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ABSTRACT: Nanoindentation in molecular dynamics (MD) simulations typically uses highly idealized indenter tip models.
Such tips usually consist of either a single sphere or a collection of atoms, both of which are purely repulsive in their interactions
with the substrate. It is also assumed that there is no environmental or substrate contamination, nor is there a surface oxide layer.
In this work we examine the effects of these assumptions by comparing detailed MD simulations utilizing varying interaction
potentials against both experimental atomic force microscopy observations and calculations using density functional theory.
Specifically, we examine the effect of a tip—substrate interaction on the indenter under clean, hydrogenated, and oxidized
conditions. We find that under clean or oxidized conditions (where we include oxygen on the nickel surface to mimic a
passivating NiO layer) there is a substantial material transfer from the substrate to the tip. This material (Ni atoms) remains
adsorbed on the tip upon retraction. However, the presence of hydrogen on the diamond tip drastically reduces, or even
altogether eliminates, this material transfer, therefore having an effect much larger than that of a contaminating oxide layer.

1. INTRODUCTION

Nanoindentation is widely used to study the mechanical
behavior of materials in the nanoscale regime.'™* By looking at
load—displacement curves, researchers often infer how the
material behaved under loading and unloading conditions.
However, there are a number of ambiguities in the
interpretation of the measurements. For example, experimental
atomic force microscopy (AFM) images of indenter tips show
significant blunting and irregularities after use.” As discussed in
ref S, the indenter blunting and irregular shape are directly
visible in the AFM images and produce irregularities in the
corresponding finite element method (FEM) simulations.
Those FEM simulations used the AFM indenter profiles as a
starting point and produced stress maps that, in the case of an
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intensively used indenter, showed several small areas of highly
localized shear stress directly underneath the contact surface.
While the authors of ref 5 did not discuss the possibility of
substrate adhesion to the tip, both experimental®® and
computational”'® work have shown that such adhesion is
possible and, in fact, can be favorable under certain conditions.
A recent “perspective” article'' reviewed much of the previous
understanding on atomistic-scale nanoindentation, including
direct comparisons of experimental and computational work
using field ion microscopy and molecular dynamics (MD).
Specifically, adhesion of Au layers on W tips has been observed
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in both experiment and computation.'> However, the case of a
W tip on the Au substrate was done under ultrahigh vacuum
(UHV) conditions. While the importance of temperature and
ambient conditions is mentioned,6 the effects are not studied
systematically.

Even though previous work has shown that dislocations
nucleate with different mechanisms using a single large sphere
versus an atomically resolved tip,'”> many recent nano-
indentation simulations continue to use this methodology for
performing nanoindents into a substrate. A simplistic repulsive
interaction is also often used,'* where the indenter (as a single
large sphere or a crystal of “atoms”) exerts a force on the
substrate of the form

F(r) = —=K(r — R)

where K is the specified force constant, r the distance from the
atom to the center of the indenter, and R the indenter radius.
MD simulations that follow these choices have the advantage of
needing only a single-element force field (interatomic
potential); however, they may miss important details in the
evolution of the system.

The goal of this paper is to use MD to investigate how these
assumptions affect observed results. We also want to determine
if more realistic models, such as those described below, can aid
in interpreting the AFM findings of ref 5. Specifically, we want
to address the following questions:

e What is the extent of tip—substrate attraction, and how
much does such an attraction affect simulation results?

e Does the tip deform or wear during nanoindentation? Is
substrate adhesion a significant factor?

e What are the effects of environmental contaminants and
surface oxides?

We will thus use a deformable indenter and examine (1) the
effect of a purely repulsive tip—substrate interaction in the Ni—
C system; (2) the same Ni—C interatomic potential with a
density functional theory (DFT)-based Lennard-Jones term'
that includes an attractive interaction; and (3) a ReaxFF'°
interatomic potential that includes reactive descriptions of
nickel, carbon, hydrogen, and oxygen. Specifically, this last case
allows us to test the effects of hydrogenation and an oxide layer
at the nickel surface. We thus tested a clean nickel surface and
clean diamond tip, a hydrogenated indenter tip on clean nickel,
as well as the effect of an oxygen layer on the metal surface.

We will begin by outlining our methodology. This will be
followed by a description of the fitting process for the EAM"”
nickel'® and Tersoff carbon'® potentials with a Lennard-Jones'®
tip—substrate (Ni—C) interaction. Then we will discuss the
ReaxFF***! potentials. After outlining the potentials used, we
will discuss our simulation results and finish with a discussion
of our findings.

