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a b s t r a c t
In this paper, we investigate the residual deformation ﬁeld in the vicinity of nanoscratch tests using two
orientations of a Berkovich tip on an (001) Cu single crystal. We compare the deformation with that
from indentation, in an attempt to understand the mechanisms of deformation in tangential sliding. The
lattice rotation ﬁelds are mapped experimentally using high-resolution electron backscatter diffraction
(HR-EBSD) on cross-sections prepared using focused ion beam (FIB). A physically-based crystal plasticity
ﬁnite element model (CPFEM) is used to simulate the lattice rotation ﬁelds, and provide insight into the
3D rotation ﬁeld surrounding a nano-scratch experiment, as it transitions from an initial static indentation to a steady-state scratch. The CPFEM simulations capture the experimental rotation ﬁelds with good
ﬁdelity, and show how the rotations about the scratch direction are reversed as the indenter moves away
from the initial indentation.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
The extensive development of nanomechanical testing instruments has expanded the capabilities of nano-scale measurement
beyond basic indentation hardness. Nanoscratch has generated signiﬁcant interest and can be performed on commercial nanoindenters, requiring only minor adaptations to the software. When used
in combination, nanoscratch and nanoindentation provide a powerful means to investigate the near surface mechanical and tribological properties of small volumes of material [1–4]; it enables the
study of nanoscale friction [5,6] and allows the adhesive strength
and fracture properties of coated systems to be characterised [7–9].
Macroscopically, Tabor showed that on the basis of plastic deformation, there is a strong correlation between the indentation
and scratch hardness when the measurement is based on a mean
pressure [10]. As a consequence, the indentation hardness is the
key metric used to deﬁne wear resistance [11]. The complex surface interactions involved in wear processes are extremely diﬃcult to understand and simpliﬁed models such as this do not completely take into account the physical mechanics that are occur∗
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ring. Nanoscratch testing has the advantage, in that it provides an
experimental platform to reproduce a single point, sliding asperity contact, that is believed to control the process of abrasive wear
[4,12,13]. Hence, it is becoming increasingly common to use this
technique to study the near surface mechanical properties via determination of the scratch hardness, from which the wear resistance of material systems can be inferred [14–17]. The remaining issue resides in the deﬁnition of scratch hardness; the simplest and most frequently used measurement of scratch hardness
is analogous to indentation hardness and is deﬁned as the ratio between the normal load and the projected load bearing area.
The studies that have used this deﬁnition, show substantial differences between the measured indentation and scratch hardness
[18–20]. By further incorporating the lateral force into the measurement, it is possible to obtain a scratch hardness measurement that is in closer agreement to the indentation hardness, on
isotropic materials [21,22]. This however, is not applicable to all
material classes, particularly metallic samples that exhibit work
hardening and anisotropy, as shown in [23,24]. A number of critical considerations must additionally be accounted for; namely the
effect of friction, plasticity size effects, the resultant strain on the
material, work hardening as a result of evolving dislocation structure and the direction of ﬂow of displaced material in each loading

https://doi.org/10.1016/j.actamat.2020.08.051
1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

