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Using molecular-dynamics simulation, we study nanoindentation and scratching in an Fe (100) surface.
We find an indentation hardness of 20 GPa in good agreement with experiment and previous simulations.
The length of the dislocations generated and the volume of the plastic zone follow a simple model based
on the dislocations necessary to remove the material from the indentation zone, the so-called geometri-
cally necessary dislocations. The dislocation density stays approximately constant. Both b=1(111) and
b = (100) dislocations contribute to the plastic zone. During scratching, we observe a distinct re-organi-
zation of the dislocation network; the reaction of b =1(111) to b = (100) dislocations plays an impor-
tant role. After longer scratching the dislocations in the middle of the scratch groove react and the
dislocation density there is strongly reduced; all further dislocation activity occurs at the scratch front.
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Iron Deformation twinning is observed both in the indentation and in the scratch stage. Both normal and
Dislocations lateral scratch hardness decrease with depth, while the friction coefficient shows a strong increase.
Plasticity © 2014 Elsevier B.V. All rights reserved.
Twinning

1. Introduction

Nanoindentation constitutes a standard technique for the anal-
ysis of the mechanical properties of materials [1,2]. It immediately
provides information on the elastic properties of the substrate and
on its hardness. Nowadays computer simulation based on the
molecular-dynamics method is able to provide detailed informa-
tion on the processes occurring under nanoindentation; when
applied to single crystals, it gives results in good agreement with
experiment [3,4]. In addition, due to the versatility of computer
simulation, the influence of materials properties on the indentation
can readily be investigated [5,6]. The process of scratching — some-
times denoted as ‘ploughing’ [7] — where an indented tip is moved
parallel to the surface, constitutes a comparatively simple scenario,
in which the lateral mechanic response of a substrate is tested;
such experiments provide information on the friction coefficient
and thus on a tribological quantity of prime importance [8].

When applied to elemental materials, both nanoindentation [9-
18] and nanoscratching [7,19-24] simulations have mostly been
performed for fcc metals such as Cu, Al or Au. Simulations of inden-
tation in bcc metals are more rare — despite a considerable body of
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experimental data [25] - and include work on W [26], Ta [27,28]
and Fe [4,29-32]; for nanoscratching only Fe substrates appear to
have been simulated [7,33].

Previous simulation results describe the atomistic processes
occurring in bcc metals during plastic deformation initiated by
the indentation process. Smith et al. [30] describe the defect gener-
ation and pile-up of atoms during nanoindentation of Fe single
crystals. Hagelaar et al. [26] characterize the formation and
destruction of nanoindentation contacts of a W tip in W. Biener
et al. [27] investigate defect nucleation under nanoindentation in
Ta; this work is continued by Alcala et al. [28] who focus on dislo-
cation and planar-defect formation. Lu et al. [4] show that simu-
lated nanoindentation results in Fe are in good agreement with
experimental data. Mulliah et al. [7] discuss in detail friction coef-
ficients obtained for nanoscratching an Fe surface and find a strong
depth dependence.

Of particular interest in the field of nanoindentation is the so-
called indentation size effect: the indentation hardness has been
found to depend on the relevant length scale, which is primarily
defined by the indentation depth. This effect is both found in
experiment and simulation and has been reviewed by Durst et al.
[34]. Our work contributes to the understanding of this effect in
that we extend it also to nanoscratching.

In this paper we study indentation and scratching for a proto-
typical bcc material, o-Fe. We focus on the characterization of
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the dislocations generated in these processes and on their evolu-
tion and reactions. In addition, we discuss the material hardness,
the dependence of the friction coefficient on the scratch depth
and the debris created on the surface. We provide novel data on
the generation of dislocations, point defects and twins during
indentation and scratching and show how dislocation reactions
during scratch modify the dislocation network. The length of the
dislocation network and the dislocation density are in agreement
with a simple geometrical model.

2. Simulation method

We employ molecular-dynamics simulation to study the behav-
ior of an Fe single crystal during nanoindentation and scratching.
Fig. 1 shows a schematic representation of the molecular-dynamics
(MD) simulation system. It illustrates the configuration of the
nanoindenter and the Fe substrate. Our simulation consists of three
parts: (i) nanoindentation, during which the indenter is pushed in
the z direction into the substrate; (ii) nanoscratching: the indenter
moves at the indentation depth along the x direction; and (iii)
retraction of the indenter: the indenter is moved out of the sub-
strate to return to the initial height.