2. SIMULATION CONDITIONS

In this work, we conduct several sets of MD simulations of
nanoindentation.

In all cases, we indented into a (111)-oriented nickel
substrate. This is the same geometry that was used in a
comparison of nickel potentials previously published.* The
indentation was performed with a diamond indenter tip. We
used both a spherical indenter and one that was atomically
sharp. The latter geometry was pyramidal (four faces), with
each face cut along a (111) plane. In all simulations, the
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indenter was atomically stepped and deformable according to
the defined atomic interactions between the carbon atoms.

A first set of simulations was run to perform the Ni—C fitting
for the attractive part of the Lennard-Jones potential. In this
case we used simulation procedures selected to mimic those of
the DFT investigation of the early stages on nanoindentation
that was used as a source of both fitting and validation data. As
in the DFT calculations, here the nanoindentation was
performed semistatically: we used the top of the indenter as
a grip (9 A thick), and we lowered it by 0.1 A at each semistatic
step. After the grip was lowered, and before the next semistatic
step, we ran 50 000 MD steps (with a time step of 1 fs) to relax
the system while keeping the indenter grip layer (9 A thick)
and the bottom of the Ni substrate (6 A thick) fixed in their
bulk positions.

The MD simulations were conducted in the NVT ensemble,
where a Nose—Hoover thermostat™ was employed. The overall
system size we used was much larger than the one utilized in
the DFT study, but we made sure to have an atomically sharp
indenter (see Figure 1), exactly as used in the referenced DFT
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Figure 1. Simulation configuration used during the fitting of the
Lennard-Jones potential for the Ni—C interaction. Carbon atoms are
blue in the main figure and gray in the inset; Ni atoms are red in both.

work. In the current study, the Ni substrate was 80 A wide in
the x direction, 79 A in the y direction, and 50 A thick. Periodic
boundary conditions were used along the x and y directions.
The indenter was 57 A thick from the lowest C atom to the top
of the grip. The entire configuration is shown in Figure 1. The
initial distance between the indenter and the Ni surface was
1.825 A. We decided to work at 300 K, instead of 0 K as in the
DFT case, to have faster equilibration of the system at each
step. A detailed investigation of the time convergence of the
quantities of interest proved that 50 000 MD steps provided
good convergence for all of them.

Once a suitable potential was determined, we used it to
examine nanoindentation phenomena. These simulations were
performed differently from the ones used to fit the potential
and are described individually below.

To investigate indenter wear and possible changes to the tip
from interactions with the substrate, we used the hybrid
potential described above to simulate indentation and
retraction using an atomically carved, (100)-diamond spherical
indenter, as created by the LAMMPS®* code. The indenter had
a radius of 298 A, was 29 A high, and included 358 266 atoms.
The Ni substrate size was 500 X 500 X 200 A%, with periodic
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boundary conditions along x and y, and a fixed bottom layer of
6 A along z, for a total of 4586204 atoms. During this
investigation, we compared results at two different temper-
atures: 1 and 300 K. We also investigated the effect of the
indenter speed by running simulations at a “standard” speed of
0.1 A/ps (10 m/s) and at a “slow” speed of 0.01 A/ps (1 m/s).
The “standard” speed is among the slowest speeds commonly
used in MD nanoindentation simulations;>>~*’ for instance, it
was the slowest speed investigated in a paper focused on
understanding the effects of the indenter speed on nano-
indentation results.”® We used a time step of 1 fs, and we
indented to a depth of 11.5 A before starting the indenter
retraction.