A. Kareer, E. Tarleton and C. Hardie et al. / Acta Materialia 200 (2020) 116–126

direction [15]. In order to interpret the differences measured in indentation and scratch hardness, it is important to develop a deeper
understanding of the mechanics of nanoscratch formation.
Experimental observations of the deformation ﬁeld beneath indentation experiments, have been used to interpret the hardening
behaviour in various materials. These studies have revealed that
the plastic zone is extremely complex and there is a continued effort to relate the deformation ﬁeld to the measured mechanical
properties [25–29]. Several studies have reported that for indentation with a geometrically self-similar indenter, the geometrically
necessary dislocation (GND) structure does not develop in a selfsimilar, hemispherical way as often assumed in simpliﬁed explanations [30–32]. The lattice rotation ﬁelds below indentation experiments with various tip geometries, have revealed distinct patterning within the plastic zone that exhibit well deﬁned boundaries
and a steep orientation gradient where a change in the sign of the
rotation direction is observed [25,33,34]. The investigation of plastic deformation and induced lattice rotations is of great interest
for an improved micromechanical understanding of indentation experiments owing to the close connection between crystallographic
shear and the resulting lattice rotation.
Simulation methods, such as the Crystal Plasticity Finite Element Method (CPFEM), provide further insight into the mechanics
of the deformation ﬁeld, when applied in conjunction with indentation experiments [35]. Through incorporation of an appropriate,
physically based, constitutive model along with details of the microstructure and constitutive parameters, CPFEM enables the effect
of grain size, crystallographic orientation [36] and plasticity size
effects [37] to be studied. Zaafarani and co-workers simulated the
lattice rotation ﬁeld below spherical indentations in copper using
CPFEM, and directly compared the simulated rotation ﬁelds with
that obtained from EBSD [34]. Simulating the lattice rotation ﬁeld
facilitates the interpretation of the deformation mechanisms, by
separating the crystallographic shear occurring on individual slip
systems, and directly relating it to the patterns observed in the
lattice rotation ﬁelds [38]. CPFEM has the added beneﬁt in that it
offers information on the spatial 3D distribution of the deformation ﬁeld, in real time, as it evolves throughout the experiment.
This is necessary to interpret dynamic experiments, whereby experimentally it is only possible to study the ﬁnal, deformed state
via postmortem analysis.
In comparison to nanoindentation experiments, the study of deformation below nanoscratch experiments is still in its infancy; the
deformation ﬁeld is further complicated due to the lateral force.
Macroscopic scratch experiments show that plastic deformation induces changes in the microstructure of the material, resulting in
a distinct discontinuity between a surface layer and the underlying bulk material [39–44]. This physical boundary has also been
identiﬁed in TEM studies around nanoscratch experiments in Ni3 Al
where the plastic zone consists of a core region with high dislocation density surrounded by an outer region with lower dislocation
density [45].
Simpliﬁed mechanistic models have been proposed to simulate
the plasticity dominated deformation ﬁeld around nanoscratch experiments similar to those used for nanoindentation. These models assume the plastic zone is proportional to the scratch width
[20,46] however, they are purely theoretical and, in most cases,
are not validated. Isotropic Finite Element models have been used
to simulate the strain ﬁeld around nanoscratch experiments in an
attempt to validate analytical models [47,48] and to describe the
strain ﬁeld in both bulk and coated systems [49,50]. A model by
Holmberg and co-workers found that the stress ﬁeld under scratch
experiments in coated systems is different to that under bulk samples. This is attributed to the mismatch between material properties in the coating and substrate, which restricts the ability for
the residual stresses to elastically recover. In the absence of a
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coating, elastic recovery is accommodated, resulting in a different
stress ﬁeld [51]. However, a detailed study of the effect of crystallographic orientation and the resulting lattice rotation ﬁeld surrounding nanoscratch experiments remains unexplored.
In this paper, we use High Resolution EBSD (HR-EBSD) to experimentally map the lattice rotation ﬁeld in the vicinity of nanoindentation and nanoscratch experiments [32,52–55]. Scratch and indentations were generated under the same normal force (3 mN)
using a Berkovich indenter, in single crystal copper. A physically
based CPFE model is used to simulate the scratch experiment. Lattice rotation ﬁelds from the simulation are directly compared with
the experimental results and provide an insight into the threedimensional mechanisms that occur during deformation beneath
a sliding contact, which can help understand the quantitative differences observed between indentation and scratch hardness.
2. Methods
2.1. Nanoscratch and nanoindentation
Nanoscratch and nanoindentation experiments were carried out
on a sample of single-crystal, oxygen-free pure copper with 99.9%
purity, oriented in the (001) crystallographic plane (obtained from
Goodfellow UK). The sample was annealed in air for 4 h at 600◦ C,
followed by a mechanical and electrolytic polish in order to obtain
a smooth ﬂat surface, with negligible residual stresses. The indentation and scratches were made using a Keysight (formerly Agilent,
formerly MTS) G200 instrumented indentation system, ﬁtted with
a lateral force measurement probe and a Berkovich diamond tip.
The tip radius of 20 nm was measured using AFM. The indentation
was made using a quasi-static loading function to a maximum normal force of 3 mN and the indenter was aligned such that the intersection of one facet of the indenter and the sample surface was
perpendicular to the [100] direction. For the edge forward (EF) case
the tip was oriented so that the outward facing normal to one edge
of the triangular impression made by the initial indent was along
the diection of motion of the indenter tip which was the [100]
crystallographic axis corresponding to the positive x1 direction as
shown in Fig. 1(b). For the face forward (FF) case the indenter tip
was rotation 180◦ about the x3 axes and the scratch direction remained along the positive x1 axes. A scratch length of 100 μm,
made at a velocity of 10 μm s−1 and constant normal force of 3 mN
was used for the scratches. A three-pass scratch method (proﬁlescratch-proﬁle) was implemented to correct for surface roughness
and sample tilt, by subtracting the surface proﬁle displacement
(pass 1) from the scratch displacement (pass 2). The ﬁnal proﬁling
pass (pass 3), offers insights into elastic recovery. Full details of the
three-pass scratch method are provided in [24]. The corrected penetration depth channel is plotted as a function of scratch distance
in Fig. 1(a).
2.2. Cross-sectioning
Cross-sections through the nanoindent and the scratches were
prepared using a Zeiss Auriga FIB-SEM. Cross-sections were taken
from two locations in the scratch; scratch section A is cut across
the centre of the scratch and scratch section B is cut at the end of
the scratch (these locations are shown in Fig. 1(b)). The indentation
section was taken from the centre of the indentation, in the same
orientation as the scratch such that the cross-sectioned surface
was oriented in the (100) crystallographic plane. Cross-sectional
slices, of approximately 20 μm × 10 μm × 3 μm in size, were
lifted from the sample in-situ and mounted on an Omniprobe TEM
copper grid. SEM images of the prepared cross-sections, prior to
lift-out, are given in Fig. 1(c) and (d).
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Fig. 1. a) Raw experimental penetration depth vs. scratch distance for FF and EF scratch. b) Schematic of the scratch directions with respect to the crystallographic orientation
and location of sections lifted for EBSD analysis. c) SEM image of EF scratch and FIB prepared scratch section A d) SEM image of FIB prepared indentation cross-section.

