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Abstract: This review covers areas where our understanding of the mechanisms underlying
nanoindentation has been increased by atomistic studies of the nanoindentation process. While such
studies have been performed now for more than 20 years, recent investigations have demonstrated
that the peculiar features of nanoplasticity generated during indentation can be analyzed in
considerable detail by this technique. Topics covered include: nucleation of dislocations in ideal
crystals, effect of surface orientation, effect of crystallography (fcc, bcc, hcp), effect of surface and bulk
damage on plasticity, nanocrystalline samples, and multiple (sequential) indentation. In addition
we discuss related features, such as the influence of tip geometry on the indentation and the role of
adhesive forces, and how pre-existing plasticity affects nanoindentation.
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1. Introduction

Nanoindentation is a technique commonly used to provide information about the elastic modulus
and hardness of materials [1,2]. This technique has provided insights into a broad range of material
properties; as examples we mention the indentation cracking of brittle thin films on brittle substrates [3];
the fracture toughness, adhesion and mechanical properties of dielectric thin films [4]; the strain
hardening and recovery in a bulk metallic glass [5]; the phase transformation of titanium dioxide
thin films produced by filtered arc deposition [6]; superhard materials [7]; and even the investigation
of biomaterials, such as the mechanical properties of human enamel [8]. Nanoindentation testing
has become of wide-spread use when modern modern experimental testing methods were combined
with the Oliver-Pharr [9] analysis. Further applications of this method are found in the investigation
of the deformation mechanics of nanoparticles, micro- and nanopillars, microbeams, micro- and
nanofibers, membranes, and nanofilms; this wide variety of structures are ubiquitous to the field of
nanotechnology [10].

Nanoindentation is intimately related to the problem of contact between two bodies, where an
indenter exerts force on a material. Contact mechanics involves all the spatial scales, from atomistic to
continuum, and many temporal scales, ranging from the period of atomic vibrations to the duration of
contact. It also comprises complex mechanisms such as many-body interactions, plasticity, heating
and even phase transformations. Luan and Robbins [11] showed that a nanoscale contact is governed
by atomistic phenomena and that it is frequent to find plastic deformation in the form of dislocation
nucleation on the surface or the flattening of asperities [12]. The scale of these phenomena render their
in situ experimental observation extremely difficult and that is the reason why computational tools
help on the elucidation of the deformation mechanisms taking place.
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The understanding of the deformation mechanisms during nanoindentation at the atomic scale has
gained considerably from atomistic simulations [13]. Among the landmark contributions we mention
the paper by Landman et al. [14] which helped to understand the jump-to-contact phenomenon during
indentation. The contribution by Hoover et al. [15] showed that the predicted hardness was strongly
influenced by the interatomic potential, temperature, and indenter speed used in the simulations.
Harrison et al. [16] published simulation results of nanoindentation on the diamond (111) surface and
found a fracture mode of stress relaxation under the indenter. Sinnott et al. [17] performed atomistic
simulations of the nanometer-scale indentation of amorphous-carbon thin films providing qualitative
insight into the mechanical deformation processes that take place during indentation, and quantitative
predictions that compare well with experimental data.

Later Kelchner et al. [18] performed molecular dynamics (MD) simulations of spherical
indentation in Au, and since then MD simulations have been extensively applied to study plasticity
mechanisms during indentation processes. This paper reviews some of the most relevant contributions
to nanoindentation that were made possible by atomistic simulations.

In a previous review [19] we gave an introduction to the methods used in atomistic simulation of
nanoindentation, and in the analysis and interpretation of such simulations. A remarkable outcome of
such simulations is the possibility to identify all features (peaks, load drops, etc.) of the load-depth
curve with the underlying plastic changes in the material, i.e., with the generation of dislocations,
their reaction, or the emission of dislocation loops. Thus in particular the nucleation of dislocations
underneath the indent tip, the dissociation of prismatic loops from the network adherent to the indent
pit, and the generation of pile-up surrounding the pit has been studied in detail. In the present review
we do not want to repeat this analysis, but rather focus on recent advances obtained after the writing
of our last review [19]. It thus exemplifies that the field of atomistic modeling of nanoindentation is
both active and continues obtaining relevant results and insights.

