doi.org/

10.3390/solids5040039

Academic Editor: Timothy J. Prior

Received: 29 September 2024

Revised: 7 November 2024

Accepted: 12 November 2024

Published: 25 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Ni3Al/Ni Interfacial Contribution to the Indentation Size
Effect of Ni-Based Single-Crystal Superalloys
Zhiwei Zhang 1,2,* , Xingyi Zhang 1,2, Rong Yang 3 , Jun Wang 3,* and Chunsheng Lu 4

1 Department of Mechanics and Engineering Sciences, College of Civil Engineering and Mechanics, Lanzhou
University, Lanzhou 730000, China

2 Key Laboratory of Mechanics on Environment and Disaster in Western China, The Ministry of Education of
China, Lanzhou University, Lanzhou 730000, China

3 State Key Laboratory of Nonlinear Mechanics (LNM), Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China

4 School of Civil and Mechanical Engineering, Curtin University, Perth, WA 6845, Australia
* Correspondence: zhangzhiwei@lzu.edu.cn (Z.Z.); wangjun@lnm.imech.ac.cn (J.W.)

Abstract: Hardness decreases as indentation depth increases at both the nano- and micro-meter
scales. By incorporating interfacial contributions, the indentation size effect can provide valuable
information on the deformation behaviors of Ni-based single-crystal superalloys. In this paper,
through experimental studies and atomistic simulations, we examine the indentation size effect
and mechanical behaviors of Ni-based single-crystal superalloys. The results demonstrate that the
indentation size effect, in conjunction with the Ni3Al/Ni interfacial network, is effectively captured by
a modified Nix–Gao model. Molecular dynamics simulations further reveal the underlying atomistic
mechanisms and microstructural evolution during nanoindentation. These findings provide new
insights into the deformation behavior of Ni-based single-crystal superalloys and support their wide
applications in the aerospace industry.

Keywords: Ni-based single-crystal superalloys; indentation size effect; Ni3Al/Ni interfaces; hardness;
molecular dynamics

1. Introduction

Over recent decades, nanoindentation experiments and atomistic simulations have
been widely used to investigate the mechanical behaviors and plastic deformation mecha-
nisms of materials at both nano- and micro-scale levels [1–4]. The indentation size effect,
where hardness decreases with increasing indentation depth, is usually attributed to the
accumulation of geometrically necessary dislocations and associated plastic gradients [5–8].
This effect also depends on the indenter shape, such as conical or spherical geometries [9,10].
The Nix–Gao model [11] has proven effective for predicting the indentation size effect in
monocrystalline copper with conical indenters, and it has been further developed to elabo-
rate the effect in other metals with spherical indenters [9,12–14]. However, nanoindentation
at micro- and nano-scale sometimes deviates from the Nix–Gao model, suggesting that
additional microstructural factors need to be incorporated when a sample does not conform
to the continuous medium assumption [15–17].

Ni-based single-crystal superalloys are extensively applied in the aerospace indus-
try due to their excellent thermodynamic properties [18–20]. These unique properties
arise from a superlattice structure, consisting of the Ni matrix and Ni3Al precipitate
phases [21,22]. In line with convention in the literature on Ni-based single-crystal su-
peralloys, the terms, precipitate and matrix, are used here, though the Ni3Al phase is often
larger than the Ni matrix. The Ni3Al/Ni heterogeneous interfacial misfit dislocation net-
work enables dislocations to be either absorbed or impeded, setting Ni-based superalloys
apart from other single-crystal materials, especially during nanoindentation. Based on
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force–depth curves derived from nanoindentation, mechanical properties like Young’s
modulus and hardness can be deduced. However, it remains challenging to correlate
these properties with specific indentation sites, which can be in the Ni matrix, the Ni3Al
precipitate, or the interface. This makes the indentation size effect more complex, as it is
closely tied to the indentation site and the resulting force–depth curve. Although transmis-
sion electron microscopy (TEM) and scanning electron microscopy (SEM) can help locate
indentation sites, they do not capture the underlying microstructural evolution within
the sample. Fortunately, molecular dynamics simulations can address this by linking
force–depth curves with microstructural changes [23–25].

