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Abstract

Nanoscratching of ductile materials creates plastic zones surrounding the scratch groove. We approximate the geometry of
these zones by a semicylinder with its axis oriented along the scratch direction. The radius and the length of the cylinder,
as well as the length of the dislocations in the network created quantify the plasticity generated. Using molecular dynamics
simulations, we characterize the plastic zones in six metals with fcc, bee, and hep crystal structures. We find that the plastic
zone sizes after scratch are comparable to those after indent. Due to dislocation reactions, the dislocation networks simplify,
reducing the total length of dislocations. As a consequence, the average dislocation density in the plastic zone stays roughly
constant. Individually, we find exceptions from this simple picture. Fcc metals show strong plastic activity, which even
increases during scratch. The hcp metals on the other side show the least plastic activity. Here the plasticity may be strongly
reduced during scratch and particularly during tip withdrawal.

Keywords Molecular dynamics - Nanoindentation - Scratching - Dislocations - Plasticity

1 Introduction

When a surface is scratched and a groove created, the mate-
rial around the groove is strongly damaged due to the plas-
ticity created during scratching. In the case of metals, the
plastic material response is usually based on dislocation
activity. We study here the question as to how far the plastic
zone created by the scratch extends into the material.

This issue has previously been considered almost exclu-
sively in the context of nanoindentation, which constitutes
an important technique to study the plastic behavior of mate-
rials [1, 2]. Here, the size of the plastic zone is assumed to be
hemispherical with a radius Ry,;. This radius was observed to
scale with the contact radius, a, of the indenter as

R, =fa.. 1)
The plastic zone size factor f depends on the material and is
of the order of f = 0-3.5 [3].
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In recent years, molecular dynamics (MD) simulations
have contributed strongly to an understanding of the details
of dislocation nucleation and growth during indentation [4].
Recent MD studies [5, 6] on single-crystal indentation cor-
roborated the dependence, Eq. (1), but pointed at a strong
influence of the crystal lattice structure on f; this is plausible
since the type and properties of dislocations depend strongly
on the underlying crystal lattice.

MD simulations have also been used to study scratching
of a surface with a spherical tip; both fcc [7-12] and bcc
[13—17] metals have been investigated, but less frequently
hep [18] lattices. It has been found that the dislocation
network generated by the indent may be simplified dur-
ing scratch by dislocation reactions; on the other hand, the
ongoing scratching extends the network on the tip front. The
question arises to what extent the f factor of nanoindentation
may be used to characterize also the size of the plastic zone
generated under scratch.

In this paper, we investigate the plastic zone created by
nanoscratching using MD simulations. In order to take the
variety of lattice structures into account, we study three
lattice types (fcc, bee, and hep) and choose two metallic
elements for each type. We wish to explore to what extent
the available knowledge on the plastic zone surrounding an
indentation pit can be extended to characterize a scratch
groove. In particular, does the dislocation network built up
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during indentation become more complex during scratch, or
does it simplify due to dislocation reactions? And—related
to this question—is the dislocation density around the
scratch groove of similar size as around the indentation pit?

2 Method

Figure 1 shows a schematic representation of the MD simu-
lation system. It illustrates the configuration of the tip and
the substrate crystal. The simulation consists of three parts:
(1) nanoindentation, during which the indenter is pushed
perpendicular into the substrate to a depth d = 3 nm; (2)
scratching parallel to the surface at the same depth for a
total length of L = 10 nm; and (3) retraction of the indenter:
the indenter is moved out of the substrate to return to the
initial height.

We study scratching of two fcc metals (Al and Cu), two
bce metals (Fe and Ta), and two hep metals (Ti and Zr). In
all cases, the substrate is a single crystal. In order to have
comparable scratch situations, we choose a scratching geom-
etry, in which the available slip systems provide pileup of
material immediately to the front of the tip. Thus we choose
the (001)[010] scratch geometry for fcc, (100)[011] for bec,
and a prismatic plane for hcp, (0110)[2110]. The scratch

_'I Scratching

length L

Fixed layers

Fig.1 Setup of the simulation system. The radius R of the indenter,
its indentation depth d, the contact area radius g, and the scratching
length L are indicated. The substrate has thermostatting and rigid
zones at its boundaries

geometries and the extensions of the simulation crystallites
are assembled in Table 1. Here we made sure that the sizes
were large enough to include the generated dislocations in
the simulation volume.

