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Abstract: Nitrogen-containing 0Cr19Ni10 (304 NG) austenitic stainless steel plays a significant role in
Generation IV reactor pressure vessels. The structure and properties of 304 NG are heavily influenced
by the grain boundaries (GBs), especially the initial mechanical response and dislocation evolutions.
Hence, in this paper, we carried out molecular dynamics (MD) simulations to investigate the effects of
the GB angles on the initial deformation of 304 models under nanoindentation. It is found that the GB
angle has great effects on the mechanical properties of 304 NG. With the GB angles changing from 90◦

to 150◦, the values of Young’s modulus and maximum shear stress first decrease and then increase
due to decreasing of the interaction among the GBs and the grain interiors (GIs) and the smoother
shape of GBs. The hardening region slope decreases rapidly result from the GB angles changing
the grain size on the both sides, which fully fits the Hall–Petch relationship. After the dislocations
reaching the GBs along the slip system, the dislocation piles-up on the GBs at first, and then GBs
serve as a source of dislocation and emit dislocation to free surface with the depth of nanoindentation
increasing. This work provides a better understanding on the angle effects of GBs in materials.

Keywords: molecular dynamics; nanoindentation; grain-boundary angles; mechanical properties;
dislocation evolution

1. Introduction

As a widely used structural material, 304 austenitic stainless steel has received ex-
tensive attention deriving from its excellent comprehensive properties [1–3]. In particular,
nitrogen-containing 0Cr19Ni10 (304 NG) austenitic stainless steel combines both the high
strength level of 304 and the resistance to intergranular corrosion [4,5] of 304 L. Compared
with the traditional 0Cr18Ni10Ti (321) stainless steel, 304 NG has the advantages of corro-
sion resistance [6], no titanium nitride inclusions, and no need for solution treatment after
assembly and welding [1,2,7]. Hence, it is a perfect material for the internal components
of nuclear reactors [8] and has been proposed for new Generation IV reactor pressure
vessels [9].

Recently, numerous studies have been performed on the properties of 304 austenitic
stainless steel, including the mechanical properties, corrosion resistance, and so on [10–13].
Hong et al. [14] found the Cu content and ageing treatment highly affect the microstructural
and mechanical corrosion properties of SUS 304 austenitic stainless steel. When the Cu con-
tent increases, the number of retained delta-ferrite decreases, the ultimate tensile strength
first decreases and then increases, the α’-martensite is suppressed, and the pitting potential
decreases. Wang et al. [15] investigated the nano-structural evolutions and mechanical
properties of 304 austenitic stainless steel during the rolling deformation. They found that
the rolling deformation has great effects on hardness and strength but weak influence on the
ductility. Thi et al. [16] studied the effect of strain-induced martensitic transformation local
distribution on fracture behaviors of 304 austenitic stainless steel during dynamic loading
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condition and clarified the mechanism for improved fracture-mechanical characteristics.
In addition, some researchers are dedicated to using molecular dynamics (MD) nanoin-
dentation as an effective means to study the microstructure evolution and mechanism of
materials during deformations. Luu et al. [17] studied the effect of the optimal choice of pa-
rameters on MD nanoindentation with typical body-centered cubic and face-centered cubic
materials and provided guidance for MD nanoindentation. AlMotasem et al. [18] investi-
gate the dominant cause of plastic deformation of the ferrite and austenite phase by MD
nanoindentation. They found a local softening/hardening at the boundaries. Qu et al. [19]
studied the atomistic deformation processes of embeddedtwin boundaries in model. The
hardening mechanisms (by introducing nano-scale TBs), the theoretical indentation model
(Johnson’s theoretical indentation model), and the dislocation nucleation (TBs as dislocation
sources) were analyzed. Talasi et al. [20] investigated mechanical properties of Fe bicrystals
with the spherical shape indenter. They found the dislocation nucleation and transition of
deformation mode leads to the loading drop and also that GBs affects the elastic modulus,
maximum shear stress, and hardness of the Fe bicrystal.

Although researchers have conducted a large number of experiments and simulations,
much work still needs to be done on the quantitative analysis of GBs on 304 austenitic
stainless steel. Thus, in this work, MD simulation of nanoindentation is carried out to
investigate the effects of the GB angles on initial deformation of 304 NG. We constructed
the MD models of 304 austenitic stainless steel with different GBs angles, performed
nanoindentation simulations on different models, and carefully analyzed the nucleation
and evolution of dislocations inside the corresponding samples.

