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Dynamic characteristics of nanoindentation in Ni:

A molecular dynamics simulation study∗
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In this work, three-dimensional molecular dynamics simulation is carried out to elucidate the nanoindentation

behaviour of single crystal Ni. The substrate indenter system is modelled using hybrid interatomic potentials including

the manybody potential (embedded atom method) and two-body Morse potential. The spherical indenter is chosen,

and the simulation is performed for different loading rates from 10 m/s to 200 m/s. Results show that the maximum

indentation load and hardness of the system increase with the increase of velocity. The effect of indenter size on the

nanoindentation response is also analysed. It is found that the maximum indentation load is higher for the large

indenter whereas the hardness is higher for the smaller indenter. Dynamic nanoindentation is carried out to investigate

the behaviour of Ni substrate to multiple loading-unloading cycles. It is observed from the results that the increase in

the number of loading unloading cycles reduces the maximum load and hardness of the Ni substrate. This is attributed

to the decrease in recovery force due to defects and dislocations produced after each indentation cycle.
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1. Introduction

Nanoindentation is the most promising technique

frequently used to study the mechanical behaviour of

the material at nanoscale. Commonly hardness and

elastic modulus are calculated from the data of the

indentation process. When an indenter enters into

the surface, the substrate starts to deform elastically

up to a point where sufficiently high pressure has been

established and plasticity sets in. This depth is char-

acterized by a critical stress, with which the disloca-

tion propagation starts.[1−3] Immense work has been

reported to investigate various aspects of interaction

between the indenter tip and the substrate, includ-

ing the investigations of the adhesion of substrate

atom with indenter and substrate fracture,[4,5] the

elastic and plastic contact behaviour,[6] and the phase

transformation.[7] Atomistic simulations have been

performed for the investigation of incipient plasticity

and defect nucleation under nanoindentation.[8] The

explanation of indentation size effects for very shal-

low indentations showed that the indentation hard-

ness decreased with the increase of depth irrespective

of increasing or reducing strain gradients.[9] An atom-

istic simulation was performed to investigate the in-

fluence of the pre-existing stress on the indentation

results at nanoscale.[10] Recently, a series of nanoin-

dentation experiments has been reported to study

the fracture toughness model of brittle films over the

ductile substrates using the indentation technique.[11]

Nanoindentation was simulated to understand the ef-

fect of twin boundaries parallel to the indented sur-

face of (111) film. Twin boundaries appear as an ef-

fective obstacle to the dislocation propagation that

dominates the deformation process resulting in film

hardening.[12] Deformation induced grain growth in Ni

film reported during the nanoindentation experiment

was found to be thermally activated.[13] Hardness was

found by measurement to be significantly dependent

on the indentation size and the substrate for both hard

and soft films.[14,15]

Molecular dynamics (MD) simulation has proved

to be a well-established method to investigate the

nanoindentation induced deformation mechanisms in-

side a crystal during plastic deformation.[16] Atomistic

simulation has been performed to elucidate nanoin-

dentation induced plasticity in Ni coatings deposited

over copper specimens. Several deformation mecha-

nisms such as dislocation pile up, cross slip, and move-

ment of misfit dislocation were observed.[17] The MD
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simulation on single crystal Ni has been performed

to analyse the dislocation nucleations in the differ-

ent orientations and the elastic–plastic deformation at

surfaces during the nanoindentation process.[18] The

MD simulation was also performed to understand the

mechanism of dislocation nucleation on Ni (001) dur-

ing nanoindentation. The characteristic mechanisms

favour the molecular models with and without a ther-

mal layer. The tilt angles and the slip vector shapes of

the indenter were investigated.[19] The MD simulation

has been used effectively to elucidate the nanoscale

machining process and the effects of different inter-

atomic potentials, namely, the Lennard–Jonnes (LJ),

Morse, and embedded atom method (EAM) poten-

tials were analysed.[20] The simulation of nanoinden-

tation into single Ni crystal was performed by using

the quasi continuum method.[21] The MD simulation

based on the EAM potential was employed to study

the indentation response in Ni thin films of thicknesses

at nanoscale.[22] A large-scale MD simulation was also

performed for the study of material deformation in

nanometric cutting.[23] Ni nanowires and thin films

containing random distributions of nanoscale grains

were subjected to spherical indentation using the MD

technique, thereby suggesting a mitigation strategy for

the sample boundary effects in nanoscale plasticity.[24]

