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Abstract: Nanocrystalline metals possessing excellent mechanical strength have great potential to
replace traditional metal materials as structural materials, but their poor resistance to creep deforma-
tion seriously restricts their engineering applications at high temperatures. The high-temperature
creep behavior of nanocrystalline Ni with different volume fractions of initial vacancies ranging from
0% to 10% was studied systematically by molecular dynamics simulation in this study. The results
showed that the steady-state creep displacement first increased and then decreased with increasing
initial vacancy concentration, reaching the maximum when the initial vacancy concentration was 6%.
The microstructural characteristics, such as quantity increment and distribution of the vacancies, the
number and types of dislocations, and shear strain distribution during creeping, were analyzed in
detail. The deformation-induced vacancies formed at the grain boundary (GB) in the initial creep
stage, and their variation trend with the initial vacancy concentration was consistent with that of the
creep displacement, indicating that the initial vacancy-dependent high-temperature creep behavior
of nanocrystalline Ni was mainly determined by the rapidly increasing number of vacancies at
the GB in the initial creep stage. Afterwards, the deformation-induced, vacancy-assisted 1/6{112}
Shockley partial dislocation activities dominated the creep deformation of nanocrystalline Ni in the
steady-state creep stage. The results can provide theoretical support for expanding the application of
nanocrystalline metals from the perspective of crystal defect engineering.

Keywords: creep behavior; deformation mechanism; molecular dynamics simulation; nanocrystalline
Ni; vacancies

1. Introduction

The mechanical properties of nanocrystalline (NC) metals are essentially different
from those of traditional coarse-grained metals, mainly because the volume percentage of
the grain boundary (GB) is too large to be ignored due to its nanoscale grain size. Enor-
mous amount of research has proved the excellent room-temperature mechanical strength
of nanocrystalline metals [1-5]. At present, the most promising application of nanocrys-
talline metals in mechanics is as a surface layer, possessing unique and excellent properties
that traditional bulk materials do not, such as high strength and friction resistance. In
experiments, nanocrystalline metal films can be prepared on substrates using bottom-up
methods, such as electrolytic deposition (EP), physical vapor deposition (PVD), chemical
vapor deposition (CVD), etc. Using top-down techniques, such as severe plastic deforma-
tion (SPD), the surface of bulk materials is crushed into nanostructured crystal units to
prepare macroscopic-gradient nanostructured materials. The thickness of nanocrystalline
metal films prepared by the above experimental methods is generally in the range of a

Coatings 2024, 14, 63. https:/ /doi.org/10.3390/ coatings14010063

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14010063
https://doi.org/10.3390/coatings14010063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-6075-948X
https://doi.org/10.3390/coatings14010063
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14010063?type=check_update&version=1

Coatings 2024, 14, 63

20f12

few micrometers to a few hundred micrometers. However, the high proportion of GBs
makes nanocrystalline metals creep at even room temperature, seriously restricting their
application in engineering practice despite their extremely high strength.

The creep mechanisms of NC metals have been extensively investigated through
experiments [6,7] and simulations [8,9]. It has been demonstrated that the dominant
creep deformation mechanism in traditional coarse-grained metal materials is applicable
to nanocrystalline metals, such as dislocation glide, dislocation climb [10], and Coble
creep [11]. At the same time, the unique deformation mechanisms related to GB have
also been confirmed in the creep deformation mechanism of nanocrystalline metals, such
as GB diffusion and GB sliding [10]. Due to the large volume fraction of GBs, the creep
process of nanocrystalline metals is always accelerated in terms of dislocation evolution
and atom diffusion at the GB, even at lower temperatures and holding stress levels. The
creep mechanism at both the primary creep and steady-state creep stages is Coble creep
controlled by GB diffusion and accompanied by dislocation nucleation, while the creep
mechanism at the tertiary creep stage is not only controlled by GB diffusion based on Coble
creep but also controlled by Nabarro-Herring creep via lattice diffusion [12,13].