2.3. High Resolution Electron Backscatter Diffraction
EBSD measurements of the cross-sections and surface of the
scratches were made in a Zeiss Merlin FEG SEM equipped with a
Bruker e− FlashHR EBSD detector operated by Esprit 2.0 software.
The EBSD patterns (EBSPs) were acquired using an electron beam
energy of 20kV and a probe current of 5nA; a step size of 50 nm
was used and EBSPs were collected and saved at a resolution of
800 × 600 pixels.
HR-EBSD is used to map the lattice rotation ﬁeld in the vicinity
of the indentation and scratch experiments. The technique uses an
image cross-correlation based analysis to measure the lattice curvature within the crystal. A reference pattern is selected from a
location within the grain far from the regions of high deformation (in the case of the single crystal used in this study, the reference pattern is selected far from the indented/scratched region
of the orientation map). Each test pattern within the map is crosscorrelated with respect to the reference pattern; the pattern shifts
of a number of regions of interest (ROIs) are measured and related
to the crystal lattice rotation. A full description of the mathematics
describing the method can be found in references [32,56,57]. Lattice rotations between test and reference pattern can be used to
estimate the GND density based on Nye’s framework [52,58]. The
total dislocation density comprises individual dislocation densities
from each dislocation slip system. For an FCC crystal, it is assumed
that the GNDs are either pure screw dislocations, or pure edge dislocations with 110 Burgers vectors giving 18 types of unknown
dislocation densities. 2D maps allow the lattice rotation gradients
along two orthogonal axes within the surface to be determined
giving six out of the nine lattice rotation tensor components. At
each point in the map, a set of possible GND density combinations that satisfy the six measured lattice curvatures are found and
the combination that gives the minimum total line energy is cho-

sen. Further information on the calculation of GND density can be
found in [32]. For the experimental conditions used, this method
measures lattice rotations with an angular sensitivity of 3 × 10−4
rad which corresponds to a lower bound GND density noise ﬂoor
of 1.5 × 1013 m−2 .
2.4. Crystal plasticity ﬁnite element modelling
Finite element simulations were performed using Abaqus 2016
to investigate the inﬂuence of deformation due to scratching with
the EF tip geometry, in single crystal copper. A crystal plasticity
user material (UMAT) for Abaqus was used based on the user element (UEL) by Dunne et al. [35,59].
The deformation is decomposed multiplicatively into a plastic,
Fp , and elastic, Fe , deformation gradient

Fi j = Fike Fkpj

(1)

p p
F˙i pj = Lik
Fk j .

(2)

the ﬂow rule has the form

Where the plastic velocity gradient, Lp , is given by the crystallographic strain rate resulting from dislocation glide on the active
slip systems with slip direction sk and slip plane normal nk

Lipj =

k
=12

γ˙ k (τ )ski nkj

(3)

k=1

The crystallographic slip rate γ˙ is given by



γ˙ k (τ ) = A sinh B(|τ k | − τc ) sgn(τ k )

(4)

for |τ k | > τ c and γ˙ k = 0 otherwise, where the resolved shear stress
on slip system k is τ k = σi j nki skj . The critically resolved shear stress
is assumed the same for each slip system,

√

τc (ρ ) = τc0 + CGb ρ .