The substrate interactions are chosen as follows. The
Al-Al interaction is described by the Mendelev et al. [19]
potential. For Cu we used the potential developed by Mishin
et al. [20], for Fe the Mendelev et al. potential [21], and for
Ta the Dai et al. potential [22]. Finally we used the potential
by Mendelev et al. [23] for Ti, and the recent potential by
Bertolino et al. [24] for Zr, which improves on a previous
version [25].

We fix two atom layers at the bottom and at the side faces
of the substrate in order to suppress any rigid-body move-
ment of the substrate. The next four layers at the bottom and
the sides are thermostatted to keep the temperature below 1
K in the simulation in order to avoid heating up of the mate-
rial during machining; in addition, such a low temperature is
chosen to rule out thermally activated mechanisms.

After performing a series of preliminary simulations,
we chose the system size large enough that the dislocation
network adherent to the indent and scratch groove do not
approach the boundaries. However, emitted dislocation
loops can travel far, and it is not possible in an MD simula-
tion to avoid their interaction with the boundaries. Previ-
ous MD simulation work [6, 26—28] studied this influence.
In short, fixed boundaries, such as those used here, tend to
reflect emitted loops back into the simulation volume, while
free boundaries absorb the loops. It is not straightforward
to decide which boundaries are closer to reality; this fea-
ture depends on dislocation mobility and on the density of
defects in the crystals used in experiment, which could pin
dislocation loops.

Before performing the simulations, the substrates are
relaxed until all stress components have reached values
< 107° GPa [29]. The tip velocity is chosen as 20 m/s, both
for indentation and scratching. This velocity, though high
compared to experimental indentation and scratching veloci-
ties, is within the range of a few per mille of the longitudi-
nal wave velocity of each of the metals probed, and should
be considered low enough for typical MD studies. We note
that the effect of tip velocity has been studied in particular

Table 1 Crystals used in the

Scratch direction

Lateral direction Dimensions (nm) Number of atoms

. . L . Crystal  Surface

mmulatlon,. thelr orlegtatlons, orientation

the respective dimensions of the

workpiece in the same order, Al [001] [010]

and the number of atoms Cu [001] [010]
Fe [100] [011]
Ta [100] [011]
Ti [0110] [2110]
Zr [0110] [2110]

[100] 49 X 66 X 56 11.0 x 10°
[100] 49 X 66 x 56 15.2 x 10°
[011] 36 X 66 X 56 11.4 x 10°
[011] 50 x 65 x 56 10.0 x 10°
[0001] 49 X 66 x 57 10.5 x 10°
[0001] 48 x 66 X 56 7.6 x 10
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by MD simulations of indentation. Such simulations were
performed for fcc Al with velocities in the range of 0.004—4
m/s [30]; for bce Fe and Ta the velocity was varied between
3 and 100 m/s [5, 31]. These simulations showed no sig-
nificant influence of velocity; only for the highest veloc-
ity (100 m/s) dislocation nucleation was found to be sub-
stantially suppressed. Simulational tests of the influence of
scratch speed are more rare. Li et al. [32, 33] investigated
the influence of the cutting speed for fcc Cu, but only for
speeds above 25 or even 50 m/s; not surprisingly, they report
increased workpiece heating at higher speeds.

The tip has a spherical shape with a radius of R = 5Snm. It
interacts in a purely repulsive way with the substrate atoms
according to the law [34]

N3
S C

Here r is the distance of a substrate atom to the center of
the indenter, and k = 10 eV/A3 [34, 35] is a constant. For
the indenter model chosen, there are no tangential forces, as
appropriate for a Hertzian indenter.

The MD simulations are performed using the open-source
LAMMPS code [36] with a constant time step of 1 fs. The
software tools OVITO [37] and Paraview [38] are used for
visualization of the results; DXA [39] and CAT [40-42] are
employed for analysis of the dislocations generated.