The nanoindenter has a spherical shape with a radius of
R =21.4 A. It consists of 7248 C atoms arranged in a diamond lat-
tice structure. It is rigid during the simulation; i.e., all C atoms
move as a rigid body. We note that in previous nanoscratch simu-
lations indenters of various composition have been used. Refs.
[22,24,33] employ an indenter which is given by a repulsive poten-
tial surface; this indenter is not atomically resolved. Refs. [23,35]
use an atomistically resolved indenter, which is rigid and interacts
with both attractive and repulsive forces to the substrate. Finally,
Refs. [7,20,21] employ an atomistic indenter with free atoms,
which however interacts via repulsive and in one case with both
repulsive and attractive forces with the substrate; in Ref. [7] even
the interaction of the indenter tip with the AFM apparatus is
modeled via elastic spring forces. Free indenter atoms with attrac-
tive forces would allow to monitor tip-substrate chemistry
(so-called tribo-chemistry); the sophisticated model of Ref. [7]
was set up to study in detail the so-called stick-slip phenomenon
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Fig. 1. Setup of the simulation system. The radius R of the indenter, its indentation
depth d, and the contact-area radius a, are indicated. Indentation force F, as well as
scratching force F, are shown. The substrate has thermostatting and rigid zones at
its boundaries.

Fe substrate

encountered in friction. In the present study we utilize the rela-
tively modest rigid repulsive indenter model, since our present
interest is not in tribo-chemistry nor in the complications arising
due to stick-slip motion.

The substrate is a bcc iron single crystal with a (100) surface.
The cartesian coordinate system is aligned with the (100) crystal
directions, such that indentation is along —z and scratching is along
x, see Fig. 1. The Fe substrate in our simulation has dimensions of
314 A, 314 A, and 200 A in the x,y, and z directions, respectively.
It consists of 1,694,000 atoms. We checked that the box is large
enough to avoid the generated dislocations to reach the boundaries
of the simulation box. Two atom layers at the bottom are fixed in
order to suppress any rigid-body movement of the substrate dur-
ing nanoscratching [24]. The next four layers at the bottom, as well
as the outermost four layers of the substrate in lateral directions
are kept at a fixed temperature of 0 K by a Nosé-Hoover thermo-
stat; this low temperature has been adopted to get rid of all ther-
mally activated processes. In addition, periodic boundary
conditions are applied in the lateral x and y directions. The top sur-
face is free.

In order to assess the influence of target temperature we per-
formed an indentation simulation at 300 K. The results are in qual-
itative agreement with the OK results presented here.
Quantitatively, we see an increase of the total dislocation length
by 5.5% and a decrease of the indentation hardness of 12%. Mulliah
et al. [7] simulated the scratch process in Ag at 0 K and at 300 K and
conclude that ‘the value of both the dynamic and the static friction
coefficients of Ag agree almost exactly’.

The Fe-Fe interaction is described by the Mendelev potential
[36], which is smoothly cut-off at 5.4 A. In our simulation the inter-
action between the diamond indenter and the iron substrate is
modeled by a purely repulsive potential; this is obtained from a
Lennard-Jones potential [37], which is cut-off at 4.2 A at its mini-
mum and then shifted such as to have continuous energy and force
at the cut-off radius.

Before performing the nanoindentation and the nanoscratching
simulations, the iron substrate is relaxed at a temperature of 0 K
until all stress components have reached values < 10~> GPa [17].
The center of the indenter is placed at a height of 26 A above the
substrate surface such that all indenter atoms are outside the
cut-off range of the Fe-C interaction potential. After that the nan-
oindentation and nanoscratching simulations are performed. The
indenter moves with a constant velocity of » =10 m/s, both in
the indentation and in the scratching process. The simulation is
performed in the so-called velocity-controlled way; that is, at
every MD time step At, the indenter proceeds rigidly by a path
length v - At. The indenter penetrates the substrate until a depth
d; we penetrate up to a maximum depth of 21.4 A, equal to the
indenter radius. The scratch length L is 50 A. Thus the indentation
time amounts to 260 ps, and the scratching time to 500 ps. The
retraction process is simulated analogous to the indentation.

