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Molecular dynamics (MD) simulations are applied to elucidate the anisotropic characteristics in the material responses for
crystallographic nickel substrates with (100), (110) and (111) surface orientations during nanoindentation, compensating for
the experimental limitation of nanoindentation—particularly for pure nickel substrates of three crystallographic orientations.
This study examines several factors under indentation: three-dimensional phases of plastic deformation which correspond to
atomic stress distributions, pile-up patterns at maximum indentation depth, and extracted material properties at different
crystallographic orientations. The present results reveal that the strain energy of the substrate exerted by the tip is stored by
the formation of the homogeneous nucleation, and is dissipated by the dislocation sliding of the {111} plane. The steep
variations of the indentation curve from the local peak to the local minimums are affected by the numbers of slip angle of
{111} sliding plane. The pile-up patterns of the three nickel substrates prove that the crystalline nickel materials demonstrate
the pile-up phenomenon from nanoindentation on the nano-scale. The three crystallographic nickel substrates exhibit
differing amounts of pile-up dislocation spreading at different crystallographic orientations. Finally, the effects of surface
orientation in material properties of FCC nickel material on the nano-scale are observable through the slip angle numbers of
{111} sliding planes which influence hardness values, as well as the cohesive energy of different crystallographic surfaces
that indicate Young’s modulus.

Keywords: Molecular dynamics; Nanoindentation; Nickel; Orientation effect; Dislocation; Pile-up; Hardness; Elastic modulus

1. Introduction

Recently, considerable attention has been devoted to

atomic-scale processes and the measurable techniques of

materials. Specifically, the material properties of sub-

strates of nano-scale thickness have received attention

because of the specific characteristics of their mechanical

and physical properties [1,2]. Nickel is one of the favoured

materials for either reactively or catalytically forming a

smooth electroless deposition of additional thin layers in

order to provide enhanced magnetic read–write capability

on magnetic memory disks [3,4]. In micro electro-

mechanical system (MEMS) application, nickel has been

found to have excellent mechanical and magnetic

properties that can be exploited to realize movable

structures [5–8]. At this small scale, the macro-scale

deformation of the bulk material will be less significant

than the influences of different local atomic arrangement

or the surface orientation upon which a nano-scale

deformation mechanism imposes an external force [9].

This study examines the relationships between material

properties and deformation mechanisms of surfaces of

different crystallographic orientations under nano-scale,

because they can provide significant information for the

manufacture and design of nano-components, one of

nanotechnology’s promising applications.

In general, mechanical properties such as the elastic

modulus and hardness of the nano-thin film can be

measured by nanoindentation techniques. In recent years,

the measurement of the operation specimen by nanoin-

dentation techniques was fallen below the level of 100 nm

[10,11]. Accordingly, these techniques provide research-

ers an excellent opportunity to obtain the characteristics

of the material properties of nano-thin films. However,
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the experimental method of nanoindentation measurement

on nano-thin films is not easy to accomplish, both because

the experimental techniques are on the atomic-scale level,

and because it is difficult to investigate the transient

atomic information inside the specimen during the

nanoindentation process. Therefore, theoretical methods

can accompany experimental techniques to provide much

useful information without the limitations of the

experimental method. Though the theoretical method is

useful for analysis of nanoindentation on the nano-scale, it

must be passed through the numerical method in order to

completely observe the variations in the process of

nanoindentation. Correspondingly, molecular dynamics

(MD) simulation, which is suitable for nanoindentation

analysis under nano-scale, is a powerful numerical method

to describe the detailed variations at the atomic-scale.

MD simulation studies were initiated in the late 1950s

at the Lawrence Radiation Laboratory (LRL) by Alder and

Wainwright [12–13] in the field of equilibrium and non-

equilibrium statistical mechanics. The application of MD

simulation to the cutting and indentation process was first

introduced at Lawrence Livermore National Laboratory

(LLNL) in the late 1980s and early 1990s [14,15].

Pioneering research in the field of MD simulations of

indentation was conducted by Landman et al. [16–19] at

the Georgia Institute of Technology, followed by Belak

and his colleagues at the LLNL. Since then, MD

simulation has been applied to a wide range of fields,

including crystal growth, low-pressure diamond synthesis,

laser interactions, nanometric cutting [20–26], indenta-

tion [27–31] and tribology [32–36]. Nowadays, MD

methods using empirical interatomic potentials can be

implemented in simulating large-scale systems of up to ten

million atoms [37 – 38]. However, because of the

limitation of the experimental indentation equipment,

research is rarely published that focuses on the influence

of different surface orientations on the mechanical

properties of the indentation substrate during nanoinden-

tation. Even for MD simulations, there are no complete

and systematic discussions on this topic. In related studies,

Mante et al. [39] performed an investigation of the elastic

modulus and hardness of selected crystallographic planes

of single crystal titanium using a mechanical properties

microprobe (MPM). Gouldstone et al. [10] utilized

nanoindentation experiments on thin film of polycrystal-

line aluminium of known texture and different thick-

nesses, and of single crystal aluminium of different

crystallographic orientations. Wang et al. [40] presented a

study about the dependence of nanoindentation pile-up

patterns and of micro-textures on the crystallographic

orientation using high purity copper single crystals.

