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Abstract
In this study, a modeling approach based on smooth particle hydrodynamics (SPH) was implemented to simulate the 
nanoscale scratching process using conical tools with different negative rake angles. The implemented model enables the 
study of the topography of groove profiles, scratching forces, and the residual plastic strain beneath the groove. An elasto-
plastic material model was employed for the workpiece, and the tool–workpiece interaction was defined by a contact model 
adopted from the Hertz theory. An in-house Lagrangian SPH code was implemented to perform nano-scratching simula-
tions. The SPH simulation results were compared with nanoscale scratching experimental data available in the literature. 
The simulation results revealed that the normal force was more dominant compared to the cutting force, in agreement with 
experimental results reported for a conical tip tool with a 60° negative rake angle. In addition, the simulated groove profile 
was in good agreement with the groove profile produced in the aforementioned experiment. The numerical simulations also 
showed that the normal and cutting forces increased with the increase in the scratching depth and rake angle. Although 
the cutting and ploughing mechanisms were noticed in nano-scratching, the ploughing mechanism was more dominant for 
increased negative rake angles. It was also observed that residual plastic strain exists below the groove surface, and that the 
plastically deformed layer thickness beneath a scratched groove is larger for more negative values of the tool rake angle and 
higher scratching depths.

Highlights

1. An in-house SPH code was developed and outcome vali-
dated against experimental results.

2. The developed code is effective in investigating the 
thickness of the deformed layer for various scratching 
depths.

3. The proposed method is able to demonstrate the correla-
tion between scratching depth, rake angle and deformed 
layer.

Keywords Nanoscale scratching · SPH modeling · Ploughing · Cutting · Groove profiles

1 Introduction

Recent developments in nanotechnology-based devices 
have driven the research need to explore nanoscale fab-
rication processes. A range of fabrication methods exist 
to manufacture nanoscale features for applications in sen-
sors and nanoelectromechanical systems for example [1]. 
Currently, adopted methods to produce nanoscale struc-
tures and patterned devices include deep and extreme 
ultraviolet nanolithography, nanoimprint lithography, 
focused ion beam machining, wet etching, electron 
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beam cutting, and single-point nanoscale machining. In 
the context of prototype device development, most of 
these techniques can be limited by the choice of sub-
strate materials or the cost of equipment and processing. 
Atomic force microscopy (AFM)-based nano-scratching 
may provide a cost-effective alternative to create fea-
tures, such as nano-grooves with high levels of lateral 
and vertical resolutions [2–4]. Nanoindenter systems also 
fall into this category of enabling equipment, as they 
can be used to implement a similar mechanism to gener-
ate nanoscale grooves on various materials[5], with the 
added benefit of not being affected by the compliance 
of AFM cantilever probes [6, 7]. The development of 
different tool tip geometries, such as spherical tips [8], 
conical tips [9], and pyramidal tips [10], has enabled the 
production of various nanochannel shapes. A common 
characteristic of mechanical material removal at such a 
small scale is that the rake angle of a typical tool is often 
negative due to its inherent geometry and cutting edge 
radius. The resulting topography of nanoscale grooves is 
not only evidently influenced by the tool geometry but it 
also depends on the properties of the processed material 
and the specific removal mechanism at play, i.e., plough-
ing and/or cutting. For this reason, it is often desirable 
to model the nanoscale scratching process as a function 
of processing parameters, such as the rake angle of the 
tool. Such simulations can be useful not only to predict 
the scratched topography but also to understand how the 
process affects subsurface material properties, such as 
the extent of plastic strain underneath a groove.

The nanoscale scratching process is often modeled 
using molecular dynamics [11–19]. However, given that 
this approach is typically restricted to very small spatial 
and time scales, on the order of nanometers (nm) and 
nanoseconds (ns), its application can be limited when one 
needs to simulate more realistic length and time condi-
tions. Based on continuum mechanics, smooth particle 
hydrodynamics (SPH) has recently emerged as a modeling 
technique to investigate the nanoscale scratching process. 
The SPH approach, initially developed by Gingold and 
Monaghan [20] and Lucy [21] for applications in astron-
omy, is a meshless numerical method that discretizes the 
problem domain with SPH particles and thus eliminates 
the issues related to mesh distortion experienced by tra-
ditional continuum mesh-based methodologies, such as 
finite element method, finite-volume method, and bound-
ary element method [22]. With the successful develop-
ment of the SPH method in handling large deformations 
in solid and fluid mechanics problems, its application has 
been extended to micro and nano machining in recent 
years [23]. For example, Leroch et al. [24] implemented 