The MD simulations are performed using the open-source LAM-
MPS code [38] with a constant time step of 1 fs. In order to identify
the lattice dislocations and to determine their Burgers vectors, the
dislocation extraction algorithm (DXA) is used [39]. It is based on
the common-neighbor analysis method [40] to identify the local
crystallographic structure in the neighborhood of each atom. Dislo-
cation cores are identified by performing Burgers circuits and
shrinking them as far as possible. The positions of the dislocation
cores are used to construct the one-dimensional dislocation lines.
This allows both to calculate the number of dislocations and to
measure the length of dislocation lines. In addition, the Crystal
Analysis Tool (CAT) is employed to identify particular defects, such
as twins [41-43]. For visualization of the atomistic configurations
we use the free software tools Atomeye [44], ParaView [45] and
OVITO [46].
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3. Results
3.1. Indentation

Fig. 2(a) shows the normal force exerted on the indenter, F,, as a
function of indentation depth d. The force is determined as the sum
of the forces exerted by all Fe atoms on the indenter in the z direc-
tion, perpendicular to the surface. The force is purely repulsive
since also the Fe-C interaction in our model is purely repulsive.
The force starts increasing as soon as the indenter reaches the
cut-off radius of the interaction potential, at —4.2 A. Fig. 3 shows
snapshots of the processes occurring under the indenter in the
material, which are useful for understanding the force-displace-
ment curve.
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Fig. 2. (a) Normal force, (b) contact pressure, and (c) total dislocation length -
including the model of Eq. (1) - vs. indentation depth during the indentation
process.

Total dislocation length (A)

Initially F,(d) follows the elastic Hertzian behavior. At this
stage, no defects are seen in the material, as evidenced by Fig. 3
(d =2.4 A). The small fluctuation seen in Fig. 2(a) at d =3 A is
due to the formation of a temporary defect, which does not lead
to permanent dislocation generation. A more pronounced fluctua-
tion of F, is seen at d = 4.5 A, where the force reaches 0.2 uN. Here,
Fig. 3 shows that dislocations have been nucleated; two perfect
dislocations with Burgers vector b =1(111) are generated under
the indented surface. When the indenter reaches depths of 6.8
and 9.7 A, the third and the fourth dislocation with Burgers vector
b =1(111) successively appear. The force peaks in Fig. 2(a) corre-
spond exactly to the occurrence of these dislocation nucleation
events. Data on the evolution and generation of dislocations under
indentation are collected in Table 1(a).

When the indenter reaches a depth of 15.4 A, the number of dis-
locations has increased to six; only part of these are visible in the
snapshots due to the viewing angle. Only two of these have Burgers
vector b=1(111), while four have b= (100). Note that in bcc
metals, in general, not only dislocations with the shortest Burgers
vector, b=1(111), exist; also dislocations with Burgers vector
b=(100) are formed during deformation by the interaction
between dislocations with Burgers vector b=1(111) [47,48].
Finally, when the indenter reaches its maximum depth of 21.4 A,
a total of 14 dislocations have been generated under the indented
surface.

We determine the slip planes in which the dislocations evolve
for a few exemplary cases. This is done as follows. The normal of
the slip plane is obtained as the vector product of the dislocation
line and its Burgers vector; in case these coincide - this happens
for a screw segment - the slip plane normal is inferred from the
neighboring dislocation segments. It is well known that in bcc met-
als slip is dominated by the {110}111), {112}111) and
{123}(111) systems [47]. We found that all these slip systems
are active during indentation and scratch; in addition we also find
{100}(100) slip. This finding is in agreement with the recent study
of Kumar et al. on nanoindentation of Fe [32].

Fig. 2(c) displays the total length, Ly, of the dislocation lines
formed during indentation. It quantifies the information of the
snapshots, Fig. 3, described above. Note that the initially formed
dislocations (depth of 4 A) appear to decay again at around 7 A.
We presume that this is an artifact caused by the DXA detector:
if dislocations are too close to the deformed substrate surface, they
are not easily identified by a Burgers circuit, and may be misinter-
preted as an ‘unidentified defect’ or as belonging to the surface.

Nix and coworkers were the first to calculate dislocation densi-
ties caused by a conical indenter [49,50]. These results were later
generalized to a spherical indenter by Swadener et al. [51] using
a paraboloid approximation. They predict a dislocation length of

2n a?