The ReaxFF potential was employed to obtain a more
detailed analysis of reactive interactions between the diamond
indenter, the Ni surface, and ambient species such as oxygen
and hydrogen. All ReaxFF simulations were conducted with an
atomically sharp indenter tip consisting of four pyramidal
(111)-sides carved from the bulk diamond structure, as was
used in the analogous DFT study. The indenter structure
consisted of 142 carbon atoms with 80 hydrogen atoms
included to cap unsaturated carbon atoms at the indenter base,
leaving the tip clean to assess Ni—C interactions at the
indenter—surface interface. Two additional hydrogenated tip
structures were also employed to assess the effect of hydrogen
on the tip—surface interaction. One was a fully hydrogenated
indenter, where hydrogen atoms were added to the system until
every carbon atom was fully saturated in a tetrahedral
configuration (a total of 120 H atoms). The second was a
partially hydrogenated indenter with hydrogen atoms bonded
to the 7 bottommost carbon atoms at the indenter tip, leaving
the carbon atoms in the middle region of the indenter
unsaturated (a total of 87 H atoms). All simulations employed a
25.83 x 29.82 A Ni(111) surface that was 8 Ni layers thick and
was periodic in the x and y directions (resulting in a total of
1152 Ni atoms). An oxygenated surface was also constructed,
where surface oxygen atoms were added to the Ni surface via a
previously described® grand canonical Monte Carlo—molec-
ular dynamics (GC-MC/MD) simulation scheme. During the
GC-MC/MD simulation, oxygen atoms from a thermodynamic
reservoir are inserted into and removed from the system using
the Metropolis criterion® to accept or reject MC moves. A MD
relaxation of forces is employed at each MC iteration prior to
applying the Metropolis acceptance criterion, thus allowing the
Ni surface to restructure while accommodating inserted oxygen
atoms. The converged system structure thus consists of a
surface oxide in equilibrium with an oxygen gas phase at the
temperature and pressure of the reservoir, which was chosen as
T = 300 K and Py, = 0.1 atm to reflect typical ambient

conditions. This results in a surface oxide containing 58 oxygen
atoms per 144 surface Ni atoms. The indenter and surface
structures employed during ReaxFF MD simulations are shown
in Figure 2.

All ReaxFF MD simulations were conducted in the NVT
ensemble, where a Berendsen thermostat® with a 500 fs
damping constant was employed to maintain a system
temperature of 300 K. An extended Ni surface surrounding
the indentation site precludes lateral expansion, as the entire Ni
slab would have to expand uniformly. Hence, simulations in the
NVT ensemble are appropriate as they do not allow for the
dissipation of surface stress by an unphysical uniform expansion
of the entire Ni surface. Each simulation consisted of 70 000

Figure 2. Surface and indenter structures used during ReaxFF MD
simulations. (a) Clean and (b) oxidized Ni surface structures; Ni are
light-red and O atoms are blue. (c) Clean, (d) fully hydrogenated, and
(e) partially hydrogenated diamond indenter structures; C atoms are
gray, and H atoms are white.

MD iterations with a time step of 0.25 fs, yielding a total
simulation time of 17.5 ps. In all simulations, the indenter tip
was initially placed 17.6 A above the Ni surface and was
lowered at a rate of 2.4 A/ ps for the initial 35 000 iterations and
was retracted at the same rate for the final 35000 iterations.
This yields a penetration depth of 3.4 A below the Ni surface,
which corresponds to three Ni atomic layers. The position of
the indenter was controlled via bond restraints between fixed
dummy atoms (four placed above and two below the surface)
and four carbon atoms at the indenter base and two at the tip.
A total of six MD simulations were conducted, consisting of the
three indenter models interacting with each of the two surface
models, allowing for a comparative analysis of the various
effects hydrogen and oxygen contaminates have on Ni—C
interactions at the indenter—surface interface.

All hybrid potential simulations were run using LAMMPS,*
while the ReaxFF simulations were conducted using a stand-
alone FORTRAN code developed in the van Duin group.

3. INTERATOMIC POTENTIALS

3.1. Ni—C Lennard-Jones Attractive Interaction.
Among the objectives of this work was the investigation of
whether MD simulations can shed some light on the AFM
experimental findings® of indenter tip damage after repeated
use. To achieve this goal, we needed to use a deformable
indenter in our simulations. We also needed an interaction as
complete as possible between the indenter and the substrate.
This meant including attractive and repulsive terms in the
classical potential describing the indenter, the substrate, and
their interactions. As we specifically investigated the case of a
(111)Ni slab indented by a (100) diamond tip, this translated
into using a potential that could offer good Ni—Ni, C—C, and
Ni—C descriptions.