2. Simulation Methods

All work was performed by large-scale atomic/molecular massively parallel simu-
lation (LAMMPS) [21]. The initial atomic configuration of the 304 sample is shown in
Figure 1. To explore the effects of the GB angles on initial deformation of 304, we built five
different samples with different GB angles α (90◦, 105◦, 120◦, 135◦, and 150◦) for simulation.
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atoms represent Cr atoms; the green atoms represent Ni atoms; the red atoms represent boundary 
atoms; the white atoms represent GB atoms. 
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sity. The expression U (𝑟௜௝) is an electrostatic pair potential, in which 𝑟௜௝ is the interatomic 
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The Verlet algorithm [28] was used to integrate the equation of motion to accurately 
obtain the position and velocity of the particles. Before nanoindentation, we first made the 
metallic system relaxed by energy minimization. The isothermal-isobaric (NPT) ensemble 
was then imposed to release the stress to zero in all directions [29] for 50 picoseconds (ps). 
After NPT relaxation, the canonical (NVT) ensemble using Nose–Hoover thermostat [30] 
was used to optimize the metallic system for 50 ps. It is worth noting that all of the above 
steps were carried out at 300 K and the timesteps was 1 fs. During the nanoindentation 
process, the NVT ensemble was applied to control the Newtonian zone at a constant tem-
perature, 300 K. The micro-canonical (NVE) ensemble was applied at the boundary zone. 

Figure 1. Snapshot of the nanoindentation sample. The blue atoms represent Fe atoms; the yellow
atoms represent Cr atoms; the green atoms represent Ni atoms; the red atoms represent boundary
atoms; the white atoms represent GB atoms.

As shown in Figure 1, there are different alloy elements and GB angles in the initial
sample. The blue atoms represent iron (Fe) atoms, the yellow atoms represent chromium
(Cr) atoms, and the green atoms represent nickel (Ni) atoms. The atom fraction of Fe is
70.35%, Cr is 20.22%, and Ni is 9.43%, based on the experimental elemental mass fraction of
304 NG. The size of the initial sample is 60 a × 60 a × 60 a, where a = 3.562 Å is the lattice of
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FeCrNi alloy. In the X and Y directions is a periodic boundary condition, however, in the Z
direction is a non-periodic and shrink-wrapped with a minimum value boundary condition.

There are ten layers of atoms near the bottom, which is fixed as boundary zone (the
layers with red balls). The boundary zone is to prevent the 304 NG substrate from moving
during the nanoindentation process. The motion of the remaining atoms is divided into
Newtonian-1 zone and Newtonian-2 zone, which follow classical Newton’s second law [22].
In the Newtonian-1 zone, the X, Y, and Z axes are [112], [110], and [111] crystal orientation,
respectively. In the Newtonian-2 zone, the X, Y, and Z axes are [100], [010], and [001]
crystal orientation, respectively. The nucleation and propagation of dislocations during the
nanoindentation process are both performed in the Newtonian-2 zone.

The nanoindentation MD simulations are carried out with a radius of 4 nm virtual
spherical indenter, which is positioned above the 304 sample. The virtual spherical indenter
moves downwards along Z-axis at a constant velocity of 10 m/s with about 3 nm nanoin-
dentation depth, smaller than the radius of the virtual spherical indenter. The spherical
indenter exerts a force of magnitude

F(r) = −K (R − r)2 (1)

on each atom, where K is the specified force constant (in this work, K is set to be 100 eV/A3),
r is the distance from the atom to the center of the virtual spherical indenter, and R is the
virtual spherical indenter radius of 4 nm.

The widely used embedded-atom method (EAM) potentials [23,24] developed by
Bonny et al. [25] was used to define the interactions of the Fe-Cr-Ni atoms. The EAM
potentials have been widely used to study the defects and their evolution in FCC metallic
systems [26,27]. In EAM potentials, the interaction of pairwise atoms depends on both
electron density and the inter-atoms distance. The equations of the potential are:

U = Uem + Epair = ∑N
i=1 F(ρi) + ∑N−1

i=1 ∑N
j=i+1 U

(
rij
)

(2)

ρi = ∑N
j=1 ϕj

(
rij
)

(3)

where U is total energy, i and j symbolize pairs of atoms of the metallic system, F is the
embedding function, which relies on ρi, and ρi is the averaged atomic electron density. The
expression U (rij) is an electrostatic pair potential, in which rij is the interatomic distance.