Komanduri et al. [36] utilized MD simulations of

nanoindentation followed by nanoscratching conducted

on single crystal aluminium (with the crystal set up in the

(001) [100] orientation and with scratching performed

in the [100] direction) at extremely fine scratch depths

(from 0.8 nm to near zero) to investigate atomic-scale

friction. Subsequently, Komanduri et al. [41] used MD

simulations to investigate the effect of crystallographic

factors (crystal orientation and direction of scratching) in

indentation and scratching conducted on single crystal

aluminium at specific combinations of orientations {(111),

(110), (001), (�120)} and scratch directions , [�110],

[�211], [100], [210], [221] . . Kum [42] performed MD

simulations to study anisotropic features in nano-

mechanical properties at the surface of nickel single

crystals as a function of indenter size and velocity for three

crystallographic orientations: (100), (110) and (111).

For the previously mentioned research, although

Komanduri [36,41] performed MD simulations of

nanoindentation to study the influences of crystal-

lographic factors on FCC metals in indentation and

scratching, the only material used in the simulated

models is single crystal aluminium. Moreover, the

atomic phases depicting deformation in the simulated

models are only presented in 2D morphologies, and

neither the homogeneous nucleation nor the dislocation

sliding of plastic deformation are clearly visible during

indentation and scratching. In addition, although Kum

[42] performed MD simulations to investigate the

orientation effects of elastic–plastic deformation on

(100), (110), and (111) crystallographic orientations of

nickel substrates—which is similar to our current

investigation—the main aim of Kum’s research was to

calculate the parameters of power law on the initial

stage of the indentation curve in order to obtain the

nano-mechanical properties of elastic deformation. The

plastic deformation characteristics of dislocation and

nucleation in the course of indentation were not

presented in the study, and the influences of three

crystallographic orientations on the mechanical proper-

ties of both the hardness and the elastic modulus were

not discussed [42]. Therefore, the main purpose of this

paper is to use MD simulations of nanoindentation to

analyse the influences of both plastic deformation

characteristics and of atomic stress variations on the

material properties of different crystallographic nickel

substrates during nanoindentation. The notable results of

our research include the presentation of 3D atomic

phases of plastic deformation induced by indentation

corresponding to atomic stress distributions, diagrams of

the pile-up patterns at the maximum indentation depth,

and the extracted material properties from the indenta-

tion curves for (100), (110) and (111) crystallographic

orientations of nickel substrates in the course of

nanoindentation.

2. Simulation methodology

The simulated models consist of (100), (110) and (111)

crystallographic orientation surfaces and three mono-

crystalline nickel substrates. The dimensional scales of the

simulated models are approximately 125 £ 125 £ 155 Å.

The simulated functions consist of the rigidity, thermostat

and Newtonian functions from the method utilized by Jeng

S.-P. Ju et al.906
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et al. [43]. The rigidity atoms at the fixed bottom layers of

substrate are assumed to be unaffected by the tip during

the indentation process. Therefore, they are fixed in their

initial atomic positions so as to maintain the complete

frame for the simulated model. Periodic boundary

conditions are used in the transverse x and y directions,

which represent the infinite boundary of the substrate.

The sharp tip of the indenter has a conical shape with a

diameter of 6 nm and height of 3 nm. To acquire the most

efficient calculations, the tip atoms also are assumed to be

the same as the rigidity atoms; however, the tip atoms’

indentation velocity is given by the displacement-rate at

each time step of the simulation for the force interaction

between the tip and the substrates.

The motions of thermostat atoms are modified based on

Nosé-Hoover thermostat [44], which sets up a heat bath

that controls the temperature of Newtonian atoms to

ensure the average temperature is at the desired value. The

motions of all Newtonian atoms are determined by the

interatomic forces derived by the interaction potential.

The rigidity atoms of the nickel substrate are arranged as

the fixed bottom layers, and the thermostat atoms are

arranged on top of the fixed bottom layers. Meanwhile, the

Newtonian atoms of the nickel substrate at the top region

are bound by the thermostat atoms and are free to move

by the influence of the tip atoms. The indenter tip is

positioned on the top of the substrate surface at the centre,

held at a constant distance from the substrate before the

commencement of the indentation process. Because the

three substrates are composed of more than 140,000 nickel

atoms in each simulated model, we implement parallel

computations by using the atom decomposition method

[45]. The configurations of the simulated model are shown

in figure 1.

In the present simulations, the interatomic force

derived from the potential function is described by

the tight-binding potential as follows:

Ftotal ¼
XN
i¼1

Fij

¼
XN
i¼1

2
X
j

j2exp 22q
rij

ro
2 1

� �� �" #1=2
8<
:
þA exp 2p

rij

ro
2 1

� �� ��
;

ð1Þ

where the subscripts i and j represent atom i and atom j,

respectively, j is an effective hopping integral, rij is the

distance between atoms i and j and r0 is the first-

neighbors’ distance. The total band energy is characterized

by the second moment of the d-band density of state and

is shown in the first part of the potential function.