On the basis of previous experiences modeling nickel slabs
and surfaces,” we decided to use a hybrid potential consisting
of the 2004 Mishin nickel'® potential to model the Ni—Ni
interactions, the Tersoff carbon' potential to model C—C
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bonds, and, finally, a Lermard-]ones15 term to describe the
mixed Ni—C interactions. Using a purely repulsive Lennard-
Jones term to model an A—B interaction is fairly straightfor-
ward because the only parameter needed is the A—B
equilibrium distance. However, including an attractive term
(i, fitting the energy minimum) requires more information.
To obtain such data, we ran specific DFT simulations of early
stages of nanoindentation. These were semistatic simulations;
therefore, for each fixed indenter—sample distance, the system
(indenter and Ni slab) was completely relaxed. We fit the
attractive contribution in the Lennard-Jones potential so that as
the indenter tip approached the Ni surface, the displacement of
Ni atoms toward the indenter matched what was observed in
DFT simulations (Figure 3). Our DFT calculations gave a Ni—
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Figure 3. Examples of DFT fitting data. The arrows indicate the
attraction effect that was used to fit the attractive part of the Ni—C
Lennard-Jones potential. The smaller (red) spheres represent Ni
atoms, while the larger (gray) are the C atoms.

C equilibrium distance of 1.61 A for the Ni—C dimer, but we
decided instead to use as fitting distance the average Ni—C
equilibrium distance obtained from the DFT simulations of
very early stages of nanoindentation, 1.7 A, as shown in Figure
3. This better reflects the multiple bond configurations of both
C and Ni in our applications.

Table 1 displays our parameters for the Ni—C Lennard-Jones
potential, as implemented in LAMMPS. It is important to

Table 1. Calculated Equilibrium Ni—C Distance and Fitted
Parameters for the Ni—C Lennard-Jones Interatomic
Potential

DFT Ni—C € 4 cutoff shift parameter
distance (A) (eV) (A) (A) in LAMMPS
1.7 0.2 1.514 2.5 yes

clarify that this hybrid potential was fit only to perform these
nanoindentation simulations. It has not been tested in different
situations, and it should not be used to simulate other physical
properties without proper investigation.

3.2. ReaxFF Potential. The classical ReaxFF potential'®
capable of describing complex covalent interactions between
atoms during the process of forming and breaking bonds. It was
originally developed to treat hydrocarbon systems, and its
formalism has since been extended to handle metal and metal-
oxide systems. This makes ReaxFF an ideal potential for
assessing reactive Ni—C interactions in which Ni—C bonds are
formed and broken at the indenter—surface interface in the
presence of oxygen or hydrogen.

The force field used for this study is based on a previously
developed Ni/C/O/H ReaxFF description® with substantial
improvement and extension. The force field as reported in ref
20 was developed to describe the metallic nickel bulk and
surface properties and hydrocarbon binding on nickel surfaces.

The carbon parameters in that force field were improved to
better describe the mechanical properties of graphene and
diamond structures.>® This improvement is critical for correctly
predicting the performance of carbon-based indenters. The
force field is further extended to describe the interstitial
diffusion of oxygen impurities, along with their interaction with
vacancies in bulk nickel and nickel oxide.** Lastly, a DFT data
set consisting of carbon monoxide/dioxide binding on the
Ni(111) surface (as described in ref 21) was included in the
training process of the force field extension.

Force field training results for this last extension are provided
in the Supporting Information. Although, this extension is not
directly relevant to the systems in this study, it facilitates the
continuous development and contributes to the transferability
of the force field. This parameter set is available in ReaxFF
input format in the Supporting Information.

Although computationally more expensive than the hybrid
potential described above, ReaxFF can capture unique covalent
contributions to the atomic interactions beyond the simple
repulsive—attractive interactions captured by the simple hybrid
potential. This will allow for a more detailed investigation of the
nanoindentation process in the presence of contamination in
the form of surface oxide formation or tip hydrogenation
compared to the ideal clean indenter—surface interaction.

4. RESULTS

4.1. Purely Repulsive versus Attractive-and-Repulsive
Tip—Substrate Interaction (Hybrid Potential). To better
understand the effect of including an attractive term in the
description of the indenter—substrate interaction, we simulated
early stages of nanoindentation both with and without such a
contribution. The Ni—Ni and C—C interaction descriptions are
identical in both cases.