Lyisi = 3 bR’ (1)
where
ac = \/R? — (R—d)? (2)

is the contact radius, and b = 2.87 A is the length of the Burgers vec-
tor. Fig. 2(c) shows that this prediction describes satisfactorily the
order of magnitude of the simulation results. The model, Eq. (1) pre-
dicts dislocation formation immediately after the start of indenta-
tion, d = 0. This is delayed in the simulation since dislocations
need a finite stress for nucleation, which is not taken into account
in the model. But then the simulation data catch up; for indentation
to a depth of d = R = 21.4 A, the model predicts Lgiq = 335 A, which
is in good quantitative agreement with the simulation results,
Table 1(a).
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d=2.4 A

d=45A

d=15.4 A

d=21.4 A

Fig. 3. Snapshots showing defect formation at various stages of the indentation process. Yellow: deformed surface including unidentified defects. Dislocation lines with
Burgers vector b =1(111) are shown in red, those with b = (100) in blue. Green arrows indicate direction of b. Dislocations are detected using the DXA algorithm [39].
Visualization has been prepared using Paraview [45]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 1

Evolution of the dislocation network during (a) indentation and (b) scratching. d:
indentation depth, ¢: scratch length, Ry, radius of plastic zone during indent, h:
maximum dislocation depth, Lgg: total dislocation length, Nq;;: number of disloca-
tions with Burgers vector b :%(1 11), Nigo: number of dislocations with Burgers
vector b = (100), p: dislocation density.

d(A) Rptast (A) Lgist (A) N1 Nioo p (10" m2)
(a)

4.5 16 575 2 0 7.9

6.8 25 64.2 3 0 2.2

9.7 25 63.1 4 0 23

154 49 148.0 2 4 0.6

214 52 369.2 9 5 13

¢(A) h (A) Laist (A) Nin Nigo p (107 m2?)
(b)

14.8 52 524.0 9 5 2.2

24.2 48 657.1 16 4 2.0

24.8 49 766.2 21 6 24

26.9 49 789.9 21 7 23

48.3 55 652.5 18 5 2.1

491 55 674.9 20 6 1.6

Our data also allow us to determine the dislocation density p in
the plastic zone. We determine the radius of the plastic zone Ryjast
by the largest distance of a dislocation from the indent point. The
data are included in Table 1(a). In the final stage, d = 21.4 A, dislo-
cations have been generated up to a radius of Ry = 52 A ie., up

to around 2.4R. Previous studies found similar relations which may
be summarized as

Rplast = fac~ (3)

The factor fis a constant and depends on the hardness of the mate-
rial. Durst et al. [52] find that fis in the range of 0-3.5, such that our
value of f = 2.4 is well in this range.

We approximate the volume of the plastic zone as a hemisphere
with radius Ry, but subtract the immersed part of the volume of
the indenter [53]; this is, however, only a 10% correction. The
resulting dislocation densities are displayed in Table 1 and show
that the densities reach values of the order of (1—-2) x 10" m™2.

From the above predictions for Ly, Eq. (1), and the plastic-zone
radius Ry, Eq. (3), we obtain

Lyis) 1
= =—. 4
P zTnRzlast be3 ( )
Note that this prediction is independent of indentation depth d,
since the contact radius cancels out. For f = 2.4, Eq. (4) predicts
p=12x10" m? in good agreement with our simulation results.

Fig. 2(b) displays the evolution of the contact pressure with
indentation depth. Here the contact pressure is defined as the ratio
of the indentation force F, and the projected contact area A,

_E@
~Add) )

pc(d)
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The contact area is determined from the x and y coordinates of the
Fe atoms that are in contact with (that is, within the interatomic
potential cut-off radius of 4.2 A of) the indenter. A, is calculated
from an elliptical approximation to the set of these contact atoms,
see Ref. [17]. The average of the contact pressure is denoted as
the (normal) hardness H,. Fig. 2(b) shows that the contact pressure
reaches a constant value beyond indentation depths of ~ 10 A; this
value defines the hardness of the material. We thus find that the
hardness of the Fe (100) surface is around 19.7 GPa (average over
d=12.5-2144A).

It is known that due to the indentation size effect [34] men-
tioned in Section 1 hardness decreases monotonically with increas-
ing depth and only reaches a steady value after about 100 nm. This
behavior is attributed to the fact that with increasing indentation
the contribution to hardness from pre-existing defects in the sam-
ple becomes more dominant than the tip-induced generation of
plasticity [30]; note that in our simulations, the crystal is defect-
free before indent, in contrast to experiments. We therefore expect
that when continuing our indentation simulation to larger depths -
in a larger simulation volume - a smaller hardness value would be
obtained.

Lu et al. [4] determine the hardness of Fe experimentally for
depths between 10 and 300 nm; they find that the hardness
decreases from 4.5 to 2.5 GPa with increasing depth. When extrap-
olating their results to 2.86 nm - their simulation depth - they
obtain 24.2 GPa. They also perform simulations using a hemispher-
ical iron indenter; using the Shastry-Farkas potential [54] they
obtain for the Fe (100) surface a hardness of 17.4 GPa, in reason-
able agreement with our value.