(5)

A. Kareer, E. Tarleton and C. Hardie et al. / Acta Materialia 200 (2020) 116–126

For simplicity we assume that the dislocation density, ρ is proportional to the plastic strain



ρ˙ = D

2 p p
ε˙ ε˙
3 ij ij

(6)

where the plastic strain rate ε˙ i j is the symmetric part of Li j . The
p

p

ﬁtting constants were A = 10−6 s−1 , B = 0.1 MPa−1 , an obstacle
strength term C = 0.05 and D = 2.45 × 104 μm−2 . Initial values
were taken from Cackett et al. [60] and calibrated to match the
normal force during the scratch. Consequently plastic deformation
induces a dislocation density which hardens the slip systems via
an increase in the CRSS, τ c (ρ ).
Lattice Rotation: The elastic distortion and rigid body rotation
of the lattice is found by computing the elastic part of the deformation gradient, from (1);

Fiej = Fik Fkpj

−1

(7)

and from this the elastic part of the velocity gradient and its antisymmetric spin component are calculated:

Lei j = F˙ike Fkej−1
Wiej =

(8)

1 e
(L − Leji )
2 ij

(9)

Finally the crystal orientation matrix R is calculated using an
implicit integration of the elastic spin, which is updated at the end
of each increment:



Ri j (t + t ) = I − tW e (t + t )

−1
ik

Rk j (t )

(10)

Rij rotates a vector expressed in the crystal frame to a vector in the
deformed material frame. The crystal frame in this study is initially
aligned with the reference frame of the model and so Ri j (0 ) = δi j .
The rotation matrix at the end of the simulation was used to
deﬁne the elastic rotations about the 3 axes in the reference frame
x3 , x2 and x1 for comparison with experimental HR-EBSD data:
[61,62]:

ω32 = tan−1 (R32 /R33 )

(11)

ω13 = − sin−1 (R31 )

(12)

ω21 = tan−1 (R21 /R11 )

(13)

A total of 4950 linear hexahedral elements with 8 Gauss points
per element (C3D8) were used to represent a block of copper
with dimensions of L = 25 × 15 × 7.5 μm, with symmetry boundary conditions applied along the (010) mid plane allowing only
half of the domain to be simulated. The scratch test was simulated by modelling an indentation followed by an edge forward
(EF) scratch step with a constant displacement of u3 = −247 nm
and applied lateral displacement of u1 = 10 μm at a rate of 10
μm/s, the normal displacement was chosen to match the experiment. Displacement boundary conditions were used to improve
the stability and eﬃciency of the implicit solution for global equilibrium of nodal forces. Force boundary conditions are particularly
unstable for highly non-linear problems such as contact. A scratch
length of 10 μm was found to be suﬃcient to reach a steady state
scratch formation. A biased mesh under the scratch was used for
improved accuracy and computational eﬃciency, with an approximate element size of w1 = 0.4 μm along the scratch direction x1 ,
w2 = 0.2 μm along x2 , increasing up to w2 = 1 μm far from the
scratch. The indenter tip was modelled as a rigid part with a perfect Berkovich geometry. The ﬁnite sliding, node to surface, Abaqus
contact algorithm was used with the default hard contact property. The absolute values for the lateral and normal force are determined by the material model however, their ratio is governed
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entirely by the friction behaviour. A friction coeﬃcient of 0.15 was
used to specify tangential behaviour between the surfaces in contact. This value was calculated from the experimental data by resolving the normal, FN , and tangential forces, FT , on the indenter
tip faces during sliding; where the friction coeﬃcient is μ = FT /FR
and FT and FR are the tangential and resolved orthogonal forces
acting on the facet(s) of the indenter. The result is the true friction coeﬃcient between the contact surfaces which is independent
of geometry, scratch speed or scratch direction in this case. Therefore values for both tip orientations studied were identical within
the experimental scatter. In contrast, calculating the macroscopic
friction coeﬃcient without accounting for the local geometry, i.e.
simply taking the ratio of the applied lateral and normal forces,
μ = FL /FN , does not provide a coeﬃcient that is fully deﬁned by
the interation between two materials in contact, but is dependent
on the stress state and the resultant plastic deformation imposed
by the tip orientation/geometry/speed. Consequently FL /FN is significantly different for the EF and FF orientations used in this study;
0.4 and 0.6 respectively.
The new friction coeﬃcient described in Appendix A, μ = FT /FR
where FT and FR are the tangential and resolved orthogonal forces
acting on the facet(s) of the indenter, depends only on the interaction between the two material surfaces in contact and does not
vary with tip orientation. The true friction coeﬃcient was found to
be 0.15 in both scratch directions and was used as the friction coeﬃcent in the Abaqus surface contact algorithm in the FE model.
The symmetry plane was ﬁxed from translation in the normal direction, x2 = 0, the nodes on the top surface were traction free,
while the remaining four surfaces of the cube were ﬁxed. Elastic
anisotropy was used with the following elastic constants for copper: c11 = 168.4 GPa, c12 = 121.4 GPa c44 = 75.4 GPa or E = 66.7
GPa, G = 75.4 GPa, and ν = 0.419. 12 11̄0{111} fcc slip systems
were included with an initial CRSS of τc0 = 1 MPa. Further details
on the UMAT can be found in [60,62–66]. Simulations provide direct comparison with the EF scratch test.