In previous studies, we employed nanoindentation simulations to investigate hard-
ening effects from twin boundaries and stacking faults within the precipitation phase
Ni3Al of Ni-based superalloys [18]. Additionally, molecular dynamics simulations re-
vealed dislocation reactions responsible for pop-in events during nanoindentation, with
results validated by experiments and theoretical analysis [26]. However, to the best of our
knowledge, research on the Ni3Al/Ni interfacial contribution to the indentation size effect
remains limited.

In this paper, we first characterized the microstructures of Ni-based single-crystal
superalloys using TEM and SEM techniques. Then, nanoindentation was conducted to
collect force–depth curves at specific sites within the Ni matrix, Ni3Al precipitates, and the
Ni3Al/Ni interface, which were identified through SEM imaging post-indentation. The
modified Nix–Gao model was subsequently fitted to the experimental data, incorporating
the Ni3Al/Ni interfacial contribution. Finally, molecular dynamics simulations were carried
out to link the indentation size effect to microstructural evolution during nanoindentation.

2. Experiments
2.1. Materials, Specimen Preparation, and Structural Observation

Ni-based single-crystal superalloy cylinders, with a diameter of 1.5 cm and a length of
15 cm, were prepared for the experiments. Table 1 lists the chemical compositions of the
superalloys. To prepare samples for nanoindentation and electron microscopy observation,
the cylinder was sliced into uniform sections with a thickness of 0.1 cm using a diamond
wire saw, ensuring consistent sample quality. The specimens were then electrochemically
polished utilizing a direct-current power supply and an electrolyte solution consisting of
sulfuric acid to deionized water in a 40:60 ratio at room temperature. The polished surfaces
were carefully examined to confirm the absence of any significant work hardening layer or
mechanical damage.

Table 1. Chemical composition of the Ni-based single-crystal superalloys.

Element Ni Co W Ta Al Cr Mo Re Hf

wt.% 61.4 9 8 7.5 5.7 4.3 2 2 0.1

Before the nanoindentation procedure, the microstructural characteristics of the Ni-
based single-crystal superalloys were analyzed via TEM (JEOL JEM-2100F, Japan) and SEM
(ZEISS Supra-55, Germany). Thin foils for TEM observation were prepared by thinning and
polishing sheets to a thickness of 50 µm, then punching them into 0.3 cm diameter disks,
and finally perforating them in a twin-jet electro-polishing apparatus. This was performed
with a solution of 5 vol.% perchloric acid and 95 vol.% alcohol at −45 ◦C and 65 V [27]. TEM
imaging enabled detailed microstructural characterization of the superalloys, revealing
Ni3Al precipitates with cuboidal morphologies within the Ni matrix, with an average
particle edge length of approximately 500 nm (see Figure 1a) [26].



Solids 2024, 5 582

Solids 2024, 5, FOR PEER REVIEW 3 
 

 

The ZEISS Supra-55 SEM, equipped with electron backscattering diffraction (EBSD), 
was used to examine the crystalline orientations of the superalloy specimens. Samples for 
EBSD were first mechanically polished and subsequently electro-polished. Locating iden-
tical positions in TEM and SEM was challenging due to the absence of distinct surface 
markers. Therefore, EBSD images were collected from over 10 sites to ensure that the crys-
talline orientation of the Ni-based superalloys aligned along the [001] direction (see Figure 
1b). SEM was further utilized to assess the surface indentation morphology of the super-
alloys following nanoindentation. 

 
Figure 1. (a) TEM image of Ni3Al precipitates and the Ni matrix. (b) EBSD crystallographic orienta-
tion map obtained via SEM. 

2.2. Nanoindentation Tests 
Nanoindentation tests were conducted to assess the hardness and indentation size 

effect of Ni-based superalloys by using an Agilent Nano Indenter G200 system (DCMII 
Instruments). Indentations were made using a Berkovich indenter, with a 230 nm tip cur-
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standard specimen. All indentations were created at a constant strain rate of 0.05 s−1 by 
increasing the applied load proportionally with elapsed time (calculated as indentation 
speed divided by target depth). Continuous stiffness measurements were recorded during 
indentation to determine the hardness of the superalloys [28].  