Meanwhile, the second part reveals a modified form of

the original tight-binding potential. The free parameters

of A, j, p and q are fitted to the experimental values of

cohesive energy, lattice parameters (by the constraint on

the atomic volume), and independent elastic constants for

each pure system and for alloys. The interaction force Fi
on atom i is derived from the equation (1), can be

expressed as

Fi ¼ 2
XN
j–i

›Fij

›rij
þ

›Fij

›rij

� �
¼ mi

d 2riðtÞ

dt 2
; ð2Þ

where mi is the mass of atom i, r is the position of atom i

and N is the total number of atoms. By using equation (2),

the resultant forces of each individual atom can be

calculated at each time step. The parametric values of the

tight-binding potential for the present simulation models

are adopted from Cleri et al. [46].

Figure 1. Simulated nickel models of both the material and functional configurations. Figure 1(a) is the material configuration of the three-dimensional
view; the blue colour is the tip, the pink are the nickel atoms. Figure 1(b) is the functional configuration from the lateral view; the blue and red are the
rigidity atoms, the green are the thermostat atoms, and the yellow are the Newtonian atoms.
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MD simulations of nanoindentation comprise the

equilibrium and indentation stages. In the equilibrium

stage, the tip and the substrate surface are first positioned

10 Å apart in order to avoid the effect of attractive force

which occurs as they gradually approach each other. The

initial positions of tip and substrate atoms are prescribed

in accordance with their crystalline structures, respect-

ively. The initial velocities are assigned from a

randomised producer, and are adjusted according to the

rescaling method [44] in order to achieve a constant

system temperature. After being held at the initial position

for a period of time, both the tip and substrate are relaxed

to their equilibrium configuration as a result of the

interatomic forces acting on each individual atom.

In the second indentation stage of MD simulations, the

indentation is modelled by moving the tip 25 Å downward

at a constant speed of 5 m/s, and then retracting the tip

back to its original position at the same speed. In both

stages, the time integration of motion is performed by

applying the velocity-Verlet algorithm [44] to the

corresponding data obtained in the previous step in order

to derive the new position and velocity vectors of the

substrate atoms. The system temperature of simulated

models is kept at 300 K during the entire process. The size

of the incremental time steps employed in the compu-

tations must be smaller than the thermal motion periods in

the simulated system, but not so small as to be affected

by the accumulations of inevitable round-off errors during

the computational process. In the present computations,

a compromised choice of time step Dt ¼ 1 fs is thus

employed.

It should be noted that nanoindentation experiments are

performed at much slower rates than MD simulations

(1026–1029 m/s); however, if conducted at these rates,

MD simulations would take extremely long processing

times even with the fastest microprocessors [41]. Due to

computing power limitations, the speeds of the indenter tip

reported in the references are on an order of 1–100 m/s for

most MD simulations of nanoindentation [47]. Although

the indentation speed in our simulations is several orders

of magnitude higher than typical experimental values, it is

sufficiently slow to allow equilibrium of the indentation

system, and allow any excess energy arising from

the motion of the indenter to dissipate by means of

Nosé-Hoover thermostat, which permits the indentation

system to become a quasi-static state at each time step

during nanoindentation [48]. Nevertheless, the sensitivity

of the simulated results to the indentation velocity must be

considered before the simulated and experimental results

can be directly compared. A number of studies have

attempted to do so. Liang et al. [49] performed MD

simulations to study dislocation nucleation in the initial

stage during nanoindentation. With respect to the

influence of indenter velocity on the dynamic effect of

the material indentation behaviour, they found that a

higher indentation velocity in MD simulation leads to

a higher strength, while the relationship between

applied load and indentation depth shows little change.

At the same time, the ensuing dislocation structures do not

differ substantially. More importantly, the indentation

curves for different velocities will quickly converge as the

velocity decreases and approaches approximately 3 m/s.

In fact, no obvious difference is apparent when the

velocity is below 3 m/s. This discovery can be understood

from the research of Yamakov et al. [50], which uses MD

simulations to investigate the dislocation processes in the

deformation of nanocrystalline aluminium. They found

that the typical dislocation-glide velocities of FCC

nanocrystalline aluminium are about 500 m/s under strain

rates of 107 s21 in the [100] direction, which are well

below both the velocity of sound at about 3664 m/s, and

the experimental value of 3050 m/s. Moreover, Fang et al.

[51] utilized MD simulation to analyse the indenter

velocity effects on a single crystal copper substrate. One

of the results for the effect of indenter velocity on material

properties reveals that the critical velocity of the indenter

necessary to cause an increase in Young’s modulus and in

hardness is about 80 m/s. The above-mentioned references

suggest that the indenter velocity of 5 m/s adopted in our

simulations is suitable to observe and describe the plastic

deformation behaviour and the material properties under

nanoindentation.