Despite all the above mentioned facts, there are

some other significant effects on the indentation be-

haviour of the material, which we are required to pay

special attention to. In this work, we analyse the fol-

lowing points. (1) The first is the effects of indenter

speed on the indentation response both in the elas-

tic and the plastic regimes of Ni single crystal. (2)

The size of indenter is also an important factor in the

nanoindentation testing. The radius of the spherical

indenter is gradually increased to observe size effects

on the indentation response crystal. (3) Ni substrate

is subjected to multiple loading-unloading cycles to

investigate the response of Ni to the dynamic nanoin-

dentation process. This simulation is based on classi-

cal MD. The purpose of this work is to provide further

insight into the dynamic characteristics in Ni atoms

during the nanoindentation mechanism.

2. Computational method

2.1. Sample preparation

The configuration of the simulated indenter and

substrate is shown in Fig. 1. The substrate material

is Ni having an fcc lattice with a lattice constant of

3.52 Å. The substrate sizes are 150 Å × 150 Å ×100 Å

along the (1 1 −2), (1 −1 0), and (1 1 1) directions,

respectively, containing 210151 atoms. A spherical di-

amond indenter (diameter = 60 Å) with (1 1 1) tip to-

ward the substrate is used for the indentation process.

The diameter is kept constant while observing the ef-

fects of velocity variation, however different values of

diameter (40 Å, 60 Å, 80 Å, 100 Å, and 120 Å having

5907, 19965, 47291, 92189, and 159484 atoms, respec-

tively) are used to analyse the indenter size effect on

the indentation response of Ni crystal. Dynamic load-

ing is performed to investigate the behaviour of single

crystal Ni under multiple indentation cycles. For this

purpose, a spherical rigid indenter with a diameter of

80 Å is chosen to perform multiple loading-unloading

cycles up to a constant depth of 30 Å.

Fig. 1. (colour online) A typical simulation cell used for

nanoindentation study.

2.2. Interatomic potential

Our computational cell consists of two types of

atoms, C and Ni. There are three types of interac-

tions possibly occurring between these atoms

(i) The interaction between Ni atoms is de-

scribed by the well-known EAM potential reported in

Refs. [25] and [26], where the total energy Etot of this

potential model can be calculated as

Etot =
∑

Fi(ρh,i) +
1

2

∑
i

∑
j(̸=i)

ϕij(Rij).

In this expression, ρh,i is the electron density of the

host atom i due to all atoms of the system, Fi (ρh,i) is

the energy to embed atom into the background with

electron density ρ, and ϕij (Rij) is the core–core pair

repulsion between atoms i and j separated by a dis-

tance Rij .

(ii) The two-body Morse potential is employed to

describe the interaction between C and Ni atoms, and

it is extensively used in the MD simulation.[27] The

Morse potential considers only the interaction between
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two atoms without including the simultaneous influ-

ence of their neighbouring atoms. The Morse poten-

tial energy, UMorse(rij), can be described with three

parameters as

UMorse(rij) = D[ e−2α(rij−r0) − 2 e−α(rij−r0)],

rij < rc,

where D is the cohesive energy of exchange interac-

tion, r0 is the equilibrium distance, rij is the separa-

tion distance between atoms i and j. The α is fitted

to the bulk modulus of the material. For C–Ni atoms,

the values of D, α, and r0 are 1.0094 eV, 0.19875 nm,

and 0.256 nm, respectively.[19]

(iii) C–C atoms of the indenter are all taken to be

rigid and treated as a single particle, hence the equa-

tion of motion for the individual atom should not be

integrated to save simulation time.