3. Results
The experimentally measured and simulated vertical displacement, normal force and lateral force are given in Fig. 2 for the
EF tip orientation. Fig. 2(a) shows the vertical displacement of the
tip for the full 100 μm scratch length measured experimentally.
The simulated scratch data is presented for comparison. The vertical dashed lines represent the indenter displacement from zero to
the maximum displacement of 247 nm, with no lateral movement,
where the tip was loaded and unloaded respectively. Data from a
scratch distance of 40-50 μm are shown for the forces (Fig. 2(b)),
where the experimental scratch had reached a steady state and
the normal force was maintained at 3 mN without any inﬂuence
of loading and unloading of the indenter. As the simulated scratch
was only 10 μm long, this is compared with the steady state region, between 40-50 μm, of the experimental scratch data. The oscillations that appear in the simulated data are an artefact with
a wavelength deﬁned by the the node spacing and the initial 2
μm can be interpreted as the settling in portion of the scratch.
Once steady state scratch deformation is achieved, there is excellent agreement between the experimental and simulated normal
and lateral forces.
Experimental and simulated lattice rotation ﬁelds, ω21 , ω13 and
ω32 are shown in Figs. 3–5. These ﬁelds correspond to rotations
about the x3 , x2 and x1 axis respectively (the crystallographic orientation is shown in Fig. 1(b)). The colour code represents the lattice rotation in radians; the scale has been conﬁned to a magnitude of 0.03 radians (1.7◦ ) to enable a clearer visualisation of
the shape and sense of the rotation ﬁelds. Owing to a combi-
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Fig. 2. a) EF experimental and simulated penetration depth vs. scratch distance.
b) corresponding normal force and lateral force vs. scratch distance between 40 −
50 μm for experimental and simulated EF scratch.

nation of edge effects, highly localised deformation and millinginduced curvature, there was insuﬃcient overlap between the captured EBSD patterns and the reference pattern in regions closest to the indenter. As a result, HR-EBSD was unable to compute the lattice rotation ﬁelds in these regions. To indicate the
actual surface of the sample, lattice rotation maps are overlaid
on the greyscale image quality map from EBSD. Throughout this
work, we refer to a positive lattice rotation as an anticlockwise
rotation about an axis when looking down the axis towards the
origin.
Figs. 3 (a)–(c) show the lattice rotation ﬁelds for the indentation
cross section, measured experimentally using HR-EBSD. Fig. 3(d)–
(f) are the equivalent ﬁelds for the FF scratch (100) cross section
(indicated A in Fig. 1) and Fig. 3(g)–(i) are the corresponding ﬁelds
from the EF scratch. Finally, Fig. 3(j)–(k) show the corresponding
simulated rotation ﬁelds for the EF scratch which was taken from
a scratch distance of 5 μm.
From the experimental maps, it is clear that the lattice rotation
ﬁeld below a scratch extends signiﬁcantly further than beneath an
indentation created under the same normal force and that the FF
scratch has a larger deformed region (plastic zone) than the EF
scratch. The faceted Berkovich indenter creates a deformation ﬁeld
that takes a distinctive double-lobed form, with a steep maxima in
the rotations in regions tangent to the indenter facets - the orientation of these facets with respect to the loading axis is different
for each experiment and this is reﬂected in the shape of the plastic zone. In the indentation and EF oriented scratch, the doublelobe shape is more prominent. In the EF scratch the tip is oriented
such that a sharp edge leads the deformation, whereas in the FF
oriented scratch a ﬂat facet drives the deformation. For the indentation alone, the very sharp point of the indenter is driving deformation vertically.