Point defects, which have a great impact on the mechanical properties and plastic
deformation of nanocrystalline metals, have also been studied [14]. It was found that the
yield stress and fracture stress for nanocrystalline Ni containing more vacancies were lower
than those for the one containing fewer vacancies, and an increase in GB energy due to
vacancies in the GB was suggested to enhance GB fracture. Generally, injection of point
defects in the form of vacancies can enhance the diffusional plasticity of nanocrystalline
metals. For example, vacancy-enhanced plasticity through higher atomic diffusivity at the
GBs was revealed in pristine and irradiated nanocrystalline zirconium samples during
tensile response [15]. If the vacancy has such a great influence on the strength and plasticity
of nanocrystalline metals, it can be inferred that the vacancy will also have a critical
influence on the creep behavior and the corresponding creep mechanisms of nanocrystalline
metals. At present, the influence of vacancy concentration and distribution on the creep
behavior of NC metals is not completely clear. The extent to which the vacancy can affect
the deformation mechanism of creep is worth exploring.

Molecular dynamics (MD) simulation can provide new and complementary insights
into the deformation mechanism during different stages of creep deformation for nanocrys-
talline metals. Although MD simulation suffers from the limitation of the relatively short
time scale and insufficient model size, EAM potential can still be successfully applied to
the simulation of vacancy and dislocation activity in metals [16,17], and the characteristics
of the obtained creep curve are the same as the three stages of actual creep: initial creep,
stable creep, and accelerated creep [18-22]. In addition, the deformation mechanism has
also been noted to be consistent with the actual high-temperature creep mechanism [23-25].
Pure crystalline Ni, which possesses a face-centered cubic (FCC) crystal structure and has
strong solid solution ability [26-28], is a typical material to explore the creep deformation
mechanism of nanocrystalline metals. The influence of initial vacancy concentration on the
creep deformation mechanism of nanocrystalline Ni was analyzed through MD simulation
in this study. Creep displacements were found to be closely related to the initial vacancy
concentration, reaching the largest value at the initial vacancy concentration of 6%. The
number and distribution of new vacancies during deformation and the number and types
of dislocations were analyzed to reveal the creep deformation mechanism of nanocrystalline
Ni with initial vacancies. Discussion on the creep deformation mechanism of nanocrys-
talline Ni with initial vacancies will provide guidance for creep-related applications of
typical FCC metals.

2. Simulation Model and Method

Nanocrystalline Ni models with a mean grain size of 3 nm were constructed based
on Voronoi tessellation using the ATOMSK software Atomsk_b0.13_Windows [29]. The
configuration of the models was a cubic structure of 15 x 15 x 15nm?, as shown in Figure 1a.
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Nanocrystalline Ni models containing different volume fraction of initial vacancies ranging
from 0% to 10% (00/0, 0.1(70, 10/0, 20/0, 3(70, 40/0, 50/0, 60/0, 70/0, 80/0, 90/0, and 100/0) were created by
randomly removing certain fractions of atoms in the model. In Figure 1b, a model with
initial vacancy concentration of 1% is shown, with the blue dots representing the coordinates
of the deleted atomic sites. The assumption of vacancy concentration in the range of
1072 in this study was mainly based on the following considerations. The equilibrium
vacancy concentration can be calculated by the following equation: C, = Aexp (—E, /kT),
where k = 1.38 x 10~23 J/K, coefficient A = 1. The equilibrium vacancy concentration is
exponentially related to the vacancy formation energy and temperature. The vacancy
formation energy of common pure metals ranges from 0.4 to 2.0 eV, and the equilibrium
vacancy concentration at 800 K can be calculated to be within the range of 1072 to 1078. In
nanostructured metals, the formation energy of vacancies decreases with decreasing grain
size, and the equilibrium vacancy concentration will correspondingly increase.

Figure 1. (a) Nanocrystalline Ni model with mean grain size of 3 nm, where baby blue and dark blue
representing the atoms inside grains and at grain boundaries, respectively. (b) Model with an initial
vacancy concentration of 1%, with the blue dots representing the coordinates of the randomly deleted
atomic sites.