The topics covered in this review include ideal crystals, effect of surface orientation and
crystallography (Section 2), the effect of surface and bulk defects on plasticity (Section 3), multiple
indentation (Section 4), the effect of the tip modeling (Section 5) and the role of adhesive forces and tip
wetting (Section 6). Finally we conclude on current challenges in the field (Section 7).

2. Ideal Crystals, Effect of Surface Orientation and Crystallography

2.1. Fcc Metals

Due to the abundance of fcc metals and the technological applications of some of them, metals with
this structure were the first to be studied. The homogeneous nucleation and structure of dislocations in
fcc metals under indentation was first studied by Kelchner et al. [18] and later by Van Vliet et al. [20]
and Lee et al. [21]. The heterogeneous nucleation of dislocations at surface steps was first studied by
Zimmerman et al. [22].

Dislocation slip in fcc crystals occurs along the close-packed plane, that is a plane of type {111}.
The primary glide system in this material class is the 〈110〉{111} system. Immediately after nucleation,
shear loops are formed that tend to attach to the indenter surface. Depending on the generalized
stacking fault energies (SFEs), dislocations in fcc metals dissociate and form partials that are
accompanied by stacking fault planes. The reaction of dislocations can generate prismatic loops
that transport material away from the surface into the substrate. Depending on the surface orientation,
if glide vectors 〈110〉 are available that lie parallel to the surface—such as for a (111) surface—V-shaped
loops are formed at the surface that are free to glide out of the high-stress indentation zone [23–26].

Li et al. [27] studied nanoindentation of Au and found good agreement of the yield strength of
the single-indexed surfaces with experiment. In addition, they alloyed 5% of Zr, Cu and Ti to their
Au crystal. They demonstrated that the difference of unstable and stable SFE—rather than the stable
SFE itself—is a good indicator of the strength of alloys. This difference corresponds to the nucleation
barrier for defects, and exhibits a strong correlation with the hardness of the alloys.
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The size effect in nanoindentation was explored by Begau et al. [28]. With increasing
indentation depth the dislocation density increased. Similar findings were obtained later in [29] for a
single-crystalline (sc) Ni thin film, showing that indentation hardness decreases with indentation depth.

2.2. Bcc Metals

Prismatic loops are also formed in bcc metals, as was observed by Hagelaar et al. [30] during
nanoindentation in tungsten. Upon indentation on a (111) surface loop generation was associated with
shear stresses in their atomistic indenter. Considering tantalum as a model bcc material, Alcalá and
co-workers [31] have shown that nanocontact plasticity occurs by the nucleation and propagation of
twin and stacking fault bands driven by a combination of shear stresses and pressure. They suggested
that dislocations appear after a thermally assisted twin annihilation and mentioned that this mechanism
is common to other bcc metals.

Remington et al. [32] presented a comprehensive nanoindentation MD study of Ta single crystals
along the three principal crystallographic orientations. They reported that after the formation and
annihilation of planar defects similar to the ones reported by Alcalá et al. [31], shear loops form
and propagate along 〈111〉 directions. Consistent with bcc slip systems, the shear loops grow by the
advance of their edge components while the screw components undergo limited cross-slip. Eventually
the screw segments may annihilate each other since they have dislocation lines with opposite signs,
and a prismatic loop is pinched off [32,33].

Figure 1 presents a side view of the indentation of a (001) Ta single crystal by an 8 nm diameter
spherical indenter to a penetration of 5 nm, and a detailed view of a prismatic loop produced in the
process. The loop is formed of several dislocation segments in several slip planes pertaining to slip
systems with the same slip direction. For methodological details, the reader is referred to reference [33].

Figure 1. Prismatic loop formation in bcc Ta, see text. Original contribution of the authors.
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Twinning may play a role in the plasticity of several bcc metals. Goel et al. [34] investigated the role
of twinning during the nanoindentation of Ta, finding evidence for a significant twinning anisotropy.