In addition, a series of continuous stiffness measurements were collected at a har-
monic oscillation frequency of 75 Hz and a root mean square displacement amplitude of 
2 nm, with samples held at target depths ranging from 30 to 400 nm, where unloading 
occurred at each measurement point. To prevent interference between adjacent indenta-
tions, arrays of over 30 indents were made at each depth with a 10 µm spacing. Data on 
indentation force and hardness as a function of depth were extracted to facilitate a detailed 
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Figure 1. (a) TEM image of Ni3Al precipitates and the Ni matrix. (b) EBSD crystallographic orientation
map obtained via SEM.

The ZEISS Supra-55 SEM, equipped with electron backscattering diffraction (EBSD),
was used to examine the crystalline orientations of the superalloy specimens. Samples
for EBSD were first mechanically polished and subsequently electro-polished. Locating
identical positions in TEM and SEM was challenging due to the absence of distinct surface
markers. Therefore, EBSD images were collected from over 10 sites to ensure that the
crystalline orientation of the Ni-based superalloys aligned along the [001] direction (see
Figure 1b). SEM was further utilized to assess the surface indentation morphology of the
superalloys following nanoindentation.

2.2. Nanoindentation Tests

Nanoindentation tests were conducted to assess the hardness and indentation size
effect of Ni-based superalloys by using an Agilent Nano Indenter G200 system (DCMII
Instruments). Indentations were made using a Berkovich indenter, with a 230 nm tip
curvature radius, and the area function was identified through calibration on a fused silica
standard specimen. All indentations were created at a constant strain rate of 0.05 s−1 by
increasing the applied load proportionally with elapsed time (calculated as indentation
speed divided by target depth). Continuous stiffness measurements were recorded during
indentation to determine the hardness of the superalloys [28].

In addition, a series of continuous stiffness measurements were collected at a harmonic
oscillation frequency of 75 Hz and a root mean square displacement amplitude of 2 nm,
with samples held at target depths ranging from 30 to 400 nm, where unloading occurred
at each measurement point. To prevent interference between adjacent indentations, arrays
of over 30 indents were made at each depth with a 10 µm spacing. Data on indentation
force and hardness as a function of depth were extracted to facilitate a detailed analysis of
the indentation behavior.

3. Numerical Models and Methodology
3.1. Molecular Dynamics Models

The Ni-based single-crystal superalloy comprises a pure FCC Ni matrix and L12 Ni3Al
precipitates, resulting in lattice mismatch at the Ni3Al/Ni interface. To create a coincidence
site lattice on this misfit interface, a minimum of 66 Ni3Al lattice units and 67 Ni lattice
units must be relaxed to relieve stress caused by the lattice parameter discrepancy between
Ni (3.52 Å) and Ni3Al (3.573 Å) [29].
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It is demonstrated that a misfit dislocation network forms at the Ni3Al/Ni inter-
face due to lattice mismatch, reducing internal strain energy and accommodating misfit
strain [30]. As illustrated in Figure 2, there are three initial indentation configurations
for sites at the Ni3Al precipitate, the Ni matrix, and the Ni3Al/Ni interface. These were
modeled as cuboidal structures with dimensions of 23.6 × 23.6 × 23.6 nm3 along the
X-[010], Y-[001], and Z-[100] directions, containing ~1,180,000 atoms. A hemispherical
diamond indenter, with a diameter of 12 nm containing ~34,000 atoms, was produced.
During indentation, periodic boundary conditions were applied in the X and Y directions,
while the upper surface was free for indentation, and the lower surface was fixed with an
assigned thickness of 1.0 nm.
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Figure 2. Molecular dynamics simulation configurations with nanoindentation sites at (a) Ni3Al
precipitate, (b) Ni matrix, and (c) Ni3Al/Ni interface.