Smith et al. [30] obtain experimentally hardnesses of 4.1 GPa
and 2.2 GPa for {100} and {110} faces, respectively, for depths of
< 100 nm. Towards smaller depths, hardness increases and
assumes values of 6-7 GPa at depths of around 10-20 nm. Their
simulated hardness is in the range of 31.4-32.5 GPa, for the Fin-
nis-Sinclair [55] potential. We conclude that experimental hard-
ness data are not available for Fe at indentation depths < 10 nm;
extrapolations of measured data to smaller depths are, however,
in agreement with the high hardnesses obtained by simulation.

Fig. 4(a) gives an additional view on the atomistic configuration
of the defect structure at the last state of the indentation process. It
is the same state as the last snapshot of Fig. 3, i.e., at the maximum
indentation depth (d = 21.4 A). A vacancy has been created under
the indented surface as the result of dislocation reactions. In addi-
tion we see that a twin has been created. The twin plane is a (112)
plane, as it is commonly found for bcc metals [47]. We note that
twinning has been reported in experiments of nanoindentation
into nano-crystalline Ta (grain sizes of 10-30 nm) [56]. Deforma-
tion twinning is untypical in fcc metals. These authors report that
previous molecular-dynamics studies could not identify twinning
in nanoindentation simulations even for bcc materials.

3.2. Scratching

After indentation the indenter tip scratches at a constant depth
(d=21.4A) in [010] direction with velocity 10 m/s. During this

process we monitor the normal force, F,, and the scratching force,
F,. Fig. 5(a) shows the data as a function of the scratching length.

The normal force decreases from its initial high value - deter-
mined by the substrate hardness - of 0.4 uN to about half this
value at the end of the scratching. Most of this decrease already
occurs during the first 5 A. During this initial scratching period
the lateral scratching force builds up and reaches a value of
0.15 pN; this is close to the final value. Note that the sum of the
two forces amounts to approximately the initial value, 0.4 uN.
We argue that the reason for this reorientation of the indenter
force lies in the organization of the dislocation network, since
the origin of the forces lies in the plastic response of the specimen.
While during indentation the material reacts to the vertical inden-
tation force by building up a dislocation network, during scratch-
ing new dislocations are generated in front of the indenter in
order to hinder its motion. The reorganization of the plastic zone
occurs in the first 5-10 A; afterwards both normal and lateral force
acquire approximately constant values. We denote this initial
phase up to ¢ = 10 A as the onset regime.

During scratching, the contact area of the indenter decreases
from its initial value of 20 nm? to its final stable value of 15 nm?,
see Fig. 5(b). This decrease proceeds up to a scratching length of
¢ =10 A, slightly later than the stabilization of the lateral and nor-
mal forces. We argue that the area decrease is caused by the fact
that after starting the lateral motion, the indenter loses contact
with the ‘backwards’ part of the scratch groove.

Again, we illustrate the process by a series of snapshots, Fig. 6,
demonstrating the generation and reaction of dislocations. The
snapshots are taken at times where normal and/or scratching force
reach extreme (maximal or minimal) values.

When the scratching length reaches ¢ = 14.8 A both the scratch-
ing and the normal force attain minimum values. At this moment
there exist 14 dislocations that have been generated under the
scratched surface: 9 with Burgers vector b=1(111) and 5 with
Burgers vector b = (100). At ¢ =24.2 A both the scratching and
the normal force reach a maximum. At this time the number of dis-
locations increases to 20;16 with Burgers vector b=1(111) and 4
with Burgers vector b = (100). Similarly at the other times dis-
played, where the forces reach maximum or minimum values,
new dislocations have been generated. The numbers are assembled
in Table 1(b). Note the continuous interaction of b = 1(111) dislo-
cations leading to the extension of the dislocation b = (100) along
the scratching direction.

This analysis of dislocation generation demonstrates that max-
ima and minima in the forces correspond to the rearrangement of
the dislocation network: generation and/or reactions of disloca-
tions. From Fig. 5(a) it is notable that such force maxima or minima
typically exist in both the lateral and normal force simultaneously.
This feature is due to the fact that the newly formed dislocations in
the three-dimensional network influence both forces
simultaneously.