3. Results and discussion

3.1 Plastic deformation characteristic during
nanoindentation

The indentation curves of the tip force and the indentation

depth for three nickel substrates with different crystal-

lographic surfaces of (100), (110) and (111) orientations

are shown in figure 2(a)–(c). The vertical axis represents

the value of the tip force, defined as the resultant force at

the indenting direction exerted upon the tip by nickel

atoms, and the horizontal axis represents the indentation

depth. The height of the tip is set to zero indentation depth

when the atoms of the tip start interacting with the nickel

atoms of the substrate. The positive and negative values

of the tip force represent the repulsive and attractive

force between the tip and the nickel substrate,

respectively. For each crystallographic surface, because

the interaction between two atoms is attractive as they

gradually approach each other, the tip force is negative in

the beginning of the indenting. As the tip increases its

indentation depth into the surface, attractive force will

convert into repulsive force.

In figure 2, it is clearly evident that in the course of the

indenting process, the value of the tip force imposed on

the nickel (100) substrate varies more significantly, while

the values of tip forces exerted on nickel (110) and (111)

substrates appear to monotonically increase with

the indentation depth. For convenience in describing

the variations of tip force with the indentation depth

in figure 2, labels (1)– (18) are used to explain

the characteristic variations of the indentation curves.

S.-P. Ju et al.908
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Each label marks the characteristic indentation depth at

which the tip force displays relatively obvious variation.

The corresponding morphologies, as well as the

distributions of atomic normal stress on indentation

direction at these labels are shown in figures 3–5. Because

the coordination number of a nickel atom in a perfect FCC

crystalline material is 12, nickel atoms with a coordination

number lower than 12 under indentation are shown during

the evolution of the deformation and relaxation of the

substrates [52]. In addition, atomic-level stress is also used

to monitor the evolution of the structure relaxation in

figures 3–5. The atomic stress is obtained from the

following formula [53]:

smn ¼
1

NR

X
i

miv
m
i v

n
i

Vi

2
1

2Vi

X
j

›fðrijÞ

›rij

r mij r
n
ij

rij

" #
; ð3Þ

where mi is the mass of atom i; Vi is the volume

surrounding to atom i; NR is the number of particles

contained in region R, where R is defined as the region

of atomic interaction; rij is the distance between atoms

i and j; and r mij and r nij are two components of the vector

from atom i to j. The first term of the bracketed section of

equation (3) represents the kinetic effect associated with

atomic motion, and will be affected by temperature. The

second term is related to the interactive forces and the

distance between the atoms. Vi is also named Voronoi

volume, constructed by the perpendicular planes which

bisect the lines between atom i and all its neighbour atoms.

However, it is time-consuming to obtain the Voronoi

volume of each atom, so Srolovitz [54] has used the

following formulation to obtain a sphere whose volume is

equal to the original Voronoi volume, namely,

Vi ¼
4p

3
ai; ai ¼

P
j

r21
ij

2
P
j

r21
ij

; ð4Þ

where ai is the average radius of atom i, and rij is the

distance between atoms i and its neighbour atom j.

Figures 3(a)–(f) depict the morphologies of nickel

atoms with a coordination number lower than 12, and

which correspond to the morphologies at different

indentation depths on the (100) surface, marked as labels

(1)–(6). The morphologies at labels (1), (3) and (5) are

located at the local peaks of the (100) indentation curve,

while those at labels (2), (4) and (6) are at local minimums

of the tip forces. The tip force will decrease when the

indentation depths increase from label (1) to (2), label (3)

to (4), and label (5) to (6), because the strain energy of the

substrate due to the force exerted by the tip will be

released by the dislocation sliding along the {111} plane.

After the release of strain energy, the indentation curve

continues to rise after crossing the local minimums until

the deformation energy of the next stage is released again.

As shown in figure 3(a), (c) and (e), the atomic

arrangements display the homogeneous nucleation phases.

Because figure 3(a) occurs at the shallow indentation stage,

the formation size of nucleation is not significant in size.

With the increase of indentation depth, as shown in figure

3(c) and (e), more nickel atoms nucleate around the tip,

which leads to the formation of a larger nucleation.

According to the stress legend in figure 3(a), (c) and (e), the

nucleated atoms around the tip reveal repulsive stresses.

The atomic normal stresses increase with the indentation

Figure 2. Indentation curves of the nickel substrates. Figure 2(a)–(c)
are the three indentation curves with (100), (110) and (111) orientation
surfaces, respectively. Labels (1)–(18) indicate the local peaks and local
minimums, and correspond to the morphologies in figure 3–5.
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depth, in that the maximum atomic stresses in figure 3(a),

(c) and (e) for indentation depths of 5.1, 9.2 and 13.3 Å are

about 20.06, 20.09 and 20.11 GPa, respectively. In

contrast, the atomic arrangements in figure 3(b), (d) and (f)

display the phases where dislocation from the nucleation

phase takes place. In figure 3(b), because the indentation

depth into the nickel substrate by the tip is not sufficient, the

areas of the sliding planes are relatively small. With

increase of the indentation depth, as shown in figure 3(d)

and (f), the dislocation defects gradually enlarge, which

results in larger areas of sliding planes. From the displays of

the stress legend in figure 3(b), (d) and (f), it can be seen that

the distributions of the atomic normal stress values on the

{111} sliding planes are close to the zero value after the

relaxation period, where strain energy is released.