In previous work [5, 6] the plastic zone generated by
nanoindentation was described as a hemisphere centered on
the indent point, see Fig. 2a. The radius of the hemisphere,
Rpl, was determined as the largest distance of a dislocation
line to the indent point. Note that emitted dislocation loops,
i.e., loops that have lost contact with the dislocation network
adherent to the indent zone, are not included in this proce-
dure. The average dislocation density in the plastic zone can
be obtained by dividing the length of the dislocation lines in
the adherent network, Lg‘iig, by the volume of the hemisphere
after correcting for the indentation volume.

We proceed analogously for the case of scratching, see
Fig. 2b. The plastic zone is approximated as a semicylinder
with the scratch direction as its axis. The length of the cylin-
der is given by the distance between the front and rear ends
of the dislocation network, Z. Rpl now describes the cylinder
radius, and the average dislocation density is given by

adh
disl

p=0—"> 3)
chl - Vgroove

where V., = %Rilz is the volume of the semicylinder and

V is the volume of the scratch groove. A plastic size

groove
factor, f, was calculated from R, according to Eq. (1).

We note that dislocations do not fill homogeneously the
hemispherical (for indentation), or cylindrical (for scratch),

(b) "

Fig.2 Definition of the plastic zone radius, Ry, for a indention and
b scratch. Z indicates the distance between the front and rear ends of
the dislocation network

plastic zone as defined by us. This is due both to the crys-
talline anisotropy of the dislocation generation and propa-
gation process and to the discrete atomistic nature of the
dislocations themselves; both features are well captured by
our atomistic simulations. The ‘true’ shape of the plastic
zone—if it could be defined—would look rather irregular.
It would not only depend on the crystal orientation during
scratch but would also change for each individual scratch
due to the statistical nature of dislocation nucleation. As
a consequence, our estimate of the plastic volume overes-
timates the true volume; analogously our estimate of the
dislocation density, Eq. (3), is an underestimate.

3 Results
3.1 Forces

The determination of the forces acting on the tip during
scratching is straightforward in an MD simulation. Figure 3
displays the evolution of the normal and tangential forces
during scratching. The normal force, F,,,,, is required to
keep the tip at its prescribed depth, d, while the tangential
force, F,p,. is used to plow the tip through the substrate.
For an assessment of the forces, a knowledge of the mate-

rial hardness using the interaction potentials is helpful, such
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Fig. 3 Evolution of the a normal and b tangential force during scratch

as it is obtained from an indentation simulation. Thus we
note that Cu (12 GPa) is harder than Al (6 GPa) [29], while
the bcc materials Fe (18 GPa) [17] and Ta (16-20 GPa)
[31] have similar hardness. Finally, Ti exhibits a hardness
of 6.6 GPa [18] while we determine the hardness of Zr in the
Bertolino et al. potential [24] used here to 5.3 GPa. We note
that for the determination of hardness values from MD simu-
lations, an appropriate determination of the contact areas is
essential. These areas may be determined by counting the
substrate atoms that are in contact with the tip and summing
over the (projected) areas of the contact atoms. Details of the
procedure are provided in Refs. [16, 29].

The normal forces show a generally decreasing trend
during the first 40 A of scratching. It is caused by the
changing contact geometry of the tip; while after indent
the tip has a circular contact area, it develops to a semi-
circle during scratch, as the rear part of the tip loses con-
tact with the substrate [15, 17, 18]. During this run-in
phase of the first 40 A, the tangential forces build up from
their initial value of zero after indent to their final value

@ Springer

Table2 Average normal force, F,,,, tangential force, F\,,,, and fric-

tion coefficient, u, during scratching the six metals investigated

Crystal Form (BN) Fiang (1N) H

Al 0.31 0.19 0.61
Cu 0.33 0.19 0.57
Fe 0.77 0.39 0.51
Ta 0.61 0.31 0.51
Ti 0.40 0.18 0.45
Zr 0.22 0.10 0.45

The averages are taken over the last 6 nm of the scratch

during scratch. The tangential forces show similarly strong
fluctuations as the normal forces, in particular for the bcc
materials. For the example of Fe, we can observe that fluc-
tuations in From and F,,, are correlated, see for instance
the peak at 20 A scratching length; the common origin of
these excursions is the generation of dislocations. Since
the bcc materials are the hardest, the generation of dis-
locations requires the highest forces; this also explains
the larger fluctuations observed for this class of materi-
als. Note that Fy,,, shows a generally increasing linear
trend even after the run-in phase; this is particularly well
seen for the less fluctuating fcc and hcp materials and is
caused by the developing frontal crater rim, which leads
to a larger amount of material which needs to be displaced
while scratching.