MD simulations were performed using a large-scale atomic/molecular massively
parallel simulator (LAMMPS) [30]. The interaction between Ni atoms was described using
the embedded atom method (EAM) potential for Ni systems, which was developed by
Etesami et al. [31]. The motion of atoms was controlled by a Nose-Hoover thermostat within
the isobaric-isothermal (NPT) ensemble, and periodic boundary conditions (PBC) were
applied on each direction of the models. As the degree of structural disorder increased due
to the missing atoms, energy minimization and relaxation treatment at a certain temperature
needed to be carried out before creep deformation in order to obtain a reasonable model.
The model temperature remained unchanged after rising from 50 to 800 K within 50 fs. The
loading stress of 2 GPa was applied in the Z direction and maintained at a temperature of
800 K within 500 fs.

Visualization of the microstructural evolution of each model was carried out through
the software package of OVITO Ovito-basic-3.3.5-win64 [32]. Identification of point defects
and dislocations was performed using Wigner—Seitz defect analysis and dislocation analysis
(DXA). The plastic strain of each atom was colored by the calculated magnitude of atomic
von Mises shear strain n;Mis¢s [33,34], which has proved to be an effective parameter to
characterize local atomic rearrangement.

3. Results and Discussion
3.1. Creep Behavior of Nanocrystalline Ni with Initial Vacancies

Figure 2a shows the variation in loading stress with the loading time applied on
nanocrystalline Ni with different volume fractions of initial vacancies ranging from 0% to
10%. The blue region and orange region represent the loading stage and holding stage,
respectively. Stress was firstly applied from 0 to 2 GPa within 50 fs and then maintained for
500 fs to obtain the creep interval of the models. Variation trends of creep displacement
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and creep strain rate with load holding time of the nanocrystalline Ni models are exhibited
in Figure 2b,c. It can be seen that all models had two typical creep stages: the initial creep
stage (that is, the deceleration creep stage) and the steady-state creep stage. In order to
more intuitively show the influence of initial vacancy concentration on creep displacement,
the relationship between the creep displacement and volume fraction of the initial vacancy
at creep times of 50 and 200 fs is displayed in Figure 2d, representing the initial creep stage
and the steady-state creep stage, respectively. It can be seen that with the increase in initial
vacancy concentration, the creep displacement first remained unchanged when the initial
vacancy concentration was less than 4% and then exhibited a significant increase when the
initial vacancy concentration was between 4% and 6%. After that, the creep displacement
decreased with further increase in the initial vacancy concentration, reaching the maximum
when the initial vacancy concentration was 6%.
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Figure 2. (a) Different stress levels applied on nanocrystalline Ni with different volume fractions of
initial vacancies with loading time. Variations in (b) creep displacement and (c) creep strain rate with
time under loading stress of 2 GPa and temperature of 800 K. (d) Variation in creep displacement
with initial vacancy concentration at creep times of 50 and 200 fs.

3.2. Characteristics of Deformation-Induced Vacancy Formation during Creep

The microstructures of nanocrystalline metals change dramatically during the creep
process, such as the generation and annihilation of vacancies, the sliding and climbing of
dislocations, and the reorganization of GBs. Here, we found that the change in the number
of dynamic vacancies in nanocrystalline Ni caused by creep had an obvious characteristic.
Figure 3a shows the variation trend of the increment of vacancy concentration with time for
each model during the creep deformation process. The increment of vacancy concentration
increased sharply at the beginning and reached the maximum in 50 fs. After that, the
increment decreased rapidly and basically remained unchanged when the creep time
exceeded 150 fs. In other words, the vacancy increments firstly increased to the peak value
and subsequently decreased in the initial creep stage and then remained stable in the steady-
state creep stage. The relationship between the maximum value of vacancy increment at
creep time of 50 fs and the initial vacancy concentration of the model is shown in Figure 3b.
With the increase in the volume fraction of initial vacancies, the vacancy increment during
creep increased and reached the maximum at the initial vacancy concentration of 6%. After
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Quantity increment of vacancies

that, the vacancy increment during creep decreased as the initial vacancy concentration
further increased. Interestingly, the changing trend of the maximum vacancy increment
with the initial vacancy concentration of the model (as shown in Figure 3b) was basically
consistent with the changing trend of creep displacement (as shown in Figure 2c).
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Figure 3. (a) Variation trend of the increment of vacancy concentration with time during the deforma-
tion process of each model. (b) Variation in the quantity increment of vacancies at 50 fs with varying
initial vacancy concentration.