Figure 4(a)–(f) and figure 5(a)–(f) also depict the

morphologies of nickel atoms with the coordination

number lower than 12, and which correspond to the

morphologies at different indentation depths on both (110)

and (111) surfaces at labels (7)–(12) and labels (13)–(18),

respectively. The morphologies at labels (7), (9) and (11)

are located at the local peaks of the (110) indentation

curve, while those at labels (8), (10) and (12) are at local

minimums of the tip forces. Similarly, the morphologies at

labels (13), (15) and (17) are located at the local peaks of

the (111) indentation curve, while those at labels (14), (16)

and (18) are at local minimums of the tip forces. Figure 2

shows the decrease in tip force from the local peaks to the

local minimums between labels (7) and (8), labels (9) and

(10), and labels (11) and (12); as well as labels (13)

and (14), labels (15) and (16), and labels (17) and (18).

This because the strain energy of the substrate due to the

exertion of the tip is released by the dislocation along

the {111} sliding plane.

The strain energy can be examined in further detail

in figures 4 and 5. As previously noted, in figure 4(a), (c),

and (e), the atomic arrangements display the homogeneous

nucleation phases, and the formation size of nucleation

increases with the increase of indentation depth. The

nucleated atoms around the tip reveal the repulsive stresses,

and the atomic normal stresses increase with the increase

of indentation depth. The maximum atomic stresses in

Figure 3. Three dimension snapshots of nickel (100) crystallographic substrate in different indentation depths. The colour contours represent the
atomic normal stress distributions of substrate atoms. The arrows indicate the dislocation defects. The downward indentation depths in figure 3(a)–(f) are
5.1, 6.9, 9.2, 10, 13.3 and 14.9 Å, respectively.
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figure 4(a), (c), and (e) are about 20.08, 20.11 and

20.12 GPa. In figure 4(b), (d), and (f), the atomic structures

display the dislocation defect phases, and the areas and

quantities of the sliding planes increase with the increase of

indentation depth, while the distributions of the atomic

normal stress values on the {111} sliding planes in figure

4(b), (d), and (f) are close to the zero value. In figure 5(a)–

(f), the deformation evolution and atomic stress state of

the (111) substrate during indentation are similar to

figure 3(a)–(f) and figure 4(a)–(f). The maximum values of

atomic stress in figure 5(a), (c) and (e) are about 20.09,

20.11 and 20.12 GPa, while the distributions of the

atomic normal stress values on the {111} sliding planes in

figure 5(b), (d), and (f) are close to the zero value. From the

previously mentioned results shown in figures 3–5, the

plastic deformation characteristics corresponding to

the distributions of atomic normal stress illustrate that the

strain energy of the substrate exerted by the tip is stored by

the formation of the homogeneous nucleation in one phase,

and is dissipated by the dislocation sliding of the {111}

plane in the following phase.

Furthermore, the series of drop phenomena during

nanoindentation found in the three indentation curves in

figure 2 correspond to the dislocation nucleation patterns

presented in figures 3–5, and which conform to the related

research of MD simulations for the FCC single crystal

metals of nanoindentation [47,55–58]. These patterns are

identified in the (100) surface orientation substrate as

prismatic dislocation loop [55], and in the (111) surface

orientation substrate as the dislocation defects of the

tetrahedral sessile lock [47], the three-fold symmetry

dislocation [56–57] or the three unique {111} sliding

planes [58]. Finally, because of different orientation

surfaces in the three nickel substrates, the numbers of slip

angles of {111} sliding planes in the three nickel

substrates are different. The numbers of slip angles for

the three nickel substrates can be calculated from Wulff

net projection [59]. The slip angle of {111} sliding planes

in the (100) substrate is 54.78, and the slip angles of {111}

sliding planes in the (110) substrate are 35.3 and 908,

while the slip angles of {111} sliding planes in the (111)

substrate are 0, 70.5 and 109.58. From these results of slip

angle numbers of {111} sliding planes in the three nickel

substrates corresponding to the trend variations of the

indentation curves, it can be found that the steep variations

of the indentation curve from the local peaks to the local

minimums are affected by the numbers of slip angles of

the {111} sliding plane. Because the steep variations of

the indentation curve are related to the plastic deformation

ability of the material substrates during nanoindentation,

Figure 4. Three dimension snapshots of nickel (110) crystallographic substrate in different indentation depths. The colour contours represent the
atomic normal stress distributions of substrate atoms. The arrows indicate the dislocation defects. The downward indentation depths in figure 4(a)–(f) are
6.5, 7.4, 10.4, 10.9, 14.3 and 14.9 Å, respectively.
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the steep variations of the three indentation curves in

figure 2 decrease when the numbers of slip angles of the

{111} sliding plane increase in the three nickel substrates.