Figures 4a) and 4b) display the behavior we typically found
when the Ni—C (substrate—indenter) interaction is purely
repulsive. As the indenter tip begins penetrating into the Ni
surface, the lowest-energy configuration makes room for
penetrating C atoms by “ejecting” Ni atoms from the substrate.
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Figure 4. System evolution as the tip is lowered onto the substrate. If
the Ni—C interaction is only repulsive, configurations a and b are
obtained. Panel a shows the system just before a Ni atom (circled in
the figure) is ejected, while panel b shows the same system just after
such an ejection. The ejected Ni atom is pushed away from the
indenter tip. If an attractive contribution is added into the mixed
interaction, a Ni atom is similarly ejected (c), but its relaxed position is
attached to the indenter (d).
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Figure 4a displays a configuration just before such ejection took
place. Figure 4b corresponds to the next semistatic step: a Ni
atom has left the interior of the sample and moved to the
surface, away from the indenter. If an attractive contribution is
included in the mixed interaction, the deformation starts
identically: a Ni atom is ejected to make room for the
descending indenter tip (Figure 4c). However, the final location
of the ejected atom is substantially different (Figure 4d): now
the Ni remains in close proximity of the indenter. In these
studies, the main relaxation mechanism during the very early
stages of nanoindentation is the same for an only repulsive or
repulsive-and-attractive description of the indenter—substrate
interaction, but the details of the system evolution are clearly
different.

We also compared our classical results to DFT simulations.
In Figure S we show two snapshots of the DFT simulations of

Figure 5. DFT simulations of early stages of nanoindentation. In both
snapshots (corresponding to indentation made with two different
indenter tips) Ni atoms that moved from the inside of the substrate to
the surface, and ended up attached to the indenter, are clearly
noticeable.

early stages of nanoindentation, one for an atomically sharp
indenter and another where four atoms formed the indenter tip.
These, and any other DFT configuration at this stage of
indentation, were not included in the fitting process. In both
configurations, Ni atoms have moved from the inside of the
substrate to the surface and ended up attached to the indenter,
as seen in our MD simulations. Therefore, adding the Ni—C
attraction to the classical description of the Ni—C interactions
produces a system evolution in excellent qualitative agreement
with DFT results.

4.2, Indenter Deformation (Hybrid Potential Results).
Because the primary goal of this work was to use MD tools to
understand the experimentally reported findings of indenter
wear and possible contamination, we started by using the
hybrid potential described above and simulated one cycle of
indentation and retraction.

Figure 6 displays our findings for a temperature of 1 K and
indenter speed of 0.1 A/ps (10 m/s). We indented to a depth
of 11.5 A, then retracted the indenter. As Figure 6 shows, after
complete retraction we find Ni atoms forming small pile-ups on
the surface. Figure 6b more clearly displays the nature of such
pile-ups: numerous single Ni atoms are scattered on the surface
where the indenter made contact, with a few larger structures,
at most three layers thick. Figure 6b also shows that one Ni
atom has attached to the indenter and is completely
disconnected from the Ni substrate. This finding is not enough
to clearly indicate whether or not there is Ni adhesion on the
diamond indenter as a result of the indentation cycle.

To better understand what happens at this very low
temperature, we ran similar simulations using an indenter
speed 10 times slower. It is well-known that indenter speeds
used in MD simulations are much faster than those in
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Figure 6. (a) Ni substrate (red) and indenter tip (blue) after the
indenter has been completely pulled out of the nickel. Simulation
conditions: T = 1 K; indenter speed of 0.1 A/ps (“fast”). In panel b,
only Ni atoms are shown. They are color coded with respect to their z
coordinate, going from dark blue, which corresponds to the Ni surface
(z=0A), to red, which indicates the only Ni atom that has attached to
the indenter (z = 16 A).

experiments, so it is important to investigate the effect such a
computational parameter has on the simulation results. Figure 7

Figure 7. System evolution as a “slow” indenter (speed = 0.01 A/ps) is
retracted after an indentation 11.5 A deep at T = 1 K: (a) maximum
indentation depth, (b) depth = 10.5 A, (c) depth = 5.5 A, and (d)
depth = 3.5 A. In panels a—d, only Ni atoms with centrosymmetry
parameter larger than 3 are shown (red). In panel e, the indenter
(blue) is completely detached from the Ni substrate (red) and Ni pile-
ups can be seen on both the Ni surface and the indenter tip.

shows the evolution of the system as the indenter is retracted
after having indented to a depth of 11.5 A (as in the previous
case). Only Ni atoms with a centrosymmetry parameter larger
than 3 are shown (red). As the indenter is retracted, the system
recovers and displacements due to dislocation nucleation “heal”
(Figure 7 a-d). However, as the indenter is completely removed
from the Ni sample, Ni pile-ups can be seen on both the Ni
surface and the indenter tip. The size of the pile-up(s) on the
tip leaves no doubt that significant tip adhesion (contami-
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nation) may occur, even at such low temperatures, as a result of
repeated indenter cycles, at least for this set of interactions.
We repeated the same investigation at room temperature (T
= 300 K). Again, we used a 0.01 A/ps (1 m/s) indenter speed,
which is slower than what is often used in similar nano-
indentation simulations.”* "2 In this case, the retraction of the
indenter did not lead to a complete recovery of the original
structure (Figure 8ab), though a significant decrease in the