We average the forces after the run-in phase and display
the results in Table 2. The forces are systematically high-
est for the bcc materials, and here somewhat higher for Fe
than for Ta, in correspondence with the larger hardness of
bce metals mentioned above. The fcc and hep materials
have comparable values. Zr shows particularly small forces
in accordance with its small hardness.

We obtain a friction coefficient

F tang
F

norm

M= “
from these data and display it in Table 2. The friction coef-
ficient shows more uniformity than the absolute forces; the
hcp metals have lowest coefficients of 0.45, followed by the
bce materials (4 = 0.51). The fcc metals exhibit the highest
coefficient of around 0.6.

In a simple geometrical model of plowing friction [43],
u is independent of the material and only depends on the
form of the tip. Indeed this model assumes that the mate-
rial hardness is a constant characterizing equally the nor-
mal and the tangential force. Then Eq. (4) simplifies to
H = Atang/Anorm> Where A, (Ao, ) are the tangential and
normal projected tip areas; the friction coefficient only
depends on the form of the tip and the scratch depth, but
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not on the material. In more modern language, plowing
requires the generation of the same amount of geometri-
cally necessary dislocations for every material under the
same deformation. This simple model does obviously not
hold in our case.

In real materials, the situation is more complex due (1) to
the availability of slip systems, and (2) to the energetic cost
of creating dislocations. The second issue can be quantified
by the stacking fault energy (SFE); we compile them for
the materials used here in Table 3. Here indeed, fcc metals
have generally smaller SFEs than the hcp metals; this is in
agreement both with the length of dislocations observed—
see Fig. 5a—and the friction coefficient. The SFE of bcc
metals is so high that dislocations usually do not dissociate;
however, the length of dislocations generated is similar to
that of the hcp materials, and so are the friction coefficients.

Table 3 Stacking fault energies (SFE) for the materials investigated;
if values are known for several planes, they are listed

Crystal SFE (mJ/m?) References
Al 144-162 [44, 45]
Cu 44.4 [20]

Fe 670-960 ({110}) [46, 47]
Ta 700-850 [31]

Ti 118 (basal), 255 (prismatic) [23]

Zr 70 (basal), 162 (prismatic) [24]

If available, data are provided for the potentials used here

3.2 Plastic Zone
3.2.1 After Indentation

In this section, we characterize the dislocation network cre-
ated by scratching. To this end, Fig. 4 provides snapshots of
the plastic zones as created after the indent. At first sight,
the structure of the dislocation networks looks quite similar
for the six metals studied, in that a dense dislocation net-
work surrounds the indent pit. All fcc and hcp metals emit
dislocation loops; one of them, which is still quite close to
the adherent network, is seen for Cu in Fig. 4. These loops
move out of the indentation zone due to the strong stress
that has built up there. We assemble the quantitative char-
acteristics—the total length of the indentation network, L3,
and the average dislocation density, p—in Table 4. There we
see that the density reaches values characteristic of strongly
cold-worked metals, in the range of several 10'® m2,

In detail, we observe that the fcc metals build up the larg-
est networks; in particular Cu shows the highest Lg?sl}. Indeed,
Cu has a lower SFE energy than Al, cf. Table 3, and so a
multitude of partials and stacking faults are formed for this
material.