Also, despite the relatively short length of our scratch simula-
tion of L=50A, we can observe a characteristic re-organization
of the dislocation network. Initially, dislocations are of course cen-
tered below and around the indentation region; with increasing

P L B . S

(a) (b)

(c)

Fig. 4. Atomistic view of the crystal defect structure (a) after full indentation, d = 21.4 A, cf. last subfigure of Fig. 3, (b) after scratching length ¢ = 24.8 A, and (c) towards the
end of scratching, ¢ = 49.1 A, see Fig. 6. Red: twin boundary. Green: atoms surrounding vacancy. Blue: other defect atoms, including surface and dislocation cores. Defects are
detected using the CAT tool [41-43]. Visualization has been prepared using OVITO [46]. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 5. (a) Normal force and scratching force, (b) contact area, (c) total dislocation
length, and (d) friction coefficient as function of the scratching length during the
scratching process at depth d = 21.4 A.

Friction coefficient

scratch length, dislocations are newly generated at the scratch
front, such that the entire scratch groove is enclosed by disloca-
tions. Upon further scratching this high dislocation density relaxes
in the middle of the groove; while dislocations are constantly
newly formed at the scratch front, in the middle dislocations react
until finally only a single long dislocation with Burgers vector
b = (100) remains; it connects the front and the back part of the
groove. This demonstrates that the dislocation density is non-uni-
form along the groove, reaching high values at the start and end,
and lower values along its middle part.

The dislocation reactions occurring below the middle part of the
groove leave point defects (vacancies) behind. These are clearly
seen in the final snapshots of Fig. 6 as isolated small yellow sur-
faces below the scratch groove, and also in Fig. 4(c).

This picture of dislocation network re-organization is quantified
by the evolution of the total length of the dislocations, Ly, as dis-
played in Fig. 5(c). During the onset period of the first 5-10 A, the
length of the dislocations does not change; thereafter it increases
steadily until it reaches a maximum at around ¢ =30 A scratch
length. At this point the re-organization of the dislocation network
starts which is signaled by a decrease of the total dislocation
length. Afterwards, for ¢ = 40—50 A the dislocation length remains
approximately constant, fluctuating between around 500 and
700 A. We expect, however, new dislocations to be generated and
thus L to increase again if the scratch simulation were continued
beyond L = 50 A.

In order to estimate the average dislocation density, we use a
cuboid volume, whose dimensions are determined by the spatial
extension of the dislocations. The resulting data are assembled in
Table 1(b). We see that the maximum dislocation depth stays
roughly constant at values of 48-55 A, while the dislocation den-
sity attains values of around 2 x 10'” m~2. The dislocation network
re-organization is also reflected in these data by the decrease of p
after its maximum around ¢ = 30 A.

Besides dislocations, twins are formed also in the scratch pro-
cess, as evidenced in Fig. 4. Note that the twin formed during
indentation strongly decreased in size after the indenter moved
away and allowed the material to relax. During scratch, initially
no further twin is formed, Fig. 4(b), but eventually, at ¢ =50 A
scratch length a twin has formed at the scratch front which is as
large as that formed after indentation.

Fig. 7 illustrates the scratch groove formed at the end of the
scratch process. The groove itself has a regular form; however,
the bottom shows atomic steps and is thus not uniform in depth.
Note that the maximum groove depth (—24.2 A) is deeper than
the scratch depth of d = 21.4 A; this is due to the repulsive inden-
ter-substrate potential with its cut off at 4.2 A. The form of the pile-
up of the excavated atoms above the form is highly non-uniform.
At the rear side we see the remnants of the indentation-induced
pile-up. During the scratch onset not much debris is deposited on
the surface; with increasing scratch, however, the pile-up increas-
ingly grows, and reaches its maximum at the front. The pile-up is
strongly asymmetrical, emphasizing debris deposition not in the
[100] direction in front of the scratch tip, but rather at 45° to
the scratch direction. This feature is strongly reminiscent of the
experimental AFM image of the nanoindentation pit formed in
the Ta (100) surface [27], where the anisotropy of the debris on
the surface could be traced back to the activation of the
{110}111) slip system, which brings material at 45° to the
scratch direction to the surface.