Figure 8. Initial (a) and final (b) configurations during a “slow” (speed
= 0.01 A/ps) indenter retraction at T = 300 K. Only Ni atoms (blue)
with centrosymmetry larger than 3 are shown. The inset in panel b
shows Ni atoms on and above the Ni surface. They are color coded
with respect to their z coordinate, going from blue, corresponding to
the Ni surface (z = 0 A), to red, indicating Ni atoms that have attached
to the indenter.

structural defects was still observed. As the indenter is
completely retracted, a large amount of Ni is observed on the
indenter tip (Figure 8b and inset). This amount is much larger
than what was observed in the T = 1 K case for the same
indentation speed.

Figure 9 allows direct comparison of the substrate adhesion
to the indenter and to the Ni surface in the three cases that we
have investigated with the hybrid potential. Only Ni atoms are

Figure 9. Top view of our system after the indenter has been
completely retracted. Only Ni atoms are shown, color coded with
respect to their z coordinate, going from dark blue, corresponding to 4
A below the Ni surface, light blue for the Ni surface (z = 0 A), to red,
indicating Ni atoms that have attached to the indenter. Configuration a
corresponds to the “standard” indenter speed, T = 1 K case;
configuration b corresponds to the “slow” indenter speed, T = 1 K
case; and configurations ¢ and d correspond to the “slow” indenter
speed, T = 300 K case.

shown in this figure, and they are color coded with respect to
their z coordinate: the darkest blue indicates atoms 4 A below
the Ni surface; light blue indicates the Ni surface itself (z = 0
A); light green and yellow indicate Ni atoms forming low pile-
ups over the surface; and, finally, red indicates Ni atoms that
have attached to the indenter. For the T = 1 K cases (Figure 9
a,)b), a slower indenter speed (Figure 9b) causes the formation
of larger pile-up “islands” and, correspondingly, larger areas
where Ni atoms have been extracted from the sample,
compared to the “standard” indenter speed case (Figure 9a).
More Ni atoms have also attached to the indenter (indicated in
red), forming one medium sized contamination “spot” and a
small one. As the temperature is raised (Figure 9¢,d), significant
pileups are observed in the areas surrounding the impact point
(in good agreement with what is observed in larger-scale
indentation experiments), and directly under the indenter, we
find comparatively large areas where Ni atoms have been
extracted from the sample and attached to the indenter tip. All
of these results are consistent with the larger atomic mobility
that comes with having a higher temperature. Figure 9d depicts
a clearer image of the Ni surface immediately under the
indenter tip and shows that Ni atoms attached to the indenter
tend to aggregate and form very ordered structures.

To summarize what we have learned from the analysis of
these three cases, indentation cycles likely induce indenter
damage through indenter tip contamination. This contami-
nation seems to occur even at very low temperatures if a slow
enough indenter speed is used (which still is orders of
magnitude faster than experimental speeds). However, none of
our simulations have shown significant structural reorganization
in the diamond indenter itself.

4.3. ReaxFF Potential Results for the Clean, Hydro-
genated, and Oxidized System. The ReaxFF potential was
employed to obtain a more detailed analysis of indenter—
surface interactions in the presence of oxygen or hydrogen on
the indenter or surface. Indentation simulations, summarized in
Figures 10—12, consisted of a single indentation-retraction
cycle using various combinations of tip or surface species.
Figures 10 and 11 show trajectory snapshots of the initial (0
ps), middle (8 ps), and final (16 ps) system geometries during
indentation simulations over the clean and oxidized Ni(111)
surfaces, respectively. A video of each simulation is also
provided in the Supporting Information. Figure 12 summarizes
the total system energy during each simulation, where the
energies are reported relative to the average energy of the
system over the initial 3 ps before the indenter interacts with
the surface.