2.3. Hcp Metals

While nanoindentation in fcc and bcc metals has been characterized fairly well using MD
simulation, little work has been published on the indentation of hcp metals, and only recently. Most of
these studies are concerned with Mg [35–37], while Lu et al. [38] indent into Zr. In a comparative study,
Alhafez et al. [39] simulated Mg, Ti, Zr in three different orientations; they found that here the surface
crystallography plays a comparatively larger role than in the fcc and bcc materials. The reason is that
the anisotropy of the crystal (unequal a and c axes) makes slip in the pertinent directions differ more
pronouncedly than in the cubic crystal classes. In other words, slip by basal and prismatic or pyramidal
dislocations shows more variety than in the fcc and bcc crystals. Figure 2 exemplifies the dislocation
network generated by indentation in an hcp metal, Ti. Dislocations are dominated by the partials
b = 1

3 〈1̄100〉, while the perfect b = 1
3 〈2̄110〉 dislocations occur more rarely. Prismatic dislocation

loops are emitted abundantly, leading to quite extended plastic zones. Figure 2 thus demonstrates
the influence of surface orientation on the density of the network and the direction and intensity of
loop emission.

Figure 2. Dislocation networks generated for indentation into Ti. (a) Basal plane, (b) first prismatic
plane, (c) second prismatic plane. Dislocations with Burgers vector 1

3 〈2̄110〉 are colored dark red,
1
6 〈2̄203〉 orange, 1

2 〈0001〉 white, and 1
3 〈1̄10〉 blue. The deformed surface and other defects are colored

yellow. Original contribution of the authors.

2.4. Si

Non-metals have been investigated with less systematics than metals. An exception is provided
by the important material Si. Already in our previous report [19] we mentioned a number of studies
on Si [40–42]. Research in this material is still very active as is evidenced by the large number of recent
publications [43–48].

All studies indicate that phase transformation—in particular to the amorphous state—contributes
strongly to plasticity. An important issue concerns the the question in how far dislocations take part in
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the plasticity. Here a comparative study of indentation into Si [46] showed that the Stillinger-Weber
potential [49] produces considerably more dislocations than the Tersoff potential [50], confirming
earlier studies. The exact nature of the phases created is under discussion; but it seems that—at least
for the Stillinger-Weber potential—the beta-tin phase is not formed, but the bct5 phase [45]. These
results were recently corroborated and extended [47]. Already previously Mylvaganam and Zhang [44]
studied the effect of crystal orientation on the formation of bct-5 silicon, using the Tersoff potential.

The nature of the plastic yield in Si is still under discussion [51]. While simulations using
the Stillinger-Weber potential [49] determine dislocation nucleation and amorphization are the
key contributors to plasticity [52], simulations with the Tersoff potential [50] find the solid-solid
transformation to the beta-tin phase as initiator of the plastic yield [41].

Abrams et al. [48] use the Tersoff potential [50] to understand the influence of crystalline and
amorphous phase transitions in Si on the extrusion behavior on the surface. They find that formation
of the crystalline Si-III phase can be identified by a pop-in in the force-depth curve which is absent
under amorphization; both phase transformations lead to material extrusion to the surface.

Du et al. [43] report a temperature effect in nanoindentation between 10 and 300 K; with plastic
indentation depth increasing and hardness decreasing when temperature increases. In addition they
find an influence of the temperature on the crystalline solid-solid transformations occurring under the
Tersoff potential.

A recent review of machining of Si was provided by Goel et al. [53], including information on
indentation [42]; these are based on simulations using the so-called analytical bond order potential by
Erhart and Albe [54]. They emphasize the high pressures obtained in the indentation zone, which may
reach up to 10 GPa in their example and are responsible for the phase transformations. In comparison,
the temperatures reached in the zone are appreciable only when the indentation velocity exceeds
several ten m/s; this will not be relevant for indentation experiments.

It must be concluded that the mechanism of plastic yield in Si is dominated or at least strongly
influenced by phase transformations.