Fig. 8 gives a graphical presentation of the slip generating the
pile-up, which has been inspired by the corresponding work of
Ref. [27] on indentation in W. For the {110}111) slip system,
the intersections of the slip directions and the slip plane with the
surface coincide and lie at an angle of 45° to the advancing tip
direction. For the {112}(111) slip system, the slip planes intersect
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[=24.2A

|=48.3A

|=49.1A

Fig. 6. Snapshots showing defect evolution at various stages of the scratching process. Color code as given in Fig. 3. Note the continuous interaction of b = 1 (11 1) dislocations
leading to the extension of the b = (100) dislocation along the scratching direction. The isolated yellow surfaces represent vacancies left over from dislocation reactions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Top view of the substrate after scratch along the +x direction. Color codes
height above surface. The deepest point in the trough is —24.2 A, the highest in the
pile-up is +23.7 A above the initial surface. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the surface both at larger and smaller angle to the advancing tip
(see the dashed arrows in Fig. 8), while the intersection of the slip
direction with the surface plane is of course unchanged. In result,
also this slip system contributes efficiently to pile-up generation.

After scratch we retract the indenter vertically out of the groove
(velocity 10 m/s). After this retraction process, the bottom of the
groove and also the height of the pile-up are slightly changed:
groove depth —22.3 A, pile-up height +25.0 A. This is a simple

consequence of the elastic relaxation of the material after indenter
retraction.

The number of atoms missing from the groove, i.e., the empty
lattice sites below the initial surface, amounts to 3778 atoms.

<111>
directions
__c_@tching
direction
[010]
<
0,) [100] N /
[010] AN RN
{110} slip / N\
/00 system {112} slip
7 [100] system

Fig. 8. Schematics showing the orientation of the intersections of the slip directions
(full black arrows) and of the slip planes (dashed arrows) with the (001) surface
plane to visualize the pile-up formation. Both the {110}(111) and {112}(111) slip
systems contribute. During scratching the pile-ups move along the crystal. Yellow:
position of indenter during indent and scratch. Red: Pile-up. Colored rhomboids
show symmetry axis in surface for orientation. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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The number of atoms in the debris deposited on the surface is only
3752. The difference of 26 atoms denotes the surplus of defect
atoms which have been pushed during indentation or scratching
into the surrounding material.

The (instantaneous) friction coefficient is defined as the ratio of
the scratching force and the normal force on the indenter,

=g (6)

Fig. 5(d) shows the evolution of the friction coefficient with the
scratching length. In the first 10 A, the friction coefficient increases
strongly with scratching length; during this onset time the scratch-
ing force builds up. After ¢ = 10 A, i assumes a roughly constant
value with an average of u = 0.68. Apart from the strong fluctua-
tions visible, it shows a slowly increasing trend. As evidenced by
Fig. 5, this is mainly due to the slightly decreasing normal force;
the scratching force stays roughly constant.

3.3. Dependence on scratch depth

We perform scratching simulations for several scratch depths:
5.4,10.4, and 15.4 A.

The evolution of the friction coefficients with the scratching
length is displayed in Fig. 9. Apart from the shallowest scratch,
they follow the evolution of the 21.4 A case in Fig. 5(b). After an
onset period of ¢=10A, the friction assumes constant values.
However, here no trend of an increase (or decrease) of u with ¢
can be read off.

The shallowest scratch, d = 5.4 A, is different since here no
onset region can be seen. Rather the friction coefficient slowly
increases to its maximum value. An inspection of the evolution
of the lateral and normal force shows for both forces a rather flat
evolution with scratch length. This behavior is caused by the very
shallow, near-surface scratch, in which the elastic response of the
substrate still contributes significantly.

Note that immediately after indentation, ¢ = 0, the friction coef-
ficient is not exactly 0. This is due to the fact that the dislocation
network established after indentation is non-symmetrical and
exerts a small - positive or negative - force on the indenter in lat-
eral direction.

The average values of the forces and of the friction coefficient
are assembled in Table 2. In addition, we include two hardness val-
ues which are often introduced in tribological research [57,58] to
characterize materials response during scratch:
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Fig. 9. Friction coefficient as function of the scratching length during scratching at
various scratch depths.

Table 2

Dependence of scratching characteristics on scratch depth d. (F;): normal force, (Fy)
scratching force, (u): friction coefficient, H,: normal hardness, Hy: scratching
hardness. Simulation results averaged over the last 40 A scratching length, excluding
the onset region.

d (nm) (Fz) (uN) (Fx) (UN) () H, (GPa) Hy (GPa)
0.54 0.190 0.039 0.208 29.96 37.67
1.04 0.211 0.087 0.411 19.94 31.80
1.54 0.227 0.118 0.522 17.13 25.30
2.14 0.236 0.160 0.682 16.41 2225

(i) The normal hardness, which is determined from the normal
force and the contact area A, projected in normal direction
upon the surface plane, as in Eq. (5). In order to simplify
the procedure we use a simple geometric model to estimate
A. as the area of a circle with contact radius a., Eq. (2):

Ac=Ta? = n[Rz - d)z]. (7)

This underestimates the actual microscopic contact area, as it is
based on the geometrical indenter cross section only. We can esti-
mate the error by comparing the value obtained for full indentation,
d = R =21.4 A, with the simulation result displayed in Fig. 5(b). Eq.
(7) gives 1438 A2; while this value is too small during indent, it is a
fair approximation under scratch.