The Verlet algorithm [28] was used to integrate the equation of motion to accurately
obtain the position and velocity of the particles. Before nanoindentation, we first made the
metallic system relaxed by energy minimization. The isothermal-isobaric (NPT) ensemble
was then imposed to release the stress to zero in all directions [29] for 50 picoseconds (ps).
After NPT relaxation, the canonical (NVT) ensemble using Nose–Hoover thermostat [30]
was used to optimize the metallic system for 50 ps. It is worth noting that all of the above
steps were carried out at 300 K and the timesteps was 1 fs. During the nanoindentation
process, the NVT ensemble was applied to control the Newtonian zone at a constant
temperature, 300 K. The micro-canonical (NVE) ensemble was applied at the boundary
zone. The dislocation extraction algorithm (DXA) was a better way to understand the
dislocation evolution during the deformation process under nanoindentation, which was
proposed by Stukowski and Albe [31,32]. The common neighbor analysis (CNA) [33]
method and assign color method were applied to analyze a local organizational structure
and coloring. The detailed assign color scheme can be found in other papers. The software
Open Visualization Tool (OVITO) [34] was used for visualizing the atomic configurations,
which version is 3.6.0.

3. Results and Discussion
3.1. The Force and Depth Curves of Nanoindentation

The typical nanoindentation force-depth (P-h) curves of all 304 samples are shown in
Figure 2. We can see from Figure 2 that the P-h curve of the 90◦ sample is obviously higher
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than other samples, indicating that the angle of GBs significantly has great influence on the
mechanical properties. In general, the P-h curves of all samples exhibit two stages: elastic
and plastic deformation stages. In the elastic deformation stage, the loading force increases
with the rise of nanoindentation depth and the loading force of the 90◦ sample is higher than
for other samples. With the increase of GB angle, the nanoindentation depth of the yielding
point decreases correspondingly (the nanoindentation depth of yielding is 5.04 Å, 4.82 Å,
4.68 Å, 4.65 Å, and 4.56 Å, respectively). However, the corresponding load force decreases
first—the 120◦ sample is the lowest—and then increases (the corresponding yielding force
is 353.42 nN, 255.08 nN, 246.91 nN, 259.76 nN, and 266.17 nN, respectively). Both the
yielding depth and yielding force are affected by the GB angle in the elastic deformation
stage. In the plastic deformation stage, the load force at the same nanoindentation depth
is obviously a discrepancy, as shown in Figure 2. Thus, the GB angles affect the entire
nanoindentation process, including the dislocation nucleation at the end of the elastic
deformation stage and the multiplication, interaction, and the pile-up of dislocations at the
plastic deformation stage.
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tion jog occur in the sample with the increase of nanoindentation depth. The propagation 
and interaction of dislocation in the sample lead to a change in the energy in the system. 
When the dislocation slip is blocked, the new dislocation will form at the original 
nanoindentation location. The macroscopic performance is that in the P-h curve, the load 
force fluctuates, but the overall load force shows an upward trend. Fu et al. [35] report on 

Figure 2. (a) Force-depth curves of different samples. Inset picture (b) is the close-up view of curves
at nanoindentation depth from 0.3 to 0.6 nm.

After the nanoindentation depth reaches the yielding point, the atoms under the virtual
spherical indenter leave the lattice position and collapse, then the nucleation embryo of
dislocation appears and aggregates to form dislocation lines. The internal energy is released.
Therefore, there is a tendency for the load to decrease slightly and then increase, as shown
in Figure 2b. The multiplication of dislocation, pile-up, interaction, and dislocation jog
occur in the sample with the increase of nanoindentation depth. The propagation and
interaction of dislocation in the sample lead to a change in the energy in the system. When
the dislocation slip is blocked, the new dislocation will form at the original nanoindentation
location. The macroscopic performance is that in the P-h curve, the load force fluctuates,
but the overall load force shows an upward trend. Fu et al. [35] report on the effects of
interface and hetero-twin interface on mechanical properties. The slip of the stacking fault
releases the internal stress, resulting in insignificant strengthening.