In order to describe the rotation ﬁelds, it is assumed that material rotates about the apex of the indenter tip. The indentation
ﬁeld can be interpreted as the lattice rotating toward the central loading axis of the indentation for ω21 and ω13 (Fig. 3(a) and
(b)); ω32 shows the lattice rotates towards the free surface and towards the centre of the indentation (Fig. 3(c)). Note that for the
indentation, ω21 and ω13 (Fig. 3(a) and (b)) are dependent on the
location of the section. Although every effort was made to prepare this section across the centre of the indentation, experimentally this is challenging when using a FIB to prepare cross-sections,
and it is likely that it is slightly off centre (by approximately
50 - 150 nm).
The ω21 and ω13 rotation ﬁelds in both scratch experiments
show that the lattice rotates about the indenter apex, with a positive rotation about the x2 axis perpendicular to the scratch direction. The in-plane rotation ﬁelds ω32 (Fig. 3(f) and (i)) show
that in a scratch, the lattice rotates in the opposite direction to
that observed for indentation. For the FF case (Fig. 3(f)) there
is an inner region of counter rotation. A region of counter rotation can also be identiﬁed in the EF rotation ﬁeld (Fig. 3(i)) although it is less pronounced. The model is able to accurately simulate the sign of the experimentally observed deformation-induced
rotation ﬁeld, including the inner zone of counter rotation. Although the simulated plastic zone size is smaller than the experiment, the double-lobed shape is reproduced. The simulation
also provides additional information regarding the lattice rotations
close to the indenter apex, where experimental data could not be
obtained.
Similar rotation ﬁeld maps of the scratch surface are given in
Fig. 4 about the same axes. On the free surface, the rotation ﬁelds
correspond with that observed subsurface with a change in rotation sense either side of the scratch track (in ω21 and ω32 ) and a
positive lattice rotation about the axis perpendicular to the direction of travel, [100], in ω13 . The experimental scratch width is approximately 4 μm, which is in accordance with that produced from
the simulation. Note that in Fig. 4, the experimental scratch width
appears wider due to the lack of experimental HR-EBSD data close
to the scratch edges, due to the poor quality EBSD patterns. At the
end of the scratch track there is considerable deformation from
piled-up material. For the EF case, the sign of the in-plane rotation,
ω21, changes at the end of the scratch (Fig. 4(d) and (g)). This can
be seen more clearly in Fig. 5, which shows the experimental and
simulated rotation ﬁelds from scratch section B, the (010) plane.
As before with indentation, the rotation ﬁelds shown for scratch
section B are dependent on the precise location of where the cross
section was prepared, and although the aim was to target the very
centre of the scratch track, experimentally this is challenging and
it is likely that the slice was taken slightly off centre. The exact
offset for the experimental cross-section is unknown, however, it
is assumed to be within the range of 50 nm-200 nm. Fig. 5(g)(i) show the simulated cross-sections offset by 100 nm from the
centre of the scratch for comparison. The discrepancy between the
experimental and simulated ω21 rotation ﬁeld is likely due to this
uncertainty.
Fig. 6 compares the experimental GND density ﬁeld measured
using HR-EBSD, with that of the dislocation density calculated by
the model, by numerical integration of ρ˙ (deﬁned in Eq. (6)) over
time. The magnitude and distribution of dislocation density calculated by the model is representative of that measured from experiment, which is remarkable given the simple form of the dislocation density evolution and hardening laws used in the model.
The qualitative agreement between simulated and experimentally
measured dislocation density plots supports both the assumption
that dislocation multiplication is approximately proportional to effective plastic strain, and the use of the Taylor hardening law in
the simulation.
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Fig. 3. Lattice rotation ﬁeld maps for the indentation section and the scratch sections A (see Fig. 1) about the x3 , x2 and x1 axis; ω21 , ω13 and ω32 respectively. a, b and c
are rotation ﬁelds from the indentation, d, e and f are the FF scratch (100) cross section rotation ﬁeld, g, h and i are the corresponding EF scratch rotation ﬁeld. j, k and l
show the simulated rotation ﬁelds of the EF scratch. The colour code shows the lattice rotation in radians. Lattice rotation maps are overlaid on the greyscale image quality
maps from EBSD. Scaling is identical for all diagrams.

4. Discussion
This work uses HR-EBSD to study the local deformation ﬁeld
around nanoscale experiments. The multiple views of the scratch
lattice rotation ﬁeld, presented in the experimental results, enables
a more comprehensive investigation of the volume of deformed
material surrounding the scratch. However, it remains limited to a
snapshot, postmortem analysis and is not suﬃcient to measure deformation in the regions where the largest rotations occur, close to
the indenter apex. The 3-D rotation ﬁelds predicted using a crystal plasticity simulation provide a real-time visualisation of the deformation ﬁeld during scratch formation and are able to predict
the deformation close to the indenter, where experimental data is
missing. Hence in this work, the experiments and simulations are
complementary to each other, and provide a more complete interpretation or the results. The CPFE model is able to accurately predict the rotation ﬁeld for the EF tip orientation in terms of sense
and axis. The accurate simulation of the normal and lateral forces,
relies on a correct coeﬃcient of friction which is determined from
the experimental data as outlined in Appendix A. The most commonly reported coeﬃcient of friction for scratch tests uses the ratio between the lateral and normal force, however, this has been
found to be non-physical when used in the model. A new coeﬃcient of friction, based on the resolved forces acting on the facets
of the tip (see Appendix A) is used in the model. This approach
is more physically appropriate as it is based on the geometry of