3.3. Influence of Initial Vacancy Concentration on Dislocation-Related Activities

The effects of initial vacancy concentration on dislocation-related activities in nanocrys-
talline Ni were carefully examined. The correlation between the initial number of dislocations,
the increment slope of the number of dislocations during creep, and the creep deformation of
nanocrystalline Ni with varying initial vacancy concentrations was also analyzed.

The total number of dislocations of the nanocrystalline Ni models with different initial
vacancy concentrations varied with the creep time, as shown in Figure 4a. In order to
clearly clarify the changes of dislocation activity during creep, the variation trend of the
number of different types of dislocations with creep time for nanocrystalline Ni with an
initial vacancy concentration of 3% is shown in Figure 4b. It can be seen that 1/6{112}
Shockley partial dislocations and 1/2{110} perfect dislocations accounted for the majority
of the total dislocations during creep, and these kept slowly increasing during creep.

Due to the introduction of different contents of initial vacancies in nanocrystalline Ni,
each model was relaxed at 50 K to ensure a stable state from the perspective of energy;
subsequently, there was a certain number of initial dislocations in each model. Moreover,
the loading process of each model also led to a change in the number of initial dislocations
in each model. The initial number of dislocations of 1/6{112} Shockley partial dislocations
and 1/2{110} perfect dislocations in nanocrystalline Ni with different initial vacancy con-
centration at creep time of 0 fs are displayed in Figure 4c. It can be seen that the number of
1/2{110} perfect dislocations was basically the same in nanocrystalline Ni with different
initial vacancy concentrations, but the number of 1/6{112} Shockley partial dislocations
increased significantly when the initial vacancy concentration was between 4% and 6% and
then decreased when the initial vacancy concentration was above that.

The increment slope of the number of dislocations in the creep process can be obtained
from the relationship between the number of dislocations and the creep time. The variation
in the increment slope of the total number of dislocations and the 1/6{112} Shockley partial
number of dislocations with initial vacancy concentration of nanocrystalline Ni in the
steady-state creep stage is exhibited in Figure 4d. It was found that the increment slope of
the number of dislocations firstly increased with initial vacancy concentration and then
decreased, reaching the maximum when the initial vacancy concentration was about 4%.
This was consistent with the significant increase in creep displacement when the initial
vacancy concentration exceeded 4% (as shown in Figure 2c).
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Figure 4. (a) Variation in total number of dislocations of nanocrystalline Ni with different initial
vacancy concentration with creep time. (b) Variation in the number of different dislocation types with
creep time for nanocrystalline Ni with initial vacancy concentration of 3%. (c) Variation in the initial
number of dislocations with initial vacancy concentration of nanocrystalline Ni models at creep time
of 0 fs. (d) Variation in the increment slope of the total number of dislocations and the number of
1/6{112} Shockley partial dislocations with initial vacancy concentration of nanocrystalline Ni models
during creep.

3.4. Microstructural Evolution of Nanocrystalline Ni during Creep

In order to further explore the distribution of deformation-induced vacancies that
were generated during creep, the distributions of vacancy increment for nanocrystalline
Ni with 1% vacancies were carefully examined. Figure 5a shows the three-dimensional
distribution of the deformation-induced vacancies at creep time of 50 fs, where the vacancies
are represented by orange dots. For a clear presentation, atoms of the model are removed
to highlight the distribution of vacancies. It can be seen that the distribution of vacancies
was not evenly distributed in the model. The distribution of the deformation-induced
vacancies on the two-dimensional x = y plane is exhibited in Figure 5b,c. It can be seen that
the vacancies generated in the deformation process were basically distributed along the
GB, as shown by the blue dotted line along the GBs in Figure 5b. Slices with a thickness of
1 nm along the x = y plane of generated vacancies at 100, 200, 300, and 400 fs are shown in
Figure 5c. With the extension of creep time, new vacancies gradually increased, which is
consistent with the results in Figure 3a. The newly formed vacancies preferentially formed
at the GB and in some grains with specific orientation.