3.2. Potential Function and Methods

Molecular dynamics simulations were conducted utilizing the largescale atomic/molecular
massively parallel simulator [31]. The atomic interaction between Ni3Al and Ni was modeled
using an embedded-atom potential function developed by Mishin [32]. In this potential, the
total energy, U, of the system is represented by

U = ∑
i, j
i ̸= j

VEAM(rij) + ∑
i

F(ρi), (1)

where VEAM(rij) is a pair potential function of the distance rij between atoms i and j, F is the
embedding energy of atom i, and ρi is the electron density, which is defined as

ρi = ∑
i ̸=j

gj(rij), (2)

where gj(rij) is the electron density of atom j.
Here, it is worth noting that such a potential is built up by fitting to data from

experiments and first principles calculations. It can accurately depict the lattice structure,
mechanical properties, energetics of point defects, dislocations, and planar faults in Ni3Al
and Ni [33].
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To simulate the interaction between the diamond indenter and Ni3Al/Ni substrate, a
two-body Lennard–Jones potential was used:

E = 4 ∑
i, j
i ̸= j

εij

( σij

rij

) 12

−
(

σij

rij

) 6
 , rij < r0, (3)

where εij is the cohesive energy, σij is the equilibrium distance, and r0 is the cutoff dis-
tance. For the C–Ni interaction, these values are 2.31 × 10−4 eV, 0.2852 nm, and 0.8 nm,
respectively; for C–Al, they are 3.15 × 10−4 eV, 0.2976 nm, and 0.8 nm [34,35].

The atomistic simulations were conducted using a method of integrating Newton’s
laws of motion, which was applied to each atom in a temporal interval of 1 fs. Initial
configurations were relaxed by energy minimization, followed by 50 ps of equilibrium
at 300 K. The indentation load was then applied to the Ni3Al precipitate, Ni matrix, and
Ni3Al/Ni interface (see Figure 2) at a speed of 10 m s−1 with a step increment of 0.05 nm.
The maximum indentation depth was set at 4.0 nm, smaller than the indenter’s diameter
(12 nm). Deformations in the Ni3Al/Ni substrate were identified and visualized with the
software OVITO 3.0.0-dev592 [36].

4. Results
4.1. Pop-In Events and Indentation Behaviors

Figure 3a shows two typical force–depth curves for indentations made on the Ni3Al/Ni
interface and Ni3Al precipitate. The indentations are oriented perpendicular to the crystal
surface of the (001) plane, with a maximum depth of 30 nm. Figure 3b presents the
corresponding hardness–indentation depth curves, illustrating that the indentation force–
depth and hardness–depth values at Ni3Al/Ni interface (Figure 3c) are lower than those
observed for the Ni3Al precipitate (Figure 3d). In addition, two types of pop-in events
appear in the loading sequence: the first pop-in (indicated by black arrows in Figure 3a) and
subsequent pop-in events (green arrows in Figure 3a). The initial pop-in event exhibits the
largest displacement burst, corresponding to a noticeable drop in hardness (see Figure 3b).
It is worth noting that, however, the displacement burst of the first pop-in at the Ni3Al/Ni
interface is smaller than that at the Ni3Al precipitate. When the maximum indentation
depth increases to 50 nm, similar patterns are observed (see Figure 4a,b). Here, the hardness
H is calculated by

H =
F
A

, (4)

where F and A represent the force exerted by an indenter and the contact area between the
indenter and a sample. The latter is

A =
8

∑
n=0

Cnhc

1
2n+1 , (5)

where the contact depth hc = hm − ε Fm
αm(hm−h f )

m−1 , with hf, hm, and Fm being the residual

depth, maximum indentation depth, and maximum force, respectively. The parameter
ε = 0.75 accounts for the geometry of the Berkovich indenter, incorporating the influence
of the tip radius and the pyramid edge radii. SEM images illustrate that a maximum
indentation depth of 50 nm is the limit for distinguishing between indentations on the
Ni3Al precipitate and the Ni3Al/Ni interface, as this depth brings the SEM morphology
boundary close to the edge of the Ni3Al precipitate (see Figure 4c,d).
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indentation morphology exceeds that of a single Ni3Al precipitate (Figure 6), it is difficult
to directly associate the discrepancy with the initial indentation site. However, useful
information can be extracted from the hardness–depth curves. Specifically, all hardness–
depth curves display a peak at an approximately 10 nm indentation depth, corresponding
to the first pop-in event on force–depth curves. The higher the peak value is, the closer
the indentation site is to the Ni3Al precipitate center. Conversely, the indentation site is
closer to the center of the Ni matrix. In addition, hardness is independent of indentation
sites as depth surpasses ~100 nm. SEM images reveal that at maximum indentation depths
exceeding 70 nm, the indentation morphology spans multiple Ni3Al precipitates and
Ni3Al/Ni interfaces (Figure 6). Therefore, the hardness–depth curves beyond ~100 nm
reflect the response of the entire Ni-based superalloy superlattice structure.
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4.2. Indentation Size Effect