This indicates that the (111) nickel substrate exhibits more

dislocation activity owing to the maximum number of

three slip angles, and the (100) nickel substrate exhibits

less dislocation activity due to the minimum number of

only one slip angle, with the dislocation activity of the

(110) nickel substrate between the (111) and (100) nickel

substrates as a result of two slip angles.

3.2 Pile-up patterns after nanoindentation

The actual contact area between the tip and the specimen is

determined by the shape of the out-of-plane displacement

zone, which will affect the quantitative analysis of the

material property measurements. Therefore, the pile-up

patterns produced after nanoindentation are also observed

in the present MD simulations. As shown in figure 6, the

MD simulations show different surface profiles around the

simulated tip for the three different surface orientations of

Figure 5. Three dimension snapshots of nickel (111) crystallographic substrate in different indentation depths. The colour contours represent the
atomic normal stress distributions of substrate atoms. The arrows indicate the dislocation defects. The downward indentation depths in figure 5(a)–(f) are
4.3, 5.3, 11.9, 12.2, 14.7 and 14.9 Å, respectively.

Figure 6. Pile-up patterns of the top view for the (a) (100), (b) (110) and (c) (111) oriented nickel single crystal surfaces obtained from the present MD
simulation.
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nickel substrates. The MD simulated contour plots of the

out-of-plane displacement profiles display the pile-up

patterns on the surface of the (100)-, (110)- and (111)-

oriented surfaces. The MD simulated contour maps for the

hillocks of pile-up patterns in figure 6(a)–(c) display a

crisscross of two-fold symmetry for the (100)-oriented

crystal, an edge formed by two meeting points of the two-

fold symmetry for the (110)-oriented crystal, and a hexagon

of three-fold symmetry for the (111)-oriented crystals,

respectively. The pile-up contour maps for the three

crystallographic nickel substrates in figure 6 show that the

pile-up dislocations are significantly affected by different

surface orientations. For nickel materials, Huang et al. [60]

utilized micro-indentation to investigate the surface

deformation mode of a NiTi shape-memory alloy after

the indentation and a subsequent thermal cycle. In addition,

Barshilia et al. [61] employed low-angle X-ray diffraction

and atomic force microscopy (AFM) to study structural

characterization and nano-hardness measurements on

Cu/Ni multilayer coatings. The results in references

[60,61] reveal that the pile-up patterns of the nickel-based

material are visible around the indentation surface under

nanoindentation, with the resultant indents “piling-up”

above room temperature, and “sinking-in” at low

temperatures. Corresponding to the pile-up investigations

of references [60,61], our results show that the pile-up

of nickel materials are produced by the tip around the

indentation surface after indentation, which further

confirms our present simulations, which are modelled at

room temperature.

In order to further verify the simulated pattern accuracy,

the pile-up patterns of the present simulations for the three

crystallographic nickel substrates are compared with the

research literature for both finite element method (FEM)

simulations and experimental tests [40]. Figure 2 of

reference [40] shows FEM simulation contour plots of the

out-of-plane displacement profiles on (100)-, (110)- and

(111)-oriented surfaces for single crystal copper samples.

Similarly, figure 3 of reference [40] shows the AFM

images for experimental nanoindentation tests on the same

orientation crystallographic surfaces and the same single

crystal copper material. A comparison of pile-up patterns

in the present simulations to reference [40] shows that the

contour shape of the MD simulation is similar to both

the FEM simulation and experimental results. The

differences for the detailed contour are attributable to

the fact that the maximum indentation depth used in the

present simulations is very shallow as compared with both

figures 2 and 3 of reference [40]. In addition, the small

scale of pile-up patterns in MD simulations provides detail

that is not present in FEM simulations and experimental

tests. However, the pile-up patterns of the three nickel

substrates in the present MD simulations are in good

agreement with the FEM simulations and experimental

tests in reference [40], which prove that the crystalline

nickel materials demonstrate the pile-up phenomenon by

nanoindentation on the nano-scale similar to the pile-up

patterns of the bulk FCC materials on the micron-scale.

Finally, because the hillocks and extensions of the pile-

up pattern on the indentation surface represent a dislocation

spreading of the materials, both the hillock heights and

extension lengths of the pile-up pattern in figure 6 can

provide more information about plastic deformation

ability. First, the heights of the largest hillock around the

edge of the indentation hole in figure 6(a)–(c) are about 1.6,

2.7 and 3.2 Å, respectively, and are clearly visible from the

pile-up patterns in figure 6. Secondly, the lengths of the

longest extension perpendicular to the edge of indentation

hole in figure 6(a)–(c) are about 2.7, 4.6 and 5.7 Å,

respectively, and are also clearly visible from the pile-up

patterns of figure 6. In the three crystallographic nickel

substrates, the (111) surface orientation exhibits the most

pile-up dislocation spreading, the (100) surface orientation

exhibits the least, with the extent of pile-up dislocation

spreading in the (110) surface orientation in between.