The relationship between the distribution of deformation-induced vacancy and the
concentration of initial vacancy in nanocrystalline Ni at the creep time of 50 fs is shown in
Figure 6. Figure 6a—d corresponds to the initial vacancy concentrations of 0.1%, 3%, 6%, and
10%. It can be seen that the deformation-induced vacancies were still mainly distributed
around the GBs. The number of deformation-induced vacancies increased with increasing
initial vacancy concentration and reached the maximum when the initial vacancy was 6%
at creep time of 50 fs, which is consistent with the results in Figure 3b.
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Figure 5. (a) Three-dimensional distribution of vacancy increment at creep time of 50 fs for nanocrys-
talline Ni with 1% vacancies, with the orange dot corresponding to deformation-induced vacancies.
(b) Distribution of vacancies in nanocrystalline Ni on the two-dimensional x = y plane, where the
dark blue dotted line is along the GBs, and the baby blue dots representing the atoms inside grains.
(c) Slices with a thickness of 1 nm along the x = y plane of generated vacancies at 100, 200, 300, and
400 fs.

Figure 6. The distribution of the generated vacancies during creep for nanocrystalline Ni varies with
initial vacancy concentrations of (a) 0.1%, (b) 3%, (c) 6%, and (d) 10% at creep time of 50 fs, where the
baby blue dots and the orange dots representing the atoms inside grains and deformation-induced
vacancies, respectively, and the dark blue dotted line is along the GBs.

Generally, the increase in vacancy concentration in materials leads to a decrease in ma-
terial strength and increase in plastic deformation. However, the results in Figures 5 and 6
show that the increase in deformation-induced vacancy formation was mainly concen-
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trated near the GB, and the increase of initial vacancy concentration at the GB caused the
creep deformation firstly increased and then decreased. Although the initial vacancies
were uniformly dispersed in the model, the vacancies produced during creep were mainly
concentrated on or near the GBs. Segregation of these deformation-induced vacancies at
the GBs was the main reason for the relationship between the initial vacancy concentration
and the creep deformation.

To explore the reason why the vacancies generated by creep were preferentially dis-
tributed at the GB, the von Mises shear strain n;M15¢ of each atom was calculated to mark
the areas with large local shear strain in the nanocrystalline Ni models. Shear strain distri-
bution of nanocrystalline Ni models with initial vacancy concentration of 0.1%, 3%, 6%,
and 10% at creep time of 50 fs is shown in Figure 7a—d. The local shear strain at the GB
was the largest compared to that of the grain interior, that is to say, the atomic activity
at the GB was more intense than that of the grain interior. In addition, there were still
some regions with large local shear strain in the grain interior, which may be related to
the average distribution of initial vacancy sites. It can be concluded that the generation
of deformation-induced vacancies is directly related to the large atomic shear strain at
the GBs.

Figure 7. Variation in shear strain distribution on the plane of x = y = 0 with initial vacancy concen-
tration of (a) 0.1%, (b) 3%, (c) 6%, and (d) 10% at creep time of 50 fs, respectively. Atoms were all
colored according to the calculated magnitude of von Mises shear strain n;Mises,

Figure 8a shows the three-dimensional dislocation spatial distribution of nanocrys-
talline Ni with initial vacancy concentration of 6% at 50 fs. The red dots represent the atoms
of HCP structure, and the green lines represent 1/6{112} Shockley dislocations. It can be
seen that 1/6{112} Shockley partial dislocation activities dominated the plastic deformation
of nanocrystalline Ni. The relationship between the initial vacancy concentration and the
partial dislocation activity and the reason for the creep displacement being related to the
initial vacancy concentration were investigated.
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Figure 8. (a) Dislocation distribution of nanocrystalline Ni with initial vacancy concentration of 6% at
50 fs, in which red dots represent atoms of HCP structure and green lines represent 1/6(112) Shockley
dislocations. (b) The slices with a thickness of 3.4 nm cutting along the plane of x = y = 0 from (a).
(c) Schematic diagram of the creep deformation mechanism of nanocrystalline Ni, where blue dots
and red dots represent initial vacancies and deformation-induced vacancies, respectively. And the
black dashed line and green line represent grain boundaries and dislocation lines, respectively.