2.5. Other Materials

Richter et al. [55] applied the molecular dynamics technique to study the nanoindentation of
graphite and diamond to support their experimental studies, giving an atomistic description of the
indentation process.

Szlufarska et al. [56] performed molecular dynamics simulation of indentation of nano-crystalline
silicon carbide predicting a crossover from intergranular continuous deformation to intragrain discrete
deformation at a critical indentation depth. Walsh et al. [57] relied on MD simulations to probe silicon
nitride films reporting amorphization and cracking with a marked anisotropy.

Energetic materials can also be studied by molecular dynamics simulations, as shown by
Chen et al. [58] who used MD simulations with reactive force fields to study nanoindentation of
cyclotrimethylenetrintramine (RDX) by a diamond indenter. They report on significant heating of the
substrate in the vicinity of the indenter, resulting in the release of molecular fragments and migration
of these molecules on the indenter surfaces.

Recently also the indentation of Cu-Zr metallic glasses was attempted [59–61]. The hardness was
found to increase with Cu content. Pop-in events in the load-depth curve and plastic yield were related
to shear band formation.

Comparatively little work was devoted to indentation into composites. Feng et al. [62] investigated
indentation into a nanocomposite formed of WC and Co layers. Special attention was paid on the action
of the semi-coherent interface; it was found that it triggers dislocation generation in Co, enhancing the
ductility. Indentation directly on a heterointerface, formed of Al and Si crystallites, was performed
in [63]. Here enhanced dislocation mobility of the Si dislocations, mediated by the nearby interface,
was reported.
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Recently, also high-entropy alloys were studied [64]. For an FeCrCuAlN alloy a high hardness
of 15.4 GPa is found which is claimed to be due to the low SFE and the dense atomic arrangement in
the slip plane of this alloy. Further atomistic indentation studies were devoted to c-BN [65], γTi-Al
alloy [66], and (001) oriented strontium titanate [67].

3. Effect of Surface and Bulk Defects on Plasticity

The response of grain boundaries (GBs) and their role in the mechanical response under
indentation has attracted much attention [68,69]. Feichtinger et al. [70] performed atomistic simulations
of nanoindentation on nanocrystalline (nc) Au with grain diameters of 5 and 12 nm and found GBs
acting as dislocation sinks and also observed GB sliding. Ma and Yang [71] observed heterogeneous
nucleation of dislocations at GBs in nc Cu. Hasnaoui et al. [72] found that for cases where the indenter
size is smaller than the grain size in nc Au, GBs not only act as dislocations sinks, but that they can
also reflect or emit dislocations, depending on their local structure and stress distribution. Jang and
Farkas [73] studied the interaction of lattice dislocations with a grain boundary during nanoindentation
of Ni and found dislocation transmission across GBs.

Liu et al. [74] explored the grain size effect in nc Ni with grain sizes ranging from 5 nm to
40 nm and found inverse Hall-Petch effect for the whole range, grain boundary absorption and
that the area of the plastic zone generated is strongly dependent on the GB density. However,
Huang et al. [75] only found inverse Hall-Petch effect for grain sizes below 7 nm in nc Cu. In addition
they reported stress-induced grain growth as well as grain rotation as the cause for grain coarsening
under indentation.

More recently Li et al. [76] studied the effect of grain size on the nanoindentation of Cu. They used
both nc and nanotwinned (nt) Cu and compared to the indentation of an sc Cu specimen. They report
a strong influence of dislocation interactions with GBs and with twin boundaries (TBs), respectively,
which depend in size on the grain size and twin lamella thickness. In the nt Cu sample, in particular,
plasticity is dominated by twinning/detwinning rather than by dislocation nucleation and motion.

Voyiadjis and Yaghoobi [77] explored the role of grain boundary on the source of size effects
using bi-crystal Ni thin films and large scale MD simulations showing that the size effects mechanism
influenced by GBs changes from dislocation nucleation and source exhaustion to the forest hardening
mechanism as the grain size increases. Guleryuz and Mesarovic [78] studied low angle twist and
asymmetric tilt boundaries in Cu and found nucleation of dislocations at GBs together with GB sliding.
Talaei et al. [79] explored grain boundary effects on nanoindentation of Fe bicrystal.