The network in fcc materials is mainly built of 1 (21 1) par-
tials. In bce metals, (1 11) dislocations are most promment
these may form long semi-loops that at a later stage may
also be emitted by what has been termed the ‘lasso’ mecha-
nism [31]. Finally, in the hcp metals, the perfect - (2110)
dislocations and their partials = ( 1100) are domlnant These

Fig.4 Snapshots showing the dislocation networks after indent for
the six metals investigated. Yellow: deformed surface and other uni-
dentified defects. Dislocations are colored according to their Burgers

vector b. Fcc: hght blue - (21 1), dark blue - (110) red - (110) orange
3(110) Bcc: blue - (111) red (100). Hep: blue (11005 red - (2110)
orange ~ (2203) Whlte = —(0001)
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Table 4 Characteristics of the plastic zone after indent, after scratch, and after retraction

Crystal After indent After scratch After retraction
Ry(A) f @A) pa0m?) ZA) RyA) f  [MA) 500°m2) ZA) RyA) f A) 5(100m™)

Al 153 33 3136 4.24 235 130 2.8 4720 7.92 165 130 2.8 2609 6.36
Cu 160 3.5 5044 5.89 303 138 3.1 7080 8.0 181 138 3.1 6976 8.5
Fe 118 2.6 1652 4.96 262 108 24 2376 5.25 255 109 24 1698 4.33
Ta 163 3.6 1609 1.81 217 138 3.1 1639 2.6 215 126 2.8 1224 2.3
Ti 119 2.6 1075 3.15 233 78 1.7 1394 7.15 25 25 05 137 55.82
Zr 159 3.5 1892 2.30 222 84 1.9 2483 10.0 212 75 1.6 126 0.72

R, radius of plastic zone, Z length of the plastic zone, f plastic zone size factor, L2 total dislocation length within plastic zone, 5 average dislo-

cation density
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Fig.5 Evolution of the a length of the dislocation network, L2 and

disl?
of the b plastic zone radius, Ry, during scratch

also may lead to loop emission [6]; the extended semi-loops
showing up for Zr already point in this direction.

The plastic zone size factor, Eq. (1), shows rather consist-
ent values of f = 2.6-3.6, see Table 4. This is in agreement
with previous findings of MD results of the plastic zone
structure in these three crystal classes [5, 6]. The largest

@ Springer
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values are found for Cu, Ta, and Zr, and are due to the fact
that here the dislocation network has evolved to reach the
state of loop emission.

3.2.2 Evolution During Scratch

Figure 5 quantifies the evolution of the dislocation network
during scratch. The length of the network, L™, shows a
more or less monotonically increasing trend for all materials;
this trend is most strong for the fcc materials. The fluctua-
tions superimposed are due to dislocation reactions simplify-
ing the network. The plastic zone radius, Fig. 5b, similarly
shows strong fluctuations. For the bce materials, and also for
the fcc Al, R, appears to show a constant trend below these
fluctuations; while for Cu the plastic zone radius appears to
shrink somewhat. The shrinking is most pronounced for both
hcp metals investigated; here the plastic zone radius after
indentation decreases strongly during scratch.

3.2.3 After Scratch

In order to understand in more detail the evolution of the
plasticity, we study the details of the dislocation network.

The dislocation networks immediately after scratch, and
after retraction of the indenter are displayed in Fig. 6a, b,
respectively; the pertinent quantitative results are assembled
in Table 4. Here quite strong differences between the three
crystal classes show up.

The fcc materials build up a complex network. As shown
in Table 4, the dislocation density actually increases for
these metals. The plastic zone radius slightly decreases as
compared to the after-indent situation; but the values of
f =2.8and 3.1 are still in a comparable range. Dislocation
reactions lead to a larger fraction of additional dislocations
showing up, such as é(l 10), %(1 10), and %(110). Tip retrac-
tion—during which the stress field created by the tip load
and the material presence of the tip are removed—Ieads to
some simplification of the network in the case of Al, but not
in the case of Cu. In that latter case the dislocation density
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Fig. 6 Snapshots showing the dislocation networks a after scratch and b after removal of the tip for the six metals investigated. Dislocations are
colored as in Fig. 4
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even increases; this is caused by the strong reduction in the
plastic cylinder length, Z, upon tip reduction.