As noted above, the GBs in a sample can dramatically affect the mechanical properties
of the material. To better understand the effects of GBs in the sample, we carefully examined
the dislocation at the nanoindentation depth of yielding for all samples. We analyzed the
internal structure of the sample by the DXA method and then obtained the generation of
internal defects in the material. A summary of the dislocation initial stage for the different
samples is presented in Figure 3. The atoms in perfect FCC lattice structures are removed
for clarity.
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As shown in Figure 3, a few nucleation embryos have aggregated to form a dislocation
line. The slip system of FCC metal materials is the <110> {111} system. In Figure 3, the
initial dislocation will expand from subsurface to free surface in the <111> {112} slip system.
We observed that the shape of initial dislocation varied for all samples. This is one of
the manifestations of the interaction between the GBs and GIs. Meyersm et al. [36] and
Benson et al. [37] researched the interaction of GBs and GIs in the elastic deformation stage.
The GBs integrate the separated grains together. During the deformation process, the GBs
transmit the force between the grains, but they also adjust the deformation of the grains
on both sides. There are three factors that affect the interaction between GBs and GIs:
stress difference, microplastic deformation of GBs, and continuous GB structure. When the
microplastic deformation occurs on the GBs, the stress in GIs is released and the threshold
stress of dislocation nucleation, aggregation, and expansion was not reached. This explains
the reason for the change trend of the yield point and yield stress of all samples in P-h
curves. First, for the GB angle from 90◦ to 120◦, the vertical distance between the nucleation
point and the GBs increased, thus the interaction of GBs and the dislocation point in GIs
decreased, and the yielding force and the first drop point also decreased, as shown in
Figure 2. At the GB angle from 120◦ to 150◦, because the distance between the GBs and the
dislocation nucleation point was far enough, the interaction can be almost neglected. At
the same time, the GBs angle became larger, the integrity of the grains under the indenter
improved, and, at the macroscopic level, the yield strength and yield depth increased.

3.2. The Typical Mechanical Parameters of Nanoindentation

As we all know, the Hertz solution [38] is an analysis for elasticity near the contact
patch. During the process of nanoindentation, when the nanoindentation depth is shallow,
the sample has completely elastic contact. As the nanoindentation depth increases, the
inside of the material begins to yield, and plastic deformation occurs. When the nanoinden-
tation depth reaches a certain value, the contact patch shows complete plastic deformation.
There are two modes to calculate Young’s modulus, by total nanoindentation depth and
contact radius. Hertz found that the relation among the radius of contact patch a, the
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load force P, the radius of virtual spherical indenter R, and the elastic parameter of the
contacting materials Er can be expressed as:

a3 =
3
4

PR
Er

(4)

1
Er

=
1 − v2

s
Es

+
1 − v2

i
Ei

(5)

where Es and Ei are Young’s modulus for sample and indenter, respectively; vi and vs are
the Poisson’s ratio for sample and indenter, respectively. By fitting Equation (4), we can
calculate Young’s modulus of sample for each nanoindentation distance. These results are
shown in Table 1. Another method, before the first load force drops, the relation between
the load force P and the nanoindentation depth h is described as:

P =
4
3

Er R1/2 h3/2 (6)

Table 1. Calculated parameters of all samples.

Parameters 90◦ Sample 105◦ Sample 120◦ Sample 135◦ Sample 150◦ Sample

Young’s modulus by Equations (4) and (5) (GPa) 351.52 279.89 273.61 288.39 293.53

Young’s modulus by Equation (6) (GPa) 340.41 286.22 266.46 296.53 308.59

Maximum shear stress by Equation (7) (GPa) 25.06 19.26 18.84 19.82 19.96

Maximum shears tress by Equation (8) (GPa) 24.58 19.42 18.67 20.05 20.33

Hardness at yielding point (GPa) 29.46 22.42 22.19 23.61 23.71

Hardness region slope (N/m) 52.89 47.55 43.19 40.42 29.06

All the fitted values of Er by Equations (5) and (6) are shown in Table 1.
Figure 4 shows that the Young’s modulus of nanoindentation simulation varies with

the GB angle. First, Young’s modulus is calculated by combining the contact radius with
total nanoindentation depth. From Table 1 and Figure 4, we can see that the GB angle in the
sample increased from 90◦ to 150◦, and Young’s modulus first decreased and then increased,
which is the same as the yielding force. Young’s modulus is mainly determined by the
stress in GIs. With the angle of GBs increasing, the vertical distance between the nucleation
point and the GBs increased, resulting in the internal stress not releasing smoothly. The
internal stress is larger when the angle of GBs increases. Thus, Young’s modulus decreases
with the GB angle from 90◦ to 120◦. Moreover, Young’s modulus of the material is affected
by the shape of the GBs. With a GB angle from 120◦ to 150◦, the shape of GBs tends to be
flat. The grains on both sides of the GBs shows similar force, so the stress fluctuations at
GBs are small, and therefore Young’s modulus increases.