Dupont and Sansoz [80] found significant softening of a nc-Al specimen under indentation which
was caused by GB movement and grain rotation. In that simulation they used an indenter (R = 15 nm)
that was larger than the average grain size (5 nm); the simulation was performed using a coupled
atomistic-continuum approach.

The effect of GBs in bcc materials seems not to have been explored by MD simulation up to
now, while simulations using gradient plasticity theory are available [81], where the size effects
were studied.

Figure 3 shows the indentation of a (100) Fe single crystal with pre-existing defects (vacancies,
divacancies, voids, and dislocations). Dislocations depicted in green correspond to a Burgers vector
1
2{111}, while pink ones correspond to {100} dislocations. The indentation point is just above a region
where several dislocations meet. The strain gradient applied by the indenter promotes the movement
of pre-existing dislocations in that zone and the nucleation of new dislocations that react with the
former. Upon removal of the indenter, there is significant dislocation retraction and annihilation
leading to a considerable modification of the dislocation forest in the region affected by the indenter,
without apparent changes farther away.
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Figure 3. Sequence of indentation and release in a Fe sample with pre-existing defects, see text. Original
contribution of the authors.

Esqué-de los Ojos et al. [82] studied the mechanical response under nanoscale spherical
indentation employing MD simulations on single crystalline copper with an array of voids.
Their simulations revealed that, for a given porosity fraction, the mechanical behavior of fcc metals
with smaller pores differs more significantly from the behavior of the bulk, fully-dense counterpart.
This effect is more pronounced for smaller voids than for bigger voids and is ascribed to the increase of
the overall surface area as the pore size is reduced while the porosity fraction is kept constant, together
with the reduced coordination number of the atoms located at the pores edges.

Ukwatta and Achuthan [83] studied the role of existing dislocations on the incipient plasticity
under nanoindentation. To this end, they introduced edge dislocations into a Cu sample. They reported
that the interaction between pre-existing and newly formed dislocations has a significant influence on
the incipient plasticity, in particular by inducing cross-slip.

The influence of surface defects on the indentation has been investigated only rarely. Here surface
roughness, surface steps, vacancy or adatom islands, or in general nanostructured surfaces may be
of interest. The influence of adatom islands on the indentation process has been investigated for
the example of Cu [84]; only central indent points were considered. It was found that the results
are determined by the ratio of the indenter contact radius, ac, to the radius of the adatom island, s.
Small adatom islands, s� ac, are pushed into the substrate and then transported away by prismatic
loops. After the initial load drop accompanying this event, indentation proceeds as for a flat surface.
If the island size matches that of the indenter, s ∼= ac, dislocations are generated below the island
step edges and remain pinned there; dislocation activity remains localized under the island. In this
size-matched case, the surface is weakest and yields first. Finally, if s� ac, the influence of the adatom
island vanishes.
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4. Multiple (Sequential, Cyclic) Indentation

In 2002, Van Vliet and Suresh [85] pointed out the lack of direct and in situ studies of the evolution
of damage at surfaces subjected to cyclic contact loading on the atomic level and performed simulations
of cyclic indentation using the bubble-raft model [86], observing the homogeneous nucleation of
dislocations beneath the indenter and showing that there is a contact-fatigue response under cyclic
indentation that is different from monotonic response. Zarudi et al. [87] studied the microstructure
evolution of monocrystalline Si during cyclic microindentations. Molecular dynamics simulation of
repeated indentation started with the work of Komvopoulos and Yan [88], investigating the evolution of
deformation and heating in an fcc model crystal with indentation cycles. Later, Cheong and Zhang [89]
used MD to study the effect of repeated nano-indentations on the deformation in monocrystalline
silicon. Some years later Shiari and Miller [90] performed cyclic indentation of aluminum single
crystals at the nanoscale by means of a multiscale 2D approach, using an atomistic model calculated
using the molecular dynamics method for the contact region and a continuum model for regions away
from it.