As shown in Figure 7a, hardness decreases with increasing indentation depth, from
10.34 GPa at 30 nm to 6.98 GPa at 400 nm. Hardness fluctuations are more pronounced at
shallower depths due to variation in initial indentation sites, such as the Ni matrix, Ni3Al
precipitate, and Ni3Al/Ni interface. Beyond 100 nm, these fluctuations lessen (Figure 7a),
reflecting the cumulative response of the superlattice structure of Ni-based single-crystal
superalloys. When plotting H2 versus h−1 (Figure 7b), a strong linear relationship emerges
for depths beyond 70 nm, suggesting that the Nix–Gao model [11] reliably predicts the
H − h relationship. However, at depths below 70 nm, the experiment data deviate from
those of the Nix–Gao model, suggesting that the Ni3Al/Ni interfacial contribution should
be considered.
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4.3. Molecular Dynamics Simulations

To clarify the role of the Ni3Al/Ni interface, molecular dynamics simulations were per-
formed with indentation sites positioned at the Ni3Al precipitate, Ni matrix, and Ni3Al/Ni
interface. Here, it is worth noting that, in these simulations, the Ni matrix represents the
center of the Ni3Al/Ni interface in experiments. Dislocation activities were tracked to
correlate the microstructural evolution with indentation force and hardness profiles. As
shown in Figure 8, for a given indentation depth, indentation at the Ni3Al precipitate
yields the highest force and hardness values, while indentation at the Ni matrix shows
the lowest, with values at the Ni3Al/Ni interface falling between. This trend aligns with
the experimental results. Additionally, force and hardness exhibit fluctuations during
indentation, corresponding to the pop-in events observed in nanoindentation experiments.

For further comparison, microstructures of these three indentation sites at a depth of
4.0 nm are shown in Figure 9a–c. When indentation occurs on the Ni3Al precipitate, the
Ni3Al/Ni interface effectively restricts the propagation of dislocations from Ni3Al into the
Ni matrix, as most dislocations remain localized within the Ni3Al precipitate. Additionally,
the interfacial misfit dislocation network at the Ni3Al/Ni interface contacts towards the
interface center compared to its initial state (see insets in Figure 9a), which further impedes
dislocation movement.
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Figure 9. Atomic configurations and microstructural evolution at a maximum indentation depth
of 4.0 nm, with indentation sites at (a) Ni3Al precipitate, (b) Ni matrix, and (c) Ni3Al/Ni interface.
Dislocation analysis is used to illustrate the microstructural evolution, with the following colors
and symbols indicating different dislocation types: green for 1/6<112> Shockley, blue for 1/2<110>
perfect, purple for 1/6<110> stair-rod, yellow for 1/3<100> Hirth, and red for other dislocations.
For clarity, FCC structures were removed from images (a) to (c); (d–f) show changes in dislocation
density with indentation depth for indentation sites at the Ni3Al precipitate, Ni matrix, and Ni3Al/Ni
interface, respectively.
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As shown in Figure 9b, indentation on the Ni matrix results in a more dispersed
dislocation distribution. Dislocations generated beneath the indenter extend towards and
interact with the interfacial misfit dislocation network at the Ni3Al/Ni interface, disturbing
its structure and partially shearing into the Ni3Al precipitate.

When the Ni3Al/Ni interface is directly indented, the interfacial misfit dislocation
network quickly deviates from its initial quadrilateral arrangement due to interactions with
dislocations generated under the indenter. Dislocations then spread across both the Ni
matrix and Ni3Al precipitate, accumulating predominantly at the interface, where they are
absorbed and pinned (Figure 9c).

As shown in Figure 9d–f, the dislocation density increases with indentation depth,
reaching its highest value at the Ni3Al precipitate and its lowest at the Ni matrix at a depth
of 4 nm. As expected, the Ni3Al/Ni interface shows an intermediate dislocation density
under direct indentation.