As for a spherical indenter, the value of the maximum primary shear stress is estimated
to be 0.31 Pmax, where Pmax is the maximum pressure. This maximum shear stress value
is obtained by calculating the radial and tangential stress components along the axis of
symmetry. Combined with the elastic contact theory and Equation (6), it can be shown that
this maximum shear stress is described as:

τmax = 0.31 Pmax = 0.31 ×
(

6 F E2
r

π3 R2

)1/3

(7)

According to the precise contact area, we can obtain another way to calculate the
maximum shear stress. This way is described as:

τmax = 0.31 Pmax = 0.465 × P
π a2 (8)
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All these maximum shear stress values which calculate by Equations (7) and (8) are
shown in Table 1 and Figure 5. These values are approximate, within a very small margin
of error.

Crystals 2022, 12, 58 6 of 12 
 

 

3.2. The Typical Mechanical Parameters of Nanoindentation  
As we all know, the Hertz solution [38] is an analysis for elasticity near the contact 

patch. During the process of nanoindentation, when the nanoindentation depth is shal-
low, the sample has completely elastic contact. As the nanoindentation depth increases, 
the inside of the material begins to yield, and plastic deformation occurs. When the 
nanoindentation depth reaches a certain value, the contact patch shows complete plastic 
deformation. There are two modes to calculate Young’s modulus, by total nanoindenta-
tion depth and contact radius. Hertz found that the relation among the radius of contact 
patch a, the load force P, the radius of virtual spherical indenter R, and the elastic param-
eter of the contacting materials Er can be expressed as: 𝑎ଷ =  34 𝑃𝑅𝐸௥  (4)1𝐸௥ =  1 − 𝑣௦ଶ𝐸௦ + 1 − 𝑣௜ଶ𝐸௜  (5)

where 𝐸௦ and 𝐸௜ are Young’s modulus for sample and indenter, respectively; 𝑣௜ and 𝑣௦ 
are the Poisson’s ratio for sample and indenter, respectively. By fitting Equation (4), we 
can calculate Young’s modulus of sample for each nanoindentation distance. These results 
are shown in Table 1. Another method, before the first load force drops, the relation be-
tween the load force P and the nanoindentation depth h is described as: P =  43 𝐸௥ 𝑅ଵ/ଶ ℎଷ/ଶ (6)

All the fitted values of 𝐸௥ by Equations (5) and (6) are shown in Table 1. 
Figure 4 shows that the Young’s modulus of nanoindentation simulation varies with 

the GB angle. First, Young’s modulus is calculated by combining the contact radius with 
total nanoindentation depth. From Table 1 and Figure 4, we can see that the GB angle in 
the sample increased from 90° to 150°, and Young’s modulus first decreased and then 
increased, which is the same as the yielding force. Young’s modulus is mainly determined 
by the stress in GIs. With the angle of GBs increasing, the vertical distance between the 
nucleation point and the GBs increased, resulting in the internal stress not releasing 
smoothly. The internal stress is larger when the angle of GBs increases. Thus, Young’s 
modulus decreases with the GB angle from 90° to 120°. Moreover, Young’s modulus of 
the material is affected by the shape of the GBs. With a GB angle from 120° to 150°, the 
shape of GBs tends to be flat. The grains on both sides of the GBs shows similar force, so 
the stress fluctuations at GBs are small, and therefore Young’s modulus increases. 

 
Figure 4. Young’s modulus for nanoindentation simulation. Figure 4. Young’s modulus for nanoindentation simulation.

Crystals 2022, 12, 58 7 of 12 
 

 

Table 1. Calculated parameters of all samples. 