a mesh-free total Lagrangian SPH algorithm using 
LAMMPS to simulate scratching on a viscoplastic mate-
rial. While these authors found that the tangential forces 
observed in the simulations were lower than those meas-
ured in experimental trials, they found that the simulated 
scratch hardness still compared well with the experimental 
results. Guo et al. [25] performed SPH simulations using 
LS-DYNA of nanochannel scratching with two different 
indenter configurations, which included a spherical capped 
conical tip and a spherical capped regular three-side pyra-
mid tip. These authors performed scratching along differ-
ent directions on the workpiece, and their investigation 
showed that the magnitude of the normal forces, in the 
case of a pyramidal tip, vary significantly along differ-
ent directions of scratching. Islam et al. [26] performed 
an SPH-based modeling study of nanoscale scratching 
with an elastoplastic material model. They also observed 
that the simulated normal forces were greater than the 
simulated cutting forces and that a higher negative rake 
angle led to a reduction in ploughing and an increase in 
the residual stress and strain.

A considerable amount of research has been published 
using modeling and experimental techniques to investi-
gate the nanoscale scratching process. For atomic-scale 
modeling techniques, the length scale in simulations is 
not similar to that of experiments, and the mesh-based 
continuum-scale modeling techniques suffer from the 
mesh distortion problem. Moreover, it is very difficult to 
analyze subsurface deformation underneath grooves and 
underlying material removal, and deformation mecha-
nisms with the available experimental characterization 
techniques. The particle-based SPH method is a robust 
modeling technique that eliminates the mesh distortion 
problem and can simulate the process in a similar length 
scale to experiments. In the research presented here, an 
in-house Lagrangian SPH code was developed to model 
the nanoscale scratching process and to investigate the 
effects of the scratching depth and tool rake angle on the 
resulting forces, groove topography, and the extent of the 
deformed layer under a groove as a function of the rake 
angle. The remainder of this paper is organized as follows: 
The nanoscale scratching model configuration and mate-
rial properties of the tool and workpiece are described 
in Sect. 2. The computational procedure developed by 
detailing the governing equations, SPH discretization, 
and contact model adopted in the numerical simulations 
is explained in Sect. 3. The model validation and effect 
of scratching parameters on the groove formation, forces, 
and residual plastic deformed layer are discussed in detail 
in Sect. 4. Finally, concluding remarks are presented in 
Sect. 5.
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2  Materials and Nanoscale Scratching 
Model

A 3D configuration of the nano-scratching process and its 
2D schematic representation illustrating the tool and work-
piece are shown in Fig. 1. The modeled tool was conical 
and had a spherical cap with a specified radius at the tip. 
As illustrated in Fig. 1b, for the purpose of the numerical 
simulation, the bottom and front ends of the workpiece 
were treated as fixed boundaries to provide a rigid base. 
The spherical capped conical tool had a radius (R0) and con-
sisted of a rake angle (γ), as shown by the schematic diagram 
in Fig. 2. The tool tip was made of diamond, and its density, 
elastic modulus, and Poisson ratio were 3520 kg/m3, 1150 
GPa, and 0.07, respectively. The tool was assumed to be 
rigid. The workpiece material was chosen as oxygen-free 
high-conductivity (OFHC) copper in the present work. The 
OFHC Cu has an elastic modulus of 124 GPa, a shear modu-
lus of 46.3 GPa, a yield stress of 0.4 GPa, and a Poisson’s 
ratio of 0.34 [27]. As stated earlier, the workpiece material 
was described by an elastoplastic constitutive model.