the tip and the surfaces in contact. As a result it is able to accurately predict the experimental forces. Fig. A.8 (b) shows the experimentally measured friction coeﬃcients, deﬁned by the conventional method and the new proposed method; incorporating the
resolved forces on the facets of the indenter reduces the friction
coeﬃcient and produces a coeﬃcient independent of tip orientation. This method can be applied to any pyramidal indenter with a
known geometry. Compared to the model, a larger plastic zone is
observed in the experimental measurements of rotations and dislocation density ﬁelds surrounding the scratch. This difference may
be the effect of the indenter rounding in the experiment (20 nm
tip radius) which would displace more material than the perfect
tip used in the model and/or heterogeneous material properties in
the surface layer of the sample as a result of sample preparation
induced damage.
Using the results obtained experimentally and by crystal plasticity, the rotation ﬁelds can be summarised as follows. For indentation, the lattice rotates about the indenter apex towards the central indenter loading axis. This can be qualitatively understood in
terms of the material that must be displaced by the indenter immediately below it, towards the surface to create pile-up around
the indentation. The rotation ﬁelds ω21 and ω13 measured experimentally, suggest that the centre of the indentation would be further along the x1 axis, into the page of Fig. 3(a),(b) and (c).
The sign of the rotation ﬁelds around the scratch experiments
broadly follow a similar pattern for both the EF and FF tip orien-
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Fig. 4. Lattice rotation ﬁeld maps, experimental and simulated, of the free (001) surface about the x3 , x2 and x1 axis. Colour code shows the lattice rotation in radians.
Lattice rotation maps are overlaid on the greyscale image quality maps from EBSD. Scaling is different between experiment and simulation, refer to scale bars.

Fig. 5. Lattice rotation ﬁeld maps for scratch section B about the x3 , x2 and x1 axis. The colour code shows the lattice rotation in radians. Lattice rotation maps are overlaid
on the greyscale image quality maps from EBSD. Scaling is identical for all diagrams.

tations and can be described by two simultaneous mechanisms.
Firstly, the lattice rotates anticlockwise about the x2 , as the indenter ‘pulls’ the surrounding lattice along with it in the direction it is traversing. The second mechanism causes the lattice
to rotate about the indenter away from the centre of the normal loading axis of the indenter, represented in the ω32 rotation ﬁeld, which is the opposite sense to that observed in the in-

dentation. This is the most striking difference observed between
the indentation and scratch rotation ﬁelds in the experimental
data.
The differences in the shape of the plastic zone between the
two scratch tip geometries might be explained in terms of the way
the material ahead of the indenter is displaced around the tip for
each orientation. In the FF tip orientation, the most eﬃcient way
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Fig. 6. GND density map for the indentation (a) and EF scratch section A (b) calculated experimentally using HR-EBSD. Corresponding total dislocation density from the
CPFE simulation for the indentation step (b) and the steady state scratch cross-section (d). Colour code shows the dislocation density per m−2 .

Fig. 7. Simulated ω32 rotation ﬁeld, for a set of successive planes through the scratch, parallel to the (100) plane (i.e. parallel to scratch section A). The colour code shows
the lattice rotation in radians.

would be for material to move underneath the tip, whereas in the
EF orientation the angled facets would assist displacement of material laterally around the tip. The exact displacements are more
complex and would involve multiple directions for both tip orientations however this simple picture could describe the differences
between the two scratch tip geometries. Additionally, the FF tip
orientation has a higher lateral component in the resolved force,
compared to the EF tip orientation (see equations in Appendix A)
which would result in more work being done on the material, and
as a result more plasticity.

As the simulation modelled an indentation step followed by
the scratch step, analogous to the experiment, it is possible to investigate the mechanics of scratch formation, as the loading state
transitions from a static indentation to a steady state scratch. This
enables the interpretation of the differences observed between
the indentation and scratch experiments. In Fig. 7, the simulated
ω32 rotation ﬁeld, for a set of successive planes throughout the
scratch, parallel to the (100) plane (i.e. parallel to scratch section
A) are given. In Fig. 7(a), where the indenter is solely under a normal load (i.e. static indentation), shows a rotation ﬁeld with four
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lobes, where the zones close to the surface have the same rotation sense to that observed in the experimental indentation rotation (Fig. 3(c)). This four-lobed rotation ﬁeld has been observed
for static indentations using a wedge indenter [67] and spherical indentations [60,68]. As the scratch begins to traverse laterally (Fig. 7(b)), an additional outer region of counter rotation begins to develop at the surface, whilst the four-lobed indentation
rotation zone becomes further conﬁned. As the scratch progresses,
(Fig. 7(c)-(f)) the outer rotation zone expands further and dominates the plastic deformation ﬁeld. This abrupt change in rotation
direction, could correspond with the tribologically induced discontinuity, known as a dislocation trace line, ubiquitously observed in
various material systems. The origin of this has been attributed to
the reorganisation of dislocations beneath a sliding contact as a
result of the in-plane shear component of the stress ﬁeld [39,69].
It appears that by incorporating a lateral component of force, a
strongly inhomegeneous stress state subsurface, different to that
under a statically loaded indent, activates slip systems that cause
an outer rotation ﬁeld to be formed whilst constraining the inner
rotation ﬁeld. Referring back to the scratch displacement proﬁle in
Fig. 1(a) it can be seen that in the early stages of the scratch formation, the displacement initially reaches a maximum of approximately ∼ 400 nm, where the maximum normal force of 3 mN is
supported by the indentation alone. When the tip begins to traverse laterally, and the outer deformation ﬁeld begins to form, the
3 mN is only enough force to produce a displacement of ∼ 250 nm.
Hence the indenter rises up until it reaches a steady state penetration depth. Although the model uses a displacement controlled
scratch step to aid numerical stability, the same mechanisms are
observed in Fig. 2. The initial indentation to a target depth of 247
nm requires a normal force of 1.5 mN, as the scratch progresses
laterally, and the outer deformation ﬁeld is formed, the normal
force must increase in line with the experiment to maintain the
constant penetration depth.
Hence this work highlights that with a reasonable simple variation in the test, i.e. incorporating lateral movement of the tip, the
deformation ﬁeld is signiﬁcantly different and more plasticity is induced in the material. An outer rotation zone, of opposite sense,
forms in addition to the rotation ﬁeld created by indentation alone.
This implies that an indentation process does not have all of the
components to describe the deformation associated with a sliding
contact. As a result, in terms of predicting the wear resistance of
materials, indentation hardness may not be the most suitable measure. Scratch hardness, based on scratch testing, will provide a signiﬁcantly closer representation of the deformation associated with
a sliding contact.