5. Discussion

The indentation force–depth curves show that all samples initially undergo elastic de-
formation, followed by plastic deformation characterized by an obvious displacement burst,
or pop-in events [37]. Two types of pop-in events are identified in the loading sequence,
which is consistent with experimental observations in other metallic materials [38]. The
first pop-in event precisely corresponds to the peak on a hardness–depth curve. Both exper-
iments and simulations unveil that, at comparable indentation depths, the highest hardness
occurs when indenting the Ni3Al precipitate, while the lowest hardness is observed in
the Ni matrix. Simulations also show that dislocation activities are confined within the
Ni3Al precipitate, offering a high dislocation density that contributes to increased hardness.
Additionally, the simulations highlight the role of the Ni3Al/Ni interface in dislocation
annihilation and obstruction, consistent with previous studies [20,21].

The fluctuation in hardness at indentation depths below 100 nm is attributed to varia-
tion in indentation sites, which can include the Ni3Al precipitate, Ni matrix, or Ni3Al/Ni
interface. As indentation depth increases, this fluctuation lessens as the indentation area
expands to encompass all three regions, thereby reflecting the response of the entire super-
lattice structure of Ni-based single-crystal superalloys. Therefore, as shown in Figure 7b, the
indentation size effect at depths beyond 70 nm is well depicted by the Nix–Gao model [11]:

H = H0

√
1 +

h∗

h
, (6)

where H0 and h∗ are the macroscopic hardness and characteristic depth, respectively. As
shown in Figure 7b, H0 and h∗ are 6.4 GPa and 95.9 nm, respectively, by fitting the data
with indentation depths from 70 to 400 nm. However, below 70 nm, there is an apparent
deviation between experimental data and the Nix–Gao model.

As is known, the macroscopic hardness in Equation (6) is related to the statistically
stored dislocation density calculated by

H0 = 3
√

3αGb
√

ρs, (7)

where α is a constant, G is the shear modulus, b is the magnitude of Burgers vector, and ρs
is the statistically stored dislocation density. Based on Equation (7), it is obvious that, due
to the high dislocation density in the Ni3Al precipitate, it results in the largest hardness
(see Figures 8 and 9). The characteristic depth in Equation (6) can be calculated by

h∗ =
81
2

bα2 tan2 θ

(
G
H0

)2
, (8)

where θ is the angle between the surface of a conical indenter and the indented plane. For a
given material and an indenter geometry, h∗ depends on the statistically stored dislocation
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density through H0 [6,9,13,16]. Therefore, to apply the Nix–Gao model at indentation
depths below 70 nm, Equation (6) can be modified as

H = H0

√
1 +

h∗

h
−
(

hI

h

)2

, (9)

where hI is a modifying factor that accounts for the Ni3Al/Ni interfacial contribution. As
shown in Figure 7b, the experimental data for indentation depths from 30 to 400 nm can be
fitted by Equation (9) with the parameters H0 = 6.1 GPa, h∗ = 143.0 nm, and hI = 50.8 nm.
Therefore, by considering the Ni3Al/Ni interfacial contribution, the indentation size effect
of Ni-based single-crystal superalloys can be accurately described by the modified Nix–
Gao model.

6. Conclusions

To investigate the indentation size effect at very shallow depths (<100 nm), a series
of nanoindentation experiments and molecular dynamics simulations were conducted on
Ni-based single-crystal superalloys. This study examined the indentation size effect and
mechanical behaviors, focusing on the contributions from the Ni3Al/Ni interface. The
main conclusions are summarized as follows:

(1) For indentation depths under 100 nm, hardness varies significantly with indenta-
tion sites. The closer the indentation site is to the Ni3Al/Ni interface, the lower
the hardness observed, highlighting the influence of the Ni3Al/Ni interface on
material hardness.

(2) Molecular dynamic simulations show that the Ni3Al/Ni interfacial misfit dislocation
networks can effectively absorb and hinder dislocations. The observed site-dependent
hardness arises from a lower dislocation density at the center of the Ni3Al/Ni interface
during indentation.

(3) By incorporating the Ni3Al/Ni interfacial contribution, the indentation size effect is
well-captured across indentation depths from 30 to 400 nm using a modified Nix–
Gao model.

It is expected that these findings will provide new insights into the indentation size
effect and deformation mechanisms of Ni-based single-crystal superalloys, potentially
enhancing their applications in the aerospace industry.
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