The nanoscale scratching simulations were performed 
using a tool tip with a radius of 100 nm. Three different 
scratching depths, i.e., 100, 150, and 200 nm, were con-
sidered in this work to analyze the effect of the depth of 
cut on the deformation and scratched surface of the Cu 
workpiece material. Three different negative rake angles 
(i.e., 10°, 30°, and 60°) were also selected to determine 
the effect of various values of the negative rake angle on 
machined surfaces. In the presented simulations, the tool 
was initially indented into the copper workpiece up to a 
certain depth, and subsequently, it was moved parallel to 
the top surface at the same depth to produce a nanoscale 
scratch. For validating the developed code, experimental 
results available in the literature [26] for 100-, 150-, and 
200-nm scratching depths with a 60° negative rake angle 
tool were compared with the outcome of the numerical 
simulations.

3  Computational Procedure

The computational approach used was based on the SPH 
method. SPH is a particle-based Lagrangian modeling tech-
nique where a continuum domain is represented by a set of 
particles. In a Lagrangian-based approach, field variables, such 
as density, pressure, and velocity can be traced at SPH parti-
cles, which follow the material deformation. A smoothing or 
kernel function is utilized in the SPH formulations to obtain 
the approximate field properties. For any particle, the approxi-
mated field variables or properties are determined by taking an 
average over neighboring particles using smoothing functions.

3.1  Governing Equations

In the Lagrangian approach, to solve governing conservation 
equations, the reference or undeformed configuration of the 
simulation domain remains fixed as the simulation progresses. 
The current or deformed configuration is computed with respect 
to the reference configuration. Therefore, the conservation and 
constitutive equations are expressed in terms of the coordinates 
of the reference configuration X. A mapping function ϕ relates 
the reference and current configuration and is used to define the 
body motion between two configurations at a given time t as

where x represents the current configuration coordinates 
and X represents the corresponding reference configuration 
coordinates. Hence, displacement is given by

(1)x = �(X, t)

(2)u = x − X

Fig. 1  a 3D model of nano-
scratching and b 2D schematic 
view

Fig. 2  Schematic diagram of the spherical capped conical tip model
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The deformation gradient represents the gradient of the map-
ping function:

The conservation equations for mass and momentum in the 
Lagrangian approach are represented by

where ρ is the mass density, σ is the stress tensor, v denotes 
the velocity, and ∇ is the gradient operator. For elastic sol-
ids, the stress tensor can be expressed as a composition of 
volumetric and deviatoric parts:

where p is the mean stress or pressure and σ′ denotes devia-
toric stress.

3.2  SPH Discretization

The nanoscale scratching model comprising of a tool and a 
workpiece was discretized with SPH particles [28], as shown 
in Fig. 3. SPH is a two-step approximation method: The first 
step is particle approximation, where a continuum is repre-
sented by clouds of particles. The second step is smoothing, 
which indicates that any property of the particle is approxi-
mated as the weighted average of values associated with 
surrounding particles. The SPH particles interact through 
a kernel function.

Mathematically, a given function f(x) can be approximated, 
in a discretized form, by the values associated with neighbor-
ing particles and a kernel function W(x, h) [29] as follows:

where h is the smoothing length and Vb is the volume associ-
ated with particle b. The kernel function should fulfill the 
following consistency conditions for accurately reproducing 
the given function f(x):

where δ denotes the Dirac delta function. The SPH interpo-
lation of the first derivative of the function f(x) in a discre-
tized domain can be expressed as:

(3)F =
dx

dX

(4)
d�

dt
= −�∇ ⋅ �

(5)
d�

dt
=

1

�
∇ ⋅ �

(6)� = −pI + �
�

(7)f (x) =

M∑
b=1

fbWb

(
x − x

b
, hb

)
Vb

(8)∫ W(x, h)dx = 1

(9)lim
h→0

W(x, h) → �(x)

The SPH method uses smoothing or the kernel function for 
interpolating the properties of a given particle from neigh-
boring particles and is governed by a radius of influence, i.e., 
the smoothing length h. Various smoothing kernel functions 
exist for implementing numerical approximations. The quan-
tic spline kernel is one of the most popular functions used, 
and it is defined as follows:

where q =
|x|
h

 and α denotes the normalizing factor of the 
quintic spline kernel function. For the above kernel function, 
α is determined as

The velocities and positions of the SPH particles are updated 
by the leapfrog time integration scheme, which can be 
expressed as

where �
n+

1

2

, �
n−

1

2

 are the velocities of SPH particles at the 
next and previous half steps, respectively. Similarly