Diffusion and slip are the two most important creep mechanisms. The creep mecha-
nisms caused by intergranular dislocation slip (Weitzman creep), intergranular diffusion
of vacancies (Nabarro-Herring creep) [35], and vacancy diffusion along the GB (Coble
creep) [11] are all not consistent with the situation in this study. Studies have shown
that GB deformations can be enhanced by vacancies in GBs because the creep rate for the
vacancy-rich cell unit is more than twice that for the normal cell unit in the nanocrystalline
NiW alloy [14]. The formation of deformation-induced vacancies at the GBs could be
correlated with the Shockley partial dislocations and the initial vacancy concentration. As
shown in Figure 3a, it can be seen that the deformation-induced vacancy increment mainly
occurred in the initial stage of creep, while it was basically zero in the steady-state creep
stage. According to the analysis of the number and types of dislocations during creep in
Figure 4, the increment slope of the number of dislocations in the creep process was the
largest at the initial vacancy concentration of 4%, and the number of initial dislocations,
which was the largest with initial vacancy concentration of 6%, was positively correlated
with the deformation-induced vacancy increment in the initial stage of creep.

A schematic diagram of the creep deformation mechanism of nanocrystalline Ni is
shown in Figure 8c. As the structural weakest region in the crystal, the GB and initial
vacancy first underwent local atomic deformation in the creep process. The initial vacancy
at the GBs provided favorable conditions for the nucleation of partial dislocations during
creep, while the increment of the number of dislocations could also cause the new formation
of vacancies at the GBs. During creep, the partial dislocations were activated by the local
larger shear strain at the GBs, and deformation-induced vacancies were consequently
formed. The newly generated vacancies at the GBs further promoted the formation of
partial dislocations at the GBs. This can be verified from Figure 4b, where the number of
1/6{112} Shockley partial dislocation kept increasing during both the initial creep stage
and the steady-state creep stage. Vacancies can not only induce the generation of partial
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dislocations but also assist in the slip of partial dislocations. At high temperatures, vacancies
gradually diffused into partial dislocations, and a row of atoms at the dislocation line
absorbed vacancies due to thermal motion. The dislocation line moved upward by a slip
plane, causing the dislocation to climb onto adjacent slip planes, thereby inducing further
creep deformation. Therefore, the creep deformation mechanism of nanocrystalline Ni
in the initial stage of creep was mainly dominated by the deformation-induced vacancy
formation and diffusion. In the steady-state creep stage, the creep deformation mechanism
of nanocrystalline Ni was dominated by the vacancy-assisted 1/6{112} Shockley partial
dislocation activities at the GBs.

The initial number of dislocations increased with the increase in initial vacancy concen-
tration before 6%. But when the concentration of initial vacancy reached a certain level, the
number of dislocations reduced because a large number of vacancies connected themselves
to coordinate plastic deformation. The number of deformation-induced vacancies with
initial vacancy concentration of 6% was the maximum. Stress caused a difference in vacancy
concentration, and atoms diffused from high concentration to low concentration, that is,
atoms rearranged along the grain boundaries parallel to compressive stress, leading to
grain elongation and causing creep deformation.

4. Conclusions

As vacancy is an important crystal defect affecting the creep behavior of nanocrys-
talline metals, the influence of the initial vacancy concentration on the high temperature
creep behavior of nanocrystalline Ni was systematically investigated by molecular dy-
namics simulation in this study. It was found that the addition of 6% initial vacancy
concentration caused the maximum creep displacement of nanocrystalline Ni. The newly
generated vacancies during creep mainly occurred at the deceleration creep stage, i.e., the
initial creep stage. These deformation-induced vacancies were mostly distributed around
the GBs, mainly because the shear strain of atoms at the GB was larger than that of the grain
interior. The number of these deformation-induced vacancies increased with increasing
initial vacancy concentration and reached the maximum when the initial vacancy was 6%,
which was consistent with the change trend of creep displacement with initial vacancy
concentration. It was found that the number of initial dislocations played a decisive role in
the formation of deformation-induced vacancy in the initial stage of creep, and the initial
vacancy-dependent high-temperature creep behavior of nanocrystalline Ni was determined
by newly generated vacancies at the GBs. In the steady-state creep stage, these newly
generated vacancies could assist partial dislocation slip at the GBs, dominating the creep
deformation mechanism of nanocrystalline Ni.
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