Parameters 90° Sample 105° Sample 120° Sample 135° Sample 150° Sample 
Young’s modulus by 

Equations (4) and (5) (GPa) 351.52 279.89 273.61 288.39 293.53 

Young’s modulus by 
Equation (6) (GPa) 340.41 286.22 266.46 296.53 308.59 

Maximum shear stress by 
Equation (7) (GPa) 25.06 19.26 18.84 19.82 19.96 

Maximum shears tress by 
Equation (8) (GPa) 24.58 19.42 18.67 20.05 20.33 

Hardness at yielding point 
(GPa) 

29.46 22.42 22.19 23.61 23.71 

Hardness region slope 
(N/m) 

52.89 47.55 43.19 40.42 29.06 

As for a spherical indenter, the value of the maximum primary shear stress is esti-
mated to be 0.31 𝑃௠௔௫, where 𝑃௠௔௫ is the maximum pressure. This maximum shear stress 
value is obtained by calculating the radial and tangential stress components along the axis 
of symmetry. Combined with the elastic contact theory and Equation (6), it can be shown 
that this maximum shear stress is described as: 𝜏௠௔௫ = 0.31 𝑃௠௔௫ = 0.31 × (6 𝐹 𝐸௥ଶ𝜋ଷ 𝑅ଶ )ଵ/ଷ (7)

According to the precise contact area, we can obtain another way to calculate the 
maximum shear stress. This way is described as: 𝜏௠௔௫ = 0.31 𝑃௠௔௫ = 0.465 × 𝑃𝜋 𝑎ଶ (8)

All these maximum shear stress values which calculate by Equations (7) and (8) are 
shown in Table 1 and Figure 5. These values are approximate, within a very small margin 
of error. 

 
Figure 5. The maximum shear stress for nanoindentation simulation. 

The maximum shear stress fitted by Equations (7) and (8) is approximate. For all sam-
ples, the fitting maximum shear stress is also approximate. It shows that the maximum 
shear stress is insensitive to the GB angle in the sample. The ideal shear strength of FCC 
FeCrNi alloy is approximately 178 GPa [39]. According to the theoretical shear strength of 
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The maximum shear stress fitted by Equations (7) and (8) is approximate. For all
samples, the fitting maximum shear stress is also approximate. It shows that the maximum
shear stress is insensitive to the GB angle in the sample. The ideal shear strength of FCC
FeCrNi alloy is approximately 178 GPa [39]. According to the theoretical shear strength
of the material, the maximum shear stress value is approximately G/2π, where G is the
ideal shear strength. Hence, the ideal shear stress value is approximately 28.34 GPa. The
maximum shear stress fitted is smaller than theoretical shear stress. This is because the
presence of GBs increases the number of internal defects in the sample. These maximum
shear stresses by Equations (7) and (8) agree well with experimental data.

There are two contact area concepts: the Brinell contact area and the Meyer contact
area [40,41]. In this work, the Meyer contact area is used to compute the hardness of
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the 304 NG sample. Based on the Hertzian theory, we know that contact pressure is the
response of the sample in the direction of load. The mean contact pressure between the
contact surface of the indenter and nanoindentation is equal to the ratio of force to the
projected area of the nanoindentation. Hence, the hardness is described as:

H =
P
S
=

P
π (2R − hc) hc

(9)

where P is the load force, R is the radius of sphere indenter, and hc is the nanoindentation
depth. All hardness values at the yielding point of the sample are shown in Table 1.

From Figure 6a, we can see that the trend of hardness at yielding is the same as
yielding force, likely Young’s modulus and maximum shear stress. However, at the angle
of GB from 105◦ to 150◦, the value of the hardness at the yielding point is approximate. In
addition to the interaction between the GBs and GIs, the hardening region slope affects the
hardness at the yielding point. With the angle of GBs increasing, the hardening effect is
weaker. From Figure 6b, we found that the GBs in the sample had an obvious effect on
the hardening region slope. With the angle of GBs increasing in the sample, the hardening
region slope decreases rapidly. Strengthening by grain size reduction has always been an
effective means to improve the strength of polycrystalline materials. The smaller the crystal
grains, the higher the strength of the material, which is the Hall–Petch relationship [42].
In this work, it means that the crystal grains, in the Newtonian-2 zone, are getting larger
with the increase of the GB angle in the sample. This is why the hardness region slope is
significantly reduced. The larger the crystal grains, the smaller the strengthening effect.
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3.3. The Effect of GBs on the Dislocation Slip