Cordill et al. [91] performed coupled experiments and MD simulations to study the response of
Ni under oscillatory dynamic nanoindentation, coining the Nano-Jackhammer effect, a combination of
dislocation nucleation and strain rate sensitivity caused by indentation with a superimposed dynamic
oscillation. Deng and Schuh [92] performed MD simulations of nanoindentation and cyclic loading in
a Cu-Zr metallic glass, showing hardening effects and attributed this response to confined plasticity
and stiffening in regions initially preferred for yielding, requiring higher applied loads for triggering
secondary plasticity events. Imran et al. [93] used MD to explore the response of a Ni single crystal
subjected to multiple loading-unloading nanoindentation cycles, observing that an increase in the
number of loading/unloading cycles reduces the maximum load and hardness of the Ni substrate and
attributed this effect to the decrease in recovery force due to defects and dislocations produced after
each indentation cycle. Salehinia et al. [94] performed repeated indentation in Nb/NbC multilayers
using molecular dynamics simulations showing that the damage produced by the first indentation
has a significant effect on the strength and the ductility of Nb/NbC nanolaminates as measured by
subsequent indentations.

Wang, Yan and Li [95] conducted a mesoscopic examination of cyclic hardening in metallic glass by
combining finite-element-method simulations coupled with kinetic Monte Carlo, finding that the yield
load of the metallic glass increases after cyclic indentation in the microplastic regime. More recently,
Zhao et al. [61] performed an investigation on the hardening behavior of a Cu-Zr metallic glass under
cyclic indentation loading via molecular dynamics simulation revealing that the cycling hardening has
a dependence on the cyclic indentation amplitudes so that with higher cyclic indentation amplitudes,
the hardening behavior is more pronounced.

5. Tip Geometry

On the nanoscale all tips are blunt (rounded). Available nanoindenter tips may reach nowadays
radii as small as R = 10 nm [96,97]. Indeed most simulations have been performed for spherical tips,
and occasionally for conospherical tips.

Still, it may be found useful to investigate the effect of tip shape on the indentation process.
There are at least two reasons for this: (i) indentation into single crystals is governed by crystal
plasticity, and the governing rules are similar in the nano- and microworld; (ii) available macroscopic
laws may thus be tested in the nanoscale.

We exemplify the indentation with a Vickers indenter in Figure 4. Clearly, the imprint shape
and surrounding pile-up reflect the shape of the Vickers indenter. On the other hand, the dense
dislocation network developing below the surface is typical also of other indenter geometries with a
large opening angle.
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(a) (b)

Figure 4. Indentation with a Vickers indenter into an Fe (100) surface. (a) Indent pit. (b) Dislocation
network. Original contribution of the authors.

A more thorough study of the influence of the indenter shape was performed in [98] for the case
of sc Fe. While this study focused on scratching, also the indentation process was included in the
simulation. Systematic results could be obtained for indentation with a conical tip in dependence of the
cone semi-apex angle β. The indentation hardness increased with β; this feature could be rationalized
by the increasing complexity of the dislocation network beneath the indenter. For the case of the
Fe (100) surface studied, the hardness increase measured 30%, if β changed from 30◦ to 70◦.

The behavior of a Berkovich indenter agreed well with that of a cone with β = 70◦; this angle
agrees with the so-called equivalent cone angle of the Berkovich indenter [1,99]. The indentation
behavior of a sphere shows, however, only poor agreement with the indentation of a cone with the
corresponding equivalent cone angle, which in this case depends on the indentation depth. This
missing agreement was attributed to the fact that cone and pyramid are self-similar structures, while
the sphere is not.