These results are consistent with the results found in

reference [41] by Komanduri et al., who found that the

amount of plastic deformation and the pile-up dislocation

of the aluminium substrate around the indenter during

nanoindentation were observed to be at the maximum on

the (111) surface orientation. While Komanduri et al.’s

study [41] provides pile-up details for the (111) orientation,

our study presents not only the pile-up patterns for (100),

(110) and (111) orientations, but also the corresponding

indentation curves which display the effects of dislocation

spreading. The fact that the (111) surface orientation

exhibits more pile-up dislocation spreading can be seen in

the numerous small variations on its indentation curve, as

opposed to the steep variations found on the (100) and (110)

indentation curves in figure 2.

3.3 Extracted material properties from nanoindentation

In order to further understand the influence of three

crystallographic orientation surfaces on the mechanical

properties, the formulations developed by Oliver [62] are

used to calculate the hardness and Young’s modulus of the

three crystallographic substrates. The Young’s modulus is

first calculated by the reduced elastic modulus E r, which

takes into account the combined elastic effects of

indentation tip and substrates, as follows:

Er ¼

ffiffiffiffi
p

p
S

2
ffiffiffi
A

p ; ð5Þ

where E and n are the Young’s modulus and Poisson’s

ratio with the subscripts s and i representing the sample

and tip, respectively. The material properties of the tip used

in this study are Ei ¼ 1141 GPa and ni ¼ 0.07 [62–63].

The hardness is thus calculated from the equation below as

follows:

1

Er

¼
1 2 n 2

s

� �
Es

þ
1 2 n 2

i

� �
Ei

; ð6Þ

where E and n are the Young’s modulus and Poisson’s

ratio with the subscripts s and i representing the sample
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and tip, respectively. The hardness is thus calculated from

the equation below as follows:

H ¼
Pmax

Ap

¼
Pmax

AðhcÞ
; ð7Þ

where Pmax is the maximum load of the tip at the

maximum depth, Ap is the contact area, hc is the contact

depth, and may be expressed as

hc ¼ hmax 2 1�
Pmax

S
; ð8Þ

where 1 is the geometric constant of the tip. For the

conical tip, it is given a value of 0.72; for the flat punch, it

is given a value of 1; and for the paraboloid of revolution, a

value of 0.75. After the calculations to the hardness and

Young’s modulus, the calculated results are compared

with the values reported in literature, as shown in table 1.

The hardness values found in table 1 for the (100), (110)

and (111) nickel substrates obtained from our simulations

at the maximum indentation depth 1.5 nm are 16.7 GPa,

15.8 and 15.1 GPa, respectively. Similarly, in other

simulation research, the hardness value obtained from

Saraev et al. [55] using MD simulation of nanoindentation

at the same indentation depth 1.5 nm is 14.8 GPa, whereas

the hardness values of nickel material obtained from

nanoindentation experiments as reported in reference

documents are in the range of 3.5–8.4 GPa [64,65,67–70].

Secondly, regarding the Young’s modulus values in table 1,

the values of the (100), (110) and (111) nickel substrates

obtained from our simulations are 288.07, 264.51, and

224.26 GPa, respectively. The Young’s modulus values of

nickel material obtained from nanoindentation exper-

iments as reported in reference literature are in the range of

164–218 GPa [65,66,68,71]. As is evident, the hardness

values of the three nickel substrates in our simulations are

close to the hardness values produced in MD simulations

under similar simulation conditions, yet higher than the

experimental values as reported in the reference literature.

Similarly, the Young’s modulus values of the present

simulations for the three nickel substrates are also higher

than the experimental values reported in the reference

literature. The differences of both the hardness and Young’s

modulus values between the experimental and the

simulated results were attributed to a number of factors:

the indentation size effect [41,55,72–75], the difference in

specimen scale between experiment and simulation that

results in a restriction of dislocation activity in MD

simulations [76–78], the higher strain rate due to the higher

indenter velocity in MD simulations as compared with

experiments [51,79], the experimental scatter and surface

roughness in experimental specimens [80], the true contact

area value underestimation due to the pile-up phenomenon

in MD simulations [73], and the different crystal texture

between the perfect mono-crystalline used in MD

simulations and experimental specimens which contain a

variety of defects [75–78,81]. Although the material

properties of both the hardness and Young’s modulus

values in our simulations are higher than the experimental

values of the reference documents, the simulated values for

the hardness and Young’s modulus obtained from our

simulations are still within a reasonable range.