To understand the effect of GBs on dislocation slip, we examined the dislocation for
the 120◦ sample at the nanoindentation depth h = 22 Å by the DXA method. Figure 7 shows
the dislocation and the Burgers vectors of dislocation in the 120◦ sample. All atoms in the
sample are removed for clarity. In Figure 7, the red line represents other dislocation, the
blue line represents Perfect dislocation, the green line represents Shockley dislocation, the
pink line represents Stair-rod dislocation, the yellow line represents Hirth dislocation, and
the cyan line represents Frank dislocation. Compared with Figure 3c, at a nanoindentation
depth of 22 Å, we find that more Shockley dislocations are emitted in different directions
along [011] and [101] slip directions, and the most dislocation slip to the GBs. The expansion
and reaction of dislocations are shown in the figure, especially at the points A, B, C, and D.
These computations for dislocation in α-Fe have been reported by Kumar et al. [43]. During
the nanoindentation process, there are active and less active slip system families.
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tation depth is 2.2 nm.

Reaction at point A: The 1/6 dislocation formed by the reaction at point A is like a
stair rod, pressed on (111) and (111) plane, making the two Shockley splits difficult to move,
and when the two Shockley dislocations are combined, it is called Lomer–Cottrell lock, or
L–C lock [44]. It plays a significant role in the work hardening of FCC crystal materials.

Reaction at point B: The reaction of Shockley partial dislocations can form Stair-rod
dislocations or Hirth dislocations.

At point C, the Shockley dislocation spreads rapidly on the (001) plane. In addition, we
have also noticed that a large number of Shockley dislocations extend to the grain boundary.

At point D, these Shockley dislocations are generated at the GBs and extend to the
interior of block 1 along a certain direction.

Figure 8 shows the dislocation for all samples at nanoindentation h = 22 Å. Compared
to all samples, we can see that the glide direction of dislocations are mainly in the hori-
zontal direction and the direction perpendicular to the GBs for the 90◦ sample. As the GB
angle increases, all the glide directions are gradually inclined to approach the direction
perpendicular to the GBs. The distance at the perpendicular direction is shortest from the
GBs to dislocation lines. In this direction, the internal stress can rapidly release. In the
135◦and 150◦ samples, the glide direction of dislocation is more inclined to slip along the
perpendicular to the GBs at a short distance between the dislocation and GBs. Moreover,
the larger GB angle means the grain (Newtonian-2 zone) is larger and the dislocation
density is smaller in GIs. The interaction of dislocation in GIs, like dislocation jog, crossing
of dislocation, dislocation tangle, pile-up of dislocation, and so on, are reduced during the
nanoindentation process. Correspondingly, the hardening region slope of the sample are
reduced. This is also consistent with the Hall–Petch relationship.

According to the study by Zaefferer [45], there are four situations when the dislocation
line arrives at the GBs: the dislocations directly transmit to the GBs, the dislocations
transmit to the GBs and leaves residual dislocations on the boundary, and the dislocation
cannot transmit to the GBs. From Figure 8, we can see that the dislocation pile-up is on the
boundaries at the initial deformation stage of all samples, which shows the great capacity
of GBs to accommodate dislocations. This is one reason that the GB angle in the sample
has a significant effect on the mechanical properties of the material. From Figure 8b–d, we
observe that the GBs serve as a source of dislocation and emit dislocation to free surface
when the depth of nanoindentation increases.
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4. Conclusions

In this work, MD of nanoindentation has been carried out on 304 samples with different
GB angles to investigate the effect of GB angles on initial deformation of 304 NG and explain
the related mechanisms. We fit four parameters (Young’s modulus, the maximum shear
stress, the hardness at the yielding point, and the slope of hardness region) to explore the
effect of GB angles on the mechanical properties of 304 samples.

The GB angle affects the entire process of nanoindentation. At the initial elastic stage,
with the GBs angle from 90◦ to 120◦, the Young’s modulus and maximum shear stress
decrease. For the GB angle from 120◦ to 150◦, the Young’s modulus and maximum shear
stress increase due to the interaction of GBs and the dislocation nucleation in GIs. The
hardening region slope is affected by the grain size, with the GB angle from 90◦ to 150◦, the
grain is increasing so the hardening effect decreases, which fits the Hall–Petch relationship.

At the dislocation slip stage, with the GB angle from 90◦ to 150◦, the direction of
dislocation slip tends to be perpendicular to the GBs. This is because that the vertical
distance between the GBs and the dislocation in GIs is shorter and the internal stress of GIs
release is convenient. Finally, when the dislocations slip to the GBs, the dislocation piles up
on the GBs at first and then GBs serve as a source of dislocation and emit dislocation to free
surface with increasing depth of nanoindentation.
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