(ii) The lateral hardness is analogously defined as

i) = 22 ®)

We estimate the lateral contact area A; again in a geometrical pic-
ture as the cross section of the immersed part of the indenter onto
the lateral y-z plane. It is given by a circular segment, whose area is
easily calculated as

1 .

A= jRz(oc —sina), 9)
where the opening angle o of the circular segment is calculated
from

o ac

Smizﬁ‘ (10)

We note that in the literature, either of these hardness values is
denoted as the scratching hardness. We calculated both values in
order to avoid confusion. Our simulation results averaged over
the scratch length - but excluding the onset regime - are collected
in Table 2. We note:

e The normal force weakly increases with scratch depth d.

e The scratching force strongly increases with scratch depth d.

e The friction coefficient shows a strong increase with d; this is
due to the strong dependence of the scratching force on d.

e Both normal and lateral hardness strongly decrease with
scratching depth. This is the sign of a pronounced size effect
of scratching.

The behavior of the forces can be explained by the fact that both
the normal and the lateral indenter cross-sectional areas increase
with depth. However, as the hardness results demonstrate, the
forces do not increase in proportion to the respective areas, but
more strongly. We attribute this to the influence of the dislocation
network generated, which leads to the well-known size effect in
hardness found in indentation [34,59,60]. It is due to the ratio of
the contact area to the volume of the plastically deformed zone;
since the volume increases more rapidly than the area with
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increasing indentation (or scratch) depth, the substrate appears
softer.

Mulliah et al. [7] previously performed a nanoscratching simu-
lation in the Fe (100) surface with a pyramid-shaped diamond
indenter at 300 K. They used the Finnis-Sinclair interaction poten-
tial for Fe [55] and a pyramidal diamond tip rounded at the end
with a curvature radius of 20 A. Their calculated friction coefficient
is 0.19 for the indentation depth of 5 A, and 0.45 for the indenta-
tion depth of 15 A, in good agreement with the present results,
Table 2.

Experiments on nanoindentation of bcc materials, including Fe,
were performed by Voyiadjis et al. [25]. They observe that at small
indentation depths, < 10 nm, the hardness rises from a level of
around 2 GPa, and reaches values of > 6 GPa at depths of 2 nm.
While this value is still smaller than ours, the trend of increasing
hardness for shallow indentation is compatible with our results.

4. Conclusions

Using classical molecular-dynamics simulation and the Mend-
elev potential we study nanoindentation and scratching in an Fe
(100) surface. In the indentation stage, we find that - beyond
the elastic stage and after dislocation nucleation - the total length
of the dislocations increases in good agreement with a simple
model based on the dislocations necessary to remove the material
from the indentation zone (geometrically necessary dislocations).
Both b=1(111) and b = (100) dislocations contribute. The dislo-
cation density stays approximately constant.

During scratching, we observe a distinct re-organization of the
dislocation network. While initially the plastic zone created by
indentation simply grows - linearly with scratch length - along
the scratch path, after some length dislocation reactions lead to a
strong decrease of the dislocation density in the middle of the
scratch. Plastic activity then is concentrated only on the scratch
front. Only few dislocations remain in the middle of the scratch.
Vacancies in this zone are created by dislocation reactions that
occurred here. The continuous interaction of b=1(111) disloca-
tions leads to the extension of b = (100) dislocations along the
scratching direction.

Both in the indentation and in the scratching stage we find
point defects - vacancies generated by dislocation reactions -
and deformation twinning.

During the scratch, maxima (and minima) in the lateral and
normal force give evidence of dislocation generation and reaction
processes. Interestingly, these maxima always occur simulta-
neously in the lateral and the normal force, since dislocations exert
their forces in both directions.

Our results for the scratch stage show a strong depth effect:
with increasing scratch depth, the material appears to soften, as
evidenced by the measured average hardness in lateral and normal
direction. This depth dependence is more pronounced for the lat-
eral force than for the normal force. In consequence, the friction
coefficient strongly increases with increasing depth.
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