Furthermore, the hardness values of the three crystal-

lographic nickel substrates calculated from the present

simulations show that the hardness value of the (100)

substrate is greatest, while the hardness value of the (110)

substrate is smaller than the (100) substrate, and the

hardness value of the (111) substrate is smallest. This is

due to the fact that the (100) substrate has only one slip

angle of the {111} sliding planes that occur during

nanoindentation, which leads to a lower ability for plastic

deformation, and results in a higher hardness value. In

contrast, because the (111) substrate has three slip angles

of the {111} sliding planes that occur during nanoindenta-

tion, the (111) substrate exhibits a better ability for plastic

deformation, which leads to a lower hardness value. The

(110) substrate has two slip angles of the {111} sliding

planes that occur during nanoindentation, so the ability for

plastic deformation is between the (100) and (111)

substrate values, which leads to a hardness value in

between the (100) and (110) substrates. The (100) surface

orientation of FCC materials exhibits the maximum

hardness value for the three crystallographic surface

orientations, also shown in the research previously

mentioned [41]. The results in reference [41] for the

influence of orientation effect on the hardness values

reveal that the hardness of the (100) crystallographic

aluminium substrate exhibits the maximum value under

nanoindentation, and represents the least anisotropy on the

[001] direction. The results in our simulations for the

hardness value of the (100) nickel substrate in the three

surface orientations are in accord with the results of

reference [41]. Because the hardness values of the three

nickel substrates correspond to the numbers of slip angle

at the {111} sliding planes, the different slip angles lead

to different dislocation activity during nanoindentation.

This indicates that the hardness of FCC nickel material on

the nano-scale is significantly affected by crystallographic

surfaces with different orientations.

Table 1. A comparison of the material properties of three nickel crystallographic substrates with (100), (110) and (111) orientation.

Hardness (GPa) Young’s modulus (GPa)

Surface orientation (100) (110) (111) (100) (110) (111)
MD simulation results 16.7 15.8 15.1 288.07 264.51 224.26
MD simulation values in reference literature 14.8 [55] – – – – –
Experimental values in the reference literature

(surface orientation unknown)
3.5–8.4 [64,65,67–70] 164–218 [65,66,68,71]
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Finally, the Young’s modulus values of the three

crystallographic nickel substrates calculated from the

present simulations show that the Young’s modulus value

of the (100) substrate is greatest, while the Young’s

modulus value of the (110) substrate is smaller than the

(100) substrate, and the Young’s modulus value of the (111)

substrate is smallest. Because the Young’s modulus is only

related to the capability for elastic deformation, the

material’s resistance to elastic deformation at the moment

of initial unloading is completely provided by the

constitutional strength of atomic bonding. Therefore, a

comparison of Young’s modulus for the three nickel

substrates can be drawn from the average cohesive energy

between nickel atoms, as shown in figure 7, with the

horizontal axis representing the indentation depth, and the

vertical axis representing the average value of cohesive

energy for all atoms of the nickel substrate, defined as the

atomic bonding strength between nickel atoms. In figure 7,

it can be clearly seen that throughout the entire indentation

process, the (100) substrate has the maximum value of

cohesive energy, while the cohesive energy of the (110)

substrate is smaller than the (100) substrate from the

indentation, and the cohesive energy of the (111) substrate

always maintaining the minimum value. The Young’s

modulus values of the three nickel substrates have a

proportional relationship to cohesive energy, which reveals

that the elastic modulus of FCC nickel material on the

nano-scale is significantly affected by the different

crystallographic orientation surfaces.

4. Conclusions

In the present study, MD simulations have been performed

on the crystallographic nickel substrates with (100), (110)

and (111) orientation surfaces under nanoindentation.

Analysis was performed on the plastic deformation

characteristics corresponding to the atomic normal stress

variations during nanoindentation, the pile-up patterns

after nanoindentation, and the influence of plastic

deformation characteristics on the material properties due

to different crystallographic orientations of the nickel

substrates. From the present results of nanoindentation,

the principal conclusions of the present studies can be

summarized as follows:

(1) From the plastic deformation characteristics corre-

sponding to the atomic normal stress variations during

nanoindentation, the strain energy of the substrate

exerted by the tip is stored by the formation of

homogeneous nucleation, and is dissipated by the

dislocation sliding of the {111} plane.

(2) The steep variations of the indentation curve from the

local peaks to the local minimums are affected by

the numbers of slip angles of the {111} sliding plane,

due to the fact that the steep variations on the three

indentation curves decrease as the numbers of slip

angles of the {111} sliding plane increases in the three

nickel substrates.

(3) The pile-up patterns of the three nickel substrates in

the present simulations are in good agreement with the

reported literature, which prove that the crystalline

nickel materials also produce the pile-up phenomenon

by nanoindentation under the nano-scale, and which

are similar to the pile-up patterns of the bulk FCC

materials on the micron-scale.

(4) The (111) surface orientation exhibits the most pile-up

dislocation spreading, the (100) surface orientation

exhibits the least, with the extent of pile-up dislocation

spreading in the (110) surface orientation in between.

The results are consistent with the reported literature,

and are in accordance with the steep variations of the

three indentation curves.

(5) Owing to a number of factors as reported in

the literature, the present simulation values of both

the hardness and Young’s modulus are higher than the

literature values; however, the present simulation

values are within the reasonable range.

(6) The effects of surface orientation in material

properties of FCC nickel material on the nano-scale

are observable through the slip angle numbers which

influence hardness values, as well as the cohesive

energy of different crystallographic surfaces that

indicate Young’s modulus.
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Figure 7. The cohesive energy curves between nickel atoms of the
crystallographic nickel substrates with (100), (110) and (111) orientation
surfaces.
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