In these materials, plasticity is dominated by Shockley
partials and by Lomer—Cottrell locks that form by reactions
of the type é[l 12] + é[l 12] - %[1 10]. This sessile disloca-
tion, also known as a stair-rod dislocation, contributes to
strain hardening by impeding slip in the (111) and (111)
plane, acting as a barrier for any additional dislocation mov-
ing in these planes. To a lesser amount, also perfect dislo-
cations were identified. A few Frank partial dislocations,
b= %[1 11], were found as well, which constitute another
type of sessile dislocation in fcc metals.

In the bce metals, a more pronounced simplification of
the network can be observed during scratching. The total
length of the network is only 30-60% of that in the fcc cases.
This is caused by the large variety of partials available in fcc,
but not in bce, materials. Partial dislocations have a smaller
Burgers vector and hence can be created at less energetic
cost than full dislocations. On the other hand, the reduction
in the f factor during scratch is of a similar magnitude as
for the fcc materials, resulting in f = 2.4-3.1 after scratch.
Retraction of the indenter leads to a reduction in the dislo-
cation network in the order of 25-30%; while the f factor
slightly decreases, the average dislocation density does not
change much and remains in the order of magnitude that was
established already after indent.

During the scratching process, prismatic loops are
punched out in the scratching direction. They result form
the interaction of previously nucleated shear loops that
cross-slip and react to form the prismatic loop, in a pro-
cess denoted as the ‘lasso mechanism’ [48]. Our dislocation
analysis also reveals the presence of (100} dislocations. Such
dislocations have higher energy than %(1 11) dislocations,
but are readily produced during scratching; indeed a recent
study [15], where Fe scratching in the [110] direction was
simulated, finds them in even higher abundance than the
present study.

A quite different situation arises for the hcp materials.
Here scratching leads to a considerable simplification of the
network; in the case of Ti the network even retracts exclu-
sively to the front part of the scratch, while the rear part
is left dislocation-free. The length of the total dislocation
network increased during scratch, mostly by loop emission;
however, the plastic zone radius shrank considerably, since
many dislocations adherent to the groove have been annihi-
lated at the surface, such that the size factor is only f = 1.7
—1.9. After tip retraction, both materials show almost no
dislocations below the groove. An inspection of our MD
results shows that with the vanishing of the stress field, most
dislocations have been retracted to the surface and have been
absorbed there. A similar collapse of the plastic zone in hcp
was observed previously in studies of nanoindentation for
both Ti and Zr [6], where in analogy to the present case the

@ Springer

first prismatic plane was indented. We investigate the spe-
cial feature of the complete reduction in the hcp dislocation
network further in Appendix 1, where we discuss the depth
dependence of scratching.

In these hcp materials, prismatic loops are produced with
slip directions of (2110). The structure of such prismatic
loops is rather complex, as it has components in multiple
slip systems. For instance, there are components on the
first-order prismatic planes, {1010}, along the (1210) direc-
tion, and also in the same direction but on the basal plane
(0001). Loops in the basal plane dissociate due to the rela-
tively low SFE, see Table 3; this feature explains the (1100)
partials observed. The prismatic loops have another compo-
nent which are slip traces occurring in {1011} planes with
(1210) direction. These are documented in the literature to
be produced by high stress concentration [6, 49], and we are
generating these dislocations with the high stress concentra-
tion of the indenter.

3.3 Groove

The grooves created in the pileups surrounding them are
shown in Fig. 7a. Figure 7b assembles schematically the
slip directions activated in our three crystal systems. In each
case, there is a frontal slip system, but also lateral glide sys-
tems are activated. The frontal slip systems are essential for
the pileups reaching maximum height at the scratch front,
see Fig. 7. Since also glide systems transporting material
laterally are partially activated, we see lateral groove rims
in some cases, most pronouncedly for Al. Our simulation
shows that in the case of Cu, lateral material transport is
more directed downwards than upwards such that it does not
contribute to the formation of lateral pileup at the groove;
the situation is reverse for Al. This feature also explains the
extremely high values of the dislocation density and of L3
for Cu.

The height of the frontal pileup is usually around 30 A,
and thus comparable to the groove depth. Only for the bcc
metals, the pileup reaches double this height. In fcc and hep
metals, most of the activated dislocations are partials that
do not contribute to the pileup formation, while in bce the
predominant dislocations are of the %(1 11) type that forms
the pileup.