A strong Ni—C interaction dominates the first indentation—
retraction cycle in the absence of any contaminant, as seen in
Figure 10a. This is further evident in Figure 12, where the total
system energy decreases as the clean indenter approaches the
Ni surface, indicating a net attractive force between the
indenter and the surface. This is caused by Ni—C bonds formed
between unsaturated C atoms and the Ni surface. The system
energy briefly rises as surface Ni atoms are displaced into
surrounding Ni atoms and then decreases again as the indenter
retraction phase begins. As seen in the previous section with the
hybrid potential, Ni atoms remain bonded to the diamond
indenter after it is retracted away from the surface. The
indenter—surface interaction is very different when hydrogen is
present on the indenter, as shown in Figure 10b,c. For both the
fully and partially hydrogenated indenters, there is no attraction
to the surface at the onset of the indenter—surface interaction,
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Figure 10. MD trajectory snapshots at 0 ps (left-hand panels), 8 ps
(center panels), and 16 ps (right-hand panels) of ReaxFF indentation
simulations on a clean Ni(111) surface using a (a) clean indenter, (b)
partially hydrogenated indenter, and (c) fully hydrogenated indenter.
Ni atoms are red, carbon atoms gray, and hydrogen atoms white.

evident in the increase in system energy seen in Figure 12. In
the fully hydrogenated case, no Ni—C interactions are present,
as every carbon atom is already fully hydrogenated, and
displaced Ni atoms migrate away from the indenter leaving
vacancies and Ni adatoms on the surface after retraction. As
expected, the partially hydrogenated indenter behaves in a
manner similar to the clean indenter when unsaturated carbon
atoms reach the Ni surface, where the strong Ni—C interaction
is evident in the decrease in system energy at 8 ps compared to
the fully hydrogenated indenter. In this case, displaced Ni
atoms are both left on the surface and attached to the indenter
after retraction.

Similar indenter—surface interaction behaviors are observed
in the presence of an oxide contamination layer: again we find
Ni atoms that remain bonded to the diamond indenter after
retraction for clean and partially hydrogenated tips, but not for
the completely hydrogenated case. This overall similarity is
evident in both the trajectory snapshots and system energy
profiles. However, there are small differences that result from
the disordered nature of the Ni-oxide surface, which could
affect the interpretation of experimental data. The clean
indenter displays a stronger net attraction to the oxidized
surface, demonstrated in Figure 12b by the lower system energy
at &9 ps compared to the analogous simulation over the clean
surface. There is also a lower net repulsion between the
hydrogenated indenter and the oxidized surface. The stronger

Figure 11. MD trajectory snapshots at 0 ps (left-hand panels), 8 ps
(center panels), and 16 ps (right-hand panels) of ReaxFF indentation
simulations on an oxidized Ni(111) surface using a (a) clean indenter,
(b) partially hydrogenated indenter, and (c) fully hydrogenated
indenter. Ni atoms are red, carbon atoms gray, hydrogen atoms white,
and oxygen atoms blue.

attractive interaction occurs over the oxidized surface compared
to the clean surface because it is energetically unfavorable to
disrupt the close-packed Ni atoms in the clean surface. This is
shown in Figure 12a, as the net change in system energy is
always positive after the retraction phase. This increase in
energy is mitigated over the oxidized surface, which is
demonstrated in Figure 12b when the net change in system
energy returns to zero after the surface interacts with the fully
hydrogenated indenter.

These results demonstrated the utility of the ReaxFF
potential for describing unique repulsive—attractive interactions
that can affect results obtained from nanoindentation experi-
ments. They demonstrate that strong Ni—C interactions result
from reactive unsaturated carbon atoms present in atomically
sharp indenters, which can lead to indenter contamination and
sample destruction in the form of Ni vacancies. Furthermore,
the presence of hydrogen can shield the indenter tip by
saturating the most reactive carbon sites that would otherwise
interact too strongly with the surface. Indeed, it is likely that the
Ni vacancies created by the fully hydrogenated indenter over
the clean surface could be avoided at slower indentation speeds,
suggesting that hydrogenation could be a useful strategy for
synthesizing nonreactive atomically sharp indenter tips.
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Figure 12. Relative system energies during ReaxFF indentation
simulations on the (a) clean and (b) oxidized Ni(111) surface. Green
data corresponds to simulations conducted with the clean indenter,
blue data to simulations conducted with the partially hydrogenated
indenter, and orange data to simulations conducted with the fully
hydrogenated indenter.

5. DISCUSSION

Of the many parameters that affect the results of MD
nanoindentation simulations, the most important is obviously
the force field. Depending on the object of the investigation, a
suitable force field must be chosen. Complex force fields, like
ReaxFF, allow for a more realistic investigation of nano-
indentation processes, as they allow the simulation of realistic
features like oxide layers over the metallic surface and saturated
carbon bonds. This ability is, however, balanced by their
computational cost, which is much higher than that of simpler
force fields, such as EAM, Tersoff, or Lennard-Jones. This
higher computational cost may require the use of smaller
computational cells and may, therefore, affect the results by not
including long-range relaxations as well as is allowed by the use
of faster potentials. Because of such unknowns, validation of the
applicability of any force field prior to the investigation of a
specific physical phenomena is always needed.