2.3. Simulation process

A large-scale Atomic/Molecular Massively Paral-

lel Simulator (LAMMPS)[28] is used to perform the

simulation throughout this work. The bottom three

layers of the substrate Ni are kept fixed, periodic

boundary conditions are used along the sides of the

substrate, whereas the upper part is subject to free

boundary conditions. The diamond indenter sphere is

treated as being rigid and is placed 3 Å above the

top surface of the substrate. The force acting on

the individual particle of the indenter is calculated by

summing the force contributions from the surrounding

atoms. The substrate is first relaxed to minimum en-

ergy using the conjugate gradient method. The tem-

perature of the system is kept constant (300 K) using

the velocity rescaling method. A time step 1 fs is

chosen for time integration of Newton’s equation of

motion.

2.4.Visualization of defects

Underlying deformation mechanisms can be made

understandable by identifying the location and type

of the nucleated defects. In this study, the centro-

symmetry parameter disorder is utilized to identify

the defect type and location. As is well known, fcc Ni

possesses centro-symmetry, i.e. each atom of the fcc

lattice has an equal and opposite bond to its nearest

neighbours. This centro-symmetry changes when the

material is deformed plastically and can be measured

using the centro-symmetry parameter (CSP) defined

as[29,23]

CSP =
∑
i=1,6

[Ri +Ri+6]
2,

where Ri and Ri+6 are the vectors or bonds corre-

sponding to the six pairs of opposite nearest neigh-

bours in the fcc lattice. Interior defects can be se-

lectively visualized with a technique used in Ref. [29].

CSP values between three and six are typical for stack-

ing faults and dislocation cores: the CSP value below

this range indicates that atoms nearly in the perfect

lattice sites are not displayed for visualization pur-

poses and atoms with CSP values greater than six

indicate the surface.

3. Simulation results

3.1.Velocity effect

Nanoindentation of Ni substrate is performed us-

ing MD, and the indenter is subjected to moving in
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Fig. 2. (colour online) (a) Curves of load versus depth

showing the variation of load with indenter velocity, and

(b) curves of hardness versus depth exhibiting the varia-

tion of hardness with indenter velocity.

the direction perpendicular to the (111) surface. The

velocities of the indenter are set to be 10 m/s, 50 m/s,

100 m/s, and 200 m/s respectively. Although the ve-

locities are very high as compared with those in ex-

perimental work, in MD, it is necessary to move the

indenter at such a high speed to reasonably reduce

the simulation time. The resulting load depth curve

for each loading rate is shown in Fig. 2(a). Hardness

is the resistance to local deformation and is an im-

portant mechanical property to be measured during

nanoindentation. The hardness-depth curve obtained
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from the indentation process is shown in Fig. 2(b).

Hardness is calculated using the following relation:

H =
Fmax

Ac
,

where Fmax and Ac are the maximum indentation

load and projected contact area, respectively. How-

ever, before the occurrence of the first yield point, the

hardness–depth plot has no meaning. The erratic be-

haviour of the load–depth curve is due to a small vari-

ation in the contact area caused by the movement of

bursts of dislocation toward the boundaries and the

reflection from the fixed boundaries. A similar be-

haviour is also investigated in the previously reported

work.[30]

It can be seen from the load displacement plot

that for higher values of velocity, the slope of the

load–displacement plot is steeper than that for the

lower velocities. This also shows that hardness in-

creases with the increase of the indentation rate, and

this result is also consistent with Saha’s experimen-

tal work.[31] At higher loading rates, the energy from

the impact of the indenter is higher, which causes

hardness and Young’s modulus to increase at higher

velocities. Typical defects and dislocations are pro-

duced during the nanoindentation process of the Ni

substrate. These dislocations can be visualized indi-

vidually on the basis of the value of CSP, whereas all

the snapshots are taken using visual molecular dynam-

ics (VMD) (http://www.ks.uiuc.edu). The pictures of

different states of indentation at loading rate of 10 m/s

are shown in Fig. 3, indicating that usually disloca-

tions nucleate at the surface because surface atoms

lose some of their neighboring atoms.

Fig. 3. (colour online) Defect evaluation during nanoindentation of Ni substrate at a loading rate of 10 m/s

starting from indentation to maximum depth (1.5 nm). Defect includes edge dislocation, stacking fault, and

dislocation movement due to the slip action of the adjacent atomic planes.