4 Conclusions

In extension to previous work on the plastic zone created
by indentation, we characterize the plastic zones created
by nanoscratching. To this end, we approximate the plas-
tic zones by a semicylinder with its axis oriented along the
scratch direction. The radius, Rpl, and length, Z, of the cyl-
inder characterize the geometry of the plastic zone, while



Page9of12 KX

[2110]

Tribology Letters (2018) 66:20

[0001]

[2110]

100 A
[0001]
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Fig.7 a Synopsis of the scratch grooves and pileups generated for hep (right) crystals. Full arrows are within the surface plane; dashed
the six metals investigated. The color denotes the height (in A) of arrows are oblique to it. Red circles denote the first-layer atoms and

the pileup above the original surface. b Schematics of slip systems orange circles second-layer atoms
relevant for our scratch geometry in the fcc (left), bee (middle) and
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Table 5 Influence of the scratch

. . Crystal d (nm) After indent After scratch After retraction
depth d on the radius of plastic _ _ _
zone, Rpl, and the plastic zone Ry (A) f R, (A) f R, (A) f
size factor, f
Al 2 104 2.6 134 34 64 1.6
3 119 2.6 124 2.7 123 2.7
4 145 3.0 198 4.0 174 3.6
Fe 2 74 1.9 76 1.9 74 1.9
3 102 2.2 108 2.4 109 2.4
4 160 33 130 2.7 127 2.6
Ti 2 72 1.8 72 1.8 41 1.0
3 110 24 78 1.7 25 0.5
4 156 32 169 34 134 2.7

the total length of the dislocations created in the network
adherent to the groove, L4, quantifies the plasticity.

We find that the plastic zone radii after scratch are com-
parable to those after indent. Due to dislocation reactions,
the dislocation networks simplify, reducing the total length
of dislocations. As a consequence, the average dislocation
density in the plastic zone stays roughly constant.

Individually we find exceptions from this simple pic-
ture. Fcc metals show strong plastic activity, which even
increases during scratch. The hcp metals on the other side
show the least plastic activity. Here the plasticity may be
strongly reduced during scratch and particularly during tip
withdrawal.

Future work will attempt to generalize these findings to
include more scratch systems. Orientations, where lateral
pileup rather than frontal pileup is predominantly produced,
will be particularly interesting in order to supplement our
present study. In addition, our results on the size of plastic
zones can be used for multi-scale modeling approaches of
scratching such as the approach detailed in Ref. [50].
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Appendix 1: Depth Dependence
of Scratching

Besides the surface orientation and the scratch direction,
scratching also depends on the scratching depth d. This
quantity has been fixed to 3 nm in the main part of the work.
In this Appendix, we vary it between d = 2 and 4 nm; how-
ever, we provide the results only for one fcc metal (Al), one
bce metal (Fe), and one hep metal (Ti).

The results are summarized in Table 5. The results
are quite consistent for the fcc and bee materials. With

@ Springer

increasing depth d, the size factor fincreases. This increase
is most pronounced for the hard material, Fe, and less
dramatic for Al. We attribute this increase to the effects
of dislocation mobility, which is influenced by cross-slip
and the details of the stress field acting under the tip [51,
52]. In addition, the results after indent also apply in good
approximation for the scratch, and the removal of the tip
after scratch has only a minor influence on f. These latter
assertions only fail for the most shallow scratch in Al.

For the hcp material, Ti, the scratch depth plays a larger
role. For the two shallowest indents, d = 2 and 3 nm, the
plastic zone is relatively small, and almost collapses after
removal of the tip, resulting in f = 1 or even smaller. How-
ever, more stable results are obtained for the deepest indent,
d = 4 nm. For this depth, the resulting f factor is around 3, in
good agreement with the bcc results. Only the fcc size factor
is larger for this scratch depth, around f = 4.

We conclude that for hcp materials, shallow indents and
scratches tend to lose their plastic zones by dislocation anni-
hilation at the surface. A similar result was obtained previ-
ously for too small tip sizes [6]. Deeper indents are needed
to keep the plasticity surviving.
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