5. Conclusions
We present an investigation of the deformation ﬁeld in the
vicinity of a controlled scratch using a sharp (EF) and relatively
blunt (FF) indenter orientation, in a Cu single crystal, for direct
comparison with a static indentation. CPFE was calibrated with
only three parameters and reproduced the normal and lateral
forces, as well as all three rotation ﬁelds on all three principal
planes. A simple hardening law was found suﬃcient and gave remarkable agreement with the measured GND density. This combined experimental-modelling approach provides a more complete
understanding of the nanoscratch formation. The main conclusions
are as follows:
• By applying the same normal force, the three experiments show
different lattice rotation ﬁelds in terms of the morphology of all
three rotations based on the direction of loading with respect to
the tip orientation. The biggest difference in the lattice rotation

is observed in the sign of the ω32 rotation, which is reversed
for indentation and scratch.
• By simply incorporating lateral movement of the tip, the deformation ﬁeld is distinctively different to indentation. This implies that indentation, and therefore hardness calculated from
indentation alone, cannot fully capture the deformation associated with a sliding contact. Scratch hardness may provide a
more appropriate predictor of wear, as it is able to capture all
components of deformation associated with a sliding contact.
• The commonly reported friction coeﬃcient, FL /FN , does not account for the local geometry of the contact, and therefore is
insuﬃcient for use in the CPFE model to accurately predict
the normal and lateral forces. A more appropriate methodology for calculating the friction coeﬃcient, from nanoscratch, is
proposed.
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Appendix A. Calculating the friction coeﬃcient from
experimental data
The coeﬃcient of friction was calculated using the normal (FR )
and tangential (FT ) forces to the indenter facets, by considering
the indenter tip in a free body diagram with applied and reaction
forces as shown in Fig. A.1. For the EF tip geometry, FT is calculated
using Eq. (A.2), based on triangle A and FR is calculated using Eq.
(A.3) based on triangle B. Note that this represents one half of the
tip for the EF geometry and therefore FL and FN are divided by 2.
The authors also note an error in the equation for FR presented in
the appendix of [24] and (A.3) is the correct expression.

μ = FT /FR
FT =

(A.1)

FN
FL
cos φ −
sin φ
2
2

FR = FX cos θ +

FN
FL
FN
sin θ =
cos θ +
sin θ
2
4
2

(A.2)
(A.3)

where FX = (FL /2 ) cos(60◦ ) = FL /4, θ = 65.3◦ and φ = 12.95◦ for a
Berkovich indenter.
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Fig. A.1. (a) Schematic of indenter indicating forces acting on the facets. (b) Friction
coeﬃcient as a function of scratch distance using traditional and new deﬁnition for
both the EF and FF tip orientation

In the above equations, it is assumed that the direction of sliding in the EF case is along the scratch direction, however in reality
a small component of sliding may be normal to the scratch direction.
In the face forward case (FF) the reaction and tangential forces
are given by Eqs. (A.4) and (A.5) respectivley. In the FF scratch orientation, the lateral force is along FX in Fig. A.1 with both FT and
FR on the same plane as shown in triangle B in the ﬁgure.

FR = FL cos θ + FN sin θ

(A.4)

FT = FL sin θ − FN cos θ

(A.5)

and so the friction coeﬃcient (A.1) becomes

μ=

θ

FL
tan −
FN
FL
+ tan
FN

1

θ

= tan(θ − α )

(A.6)

where α = tan−1 (FN /FL ).
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