3.2. Effect of indenter radius

The effect of the indenter radius on the nanoin-

dentation characteristics of single crystal Ni simula-

tion is investigated using the indenters with differ-

ent sizes (Diameter = 40 Å, 60 Å, 80 Å, 100 Å, and

120 Å). Basic simulation conditions are the same as
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those discussed earlier. To analyse the nanoindenta-

tion response, the load displacement curve is drawn for

the process in Fig. 4(a). It is clear that maximum in-

dentation force is higher for the indenter with a larger

diameter than that for the indenter with the smaller

diameter. To analyse the hardness characteristics, the

hardness–depth curve is shown in Fig. 4(b).
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Fig. 4. (colour online) (a) Curves of load versus depth

showing indenter size effects, and (b) curves of hardness

versus depth exhibiting the significance of indenter size

effects.

It is worth mentioning that contrary to the load–

depth curve, the harness of the smaller indenter is

higher than that of the larger indenter, as can be seen

clearly from the trend lines of 40 Å and 120 Å diam-

eters in the hardness depth plots. This is called the

indentation size effect and is consistent with experi-

mental observations in Refs. [32] and [33].

3.3.Dynamic loading and unloading re-

sponse

MD simulation is performed to investigate the

mechanical behaviour of Ni for dynamic multi-step

nanoindentation. First the substrate is equilibrated

at 300 K. An indenter with a diameter of 80 Å is sub-

jected to moving at a velocity of 100 m/s in the di-

rection perpendicular to the Ni (111) surface. During

the first loading cycle, the indenter continues to move

downward until it reaches its maximum depth (30 Å),

which is constant for all the loading cycles. Then un-

loading starts until the indenter again separates from

the surface atoms. The substrate is then allowed to

recover for 3000 time steps; the Ni atoms show a large

tendency to recover the adhesive forces present be-

tween the Ni atoms. The indenter is again set to be

in motion for a second loading cycle, and the loading

continues until the maximum depth is reached. After-

wards, the unloading starts, and the substrate freely

recovers. Similarly a third loading and unloading cycle

is performed in this way, and three indentation cycles

are completed. To analyse the response of Ni (111)

during the multi-step loading and unloading process,

the load-time curve is plotted in Fig. 5.
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Fig. 5. (colour online) Curve of load versus time step,

showing the effects of dynamic loading and unloading cy-

cles.

It is clear from the load time step plot that at a

maximum depth, the indentation force is higher in the

first loading cycle and lower in the second loading cy-

cle and it is lowest in the third cycle. This shows that

the maximum force decreases with the increase of the

loading-unloading cycle. Actually before indentation,

there is a large adhesive force present between the Ni

atoms. When the indenter moves into the substrate,

it causes deformation in the substrate. When the sub-

strate is unloaded, the elastic and adhesive forces start

to recover in the vicinity of the indenter. Due to the

deformed structure, the recovery forces are not so sig-

nificant as before the indentation. Hence the resis-

tance to the second loading cycle is lower than the

first, and so is it for the third loading unloading cycle

and vice versa. It shows that the defects and deforma-

tion produced after each indentation cycle are respon-

sible for the decrease in the adhesive recovery forces.

Hence an increase in the number of indentation cycles

can reduce the maximum indentation force, under the

condition of constant depth.
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4. Conclusion

It is concluded that maximum load and hardness

increase with the loading rate increasing. Dislocations

are visualized using CSP values between 3 and 6, and

pictures are taken to understand the dislocation mech-

anisms. It is clear that the maximum load is higher

for the large size of indenter, whereas hardness–depth

curves for different size indenters show that hardness

is maximum for the smallest indenter and minimum

for the largest one. The substrate is deformed dur-

ing loading and recovered during the unloading pro-

cess due to the adhesive and elastic forces present be-

tween these atoms. It is concluded that after each

loading-unloading cycle, the resistance to deformation

decreases due to the decrease in the recovery forces.

The dislocations produced in the indentation process

are responsible for the observed effects. So the in-

crease of indentation cycles can reduce the hardness

of the material.
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