6. Role of Adhesive Forces and Tip Wetting

Unlike in large-scale nanoindentation behavior, adhesion between indenter and substrate may
play a significant role in nanocontact mechanics. Adhesion and tip wetting can be very pronounced at
the nanoscale, with large surface area to volume ratio, clean surface and ultra high vacuum conditions.
Molecular dynamics simulations of nanoindentation showed some of their potential in this area with
the pioneering work of Landman et al. [14], showing metallic bonding and substrate-to-tip atom
transfer (also known as the tip-wetting or jump-to-contact phenomenon) as a result of the need of
optimization of the interaction energy. The high surface energies associated with clean metal surfaces
can lead to strong attractive forces between surfaces close to contact, and these forces can become
stronger in certain environmental conditions such as ultra-high vacuum. If the attraction is strong
enough, surface atoms jump from the surface to the tip. Adhesion forces also play a role in retraction;
as the tip retracts from the sample, a connective neck of atoms forms between the substrate and the tip.
MD simulations also suggested that material transfer usually occurs during contact separation [30].
A similar phenomenon was found by Oliver et al. [100] when they performed one-to-one spatially
matched experiment and atomistic simulations of nanometre-scale indentation; they reported that
many features of the experiment were correctly reproduced by MD simulations, in some cases only
when an atomically rough indenter rather than a smooth repulsive-potential indenter is used, tip
wetting being one of these features. Paul et al. [101] highlighted the need to further explore the role of
adhesive forces and tip wetting, ranging from the mechanisms of substrate-to-tip material transfer to
electronic transport properties.
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Tavazza et al. [102–104] used density-functional theory to study the details of the interaction
of a diamond tip with a Ni surface. They found that the chemical interaction between the two
materials leads to the formation of new ordered phases—comparable to a nickel carbide—at the
contact area. This influences the substrate surface, but has also consequences for the wear of the tip,
since substrate material is transferred to it. They argue that for the detailed investigation of such
chemical changes quantum mechanical methods are necessary. In [102] this study is extended to
oxidized and hydrogenated Ni surfaces; while O at the surface leads to similar results as a bare Ni
surface, the presence of H reduces material transfer to the tip.

Figure 5 exemplifies the effect of adhesive forces between a diamond indenter (radius 10 nm) and
an Fe (100) surface. A Morse potential with a well depth of 95 meV was assumed to act between C
and Fe atoms [105]. We see that the indenter extracts some substrate material after retraction from
the surface; this is identified by the red-colored atoms decorating the retracted tip. The pit size is
smaller for the case of the adhesive interaction where the atoms move with the indenter upwards
during unload.

−2

−1

 0

 1

 2

 3

 4

 5

−5  0  5  10  15  20  25  30  35  40

F
or

ce
z 

(µ
N

)

Indentation depth (Å)

repulsive
adhesive

−10

−5

 0

 5

 10

 15

 20

−5  0  5  10  15  20  25  30  35  40

C
on

ta
ct

 p
re

ss
ur

e 
(G

P
a)

Indentation depth (Å)

repulsive
adhesive

(a) (b)

(c)

Figure 5. Comparison of indentation with a repulsive and an attractive diamond indenter into a Fe
(100) surface. (a) Load-depth curve. (b) Contact pressure. (c) Pile-up after retraction of the indenter.
Original contribution of the authors.

The load-depth curve shows a clear minimum when the indenter approaches the surface due
to the mutual attraction, and forces are lower than in the purely repulsive scenario during the
entire indentation process. However, adhesive effects are even larger upon pit retraction. The final
hardness—that is the contact pressure after full indentation—is, however, nearly the same in the
repulsive and in the attractive case.
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7. Conclusions

This report on recent results in the field of MD simulation of nanoindentation demonstrates the
high level of activity in this field. Seemingly a simple process—a tip is pushed in a material leading to
plastic deformation—still many details are unclear, and MD simulation seems a promising technique
to further the understanding of this process. Of particular interest of the nanoindentation technique is
its capability of creating localized plasticity.

Our review identified the fields in which further simulations efforts are required to advance our
understanding of localized plasticity even further. While the effect of GBs and TBs on dislocation
activity has already been studied to some extent [106], the response of nc metals and more generally
defective materials—containing preexisting vacancies, dislocations, steps, ledges, etc.—needs further
clarification. Also effects of surface roughness, nanostructured surfaces or of hard inclusions appear
not to have been modeled up to now and requires clarification.
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