In this work we used various, progressively more complex
potentials to investigate the nanoindentation process. Specifi-
cally, we focused on understanding how much the attraction
between tip and substrate matters and whether including more
realistic tip—substrate interactions (as for saturated tips and/or
oxidized surfaces) alters the evolution of the system.

We determined that including an attractive interaction
between the tip and the metallic substrate is crucial if a clean
indenter is used and information about indenter wear and
substrate surface deformation are desired. In the case of an ideal
(unsaturated) indenter tip, we found excellent qualitative
agreement between results obtained using the simpler and
faster hybrid EAM—Tersoff—Lennard-Jones potential and those
obtained using the more involved ReaxFF potential, as long as
an attractive Ni—C interaction is included. In both cases, we
found adhesion on the tip (Ni atoms that remained bonded to
the diamond indenter after it is retracted from the surface) and
nonidealities on the Ni surfaces: Ni-atoms pile-ups, pits, Ni
adatoms on the surface, etc. Good qualitative agreement with
DFT findings for very early stages of nanoindentation further
validate our results. For the purpose of this investigation, we
can therefore conclude that the direct Ni—C interaction is
sufficiently well described by the simpler, faster hybrid
potential, as no major differences are found using the ReaxFF
potential. Also, as ReaxFF has not previously been applied to
nanoindentation, the agreement between its results and those
of the hybrid potential and DFT simulations validates its
applicability to this field.

The use of the ReaxFF potential also allowed us to
investigate more realistic conditions, such as the case of a
hydrogen-saturated indenter tip. Here we obtained a system
evolution very different from that found for a clean indenter tip,
demonstrating that strong Ni—C interactions result from
reactive unsaturated carbon atoms present in atomically sharp
indenters. The presence of hydrogen can shield the indenter tip
by saturating the most reactive carbon sites that would
otherwise strongly interact with the surface.

The differences in adsorption behavior for the hydrogenated
tip versus the non-hydrogenated tip highlight the importance of
environmental and chemical interactions in these systems. For
example, different tip—substrate adsorption behavior could be
seen under UHV conditions, if not enough hydrogen is
available to saturate the tip or if additional species preferentially
react with the hydrogen and effectively remove it from the tip,
or with different materials (as with the tungsten indenter on
gold"?).

We also examined the presence of an oxide layer over the
metal surface. It has been experimentally determined that
oxygen passivation of Ni creates a number of surface structures
that depend on oxygen pressure, temperature, ambient
conditions, and surface orientation.**™” For Ni(111) at 300
K, only a few layers appear to form.>” The simulated coverage is
consistent with those findings, though possibly more
disordered. We determined that all key behaviors observed in
the presence of an oxide layer are very similar to those observed
for a clean metal surface: again we find Ni adhesion to the
diamond indenter after retraction for clean and partially
hydrogenated tips, but not for completely hydrogenated tips.

Taking advantage of the fact that the hybrid potential is
computationally inexpensive, we used it to investigate the effect
of the indenter speed on our results. We determined that
slower speeds yielded more Ni adhesion on the tips. Because
experimental speeds are many orders of magnitude slower than
what is used in MD, we consider our findings an indication that,
possibly, some adhesion would be seen even in the case of
saturated tips if much slower indentation speeds were
employed. However, this should be examined further.
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6. CONCLUSIONS

We investigated the role of attractive interatomic interactions as
well as of ambient species (oxygen and hydrogen) on both tip
and substrate in simulations of nanoindentation. We found that
inclusion of attractive interactions between the indenter and
substrate reproduced tip-wetting effects seen in experiments,
DEFT, and previous MD simulations for different materials. The
presence of ambient species, however, can substantially reduce
the wetting, as we found for the case of hydrogen saturation.
This work demonstrates the importance of capturing the
appropriate chemical interactions, even in large systems such as
those characteristic of nanoindentation. Much more work is
needed to fully understand all of the complex effects in this
system, but it is clear that a purely repulsive interatomic
potential describing tip—substrate interaction can fundamen-
tally change the nature of the system evolution in these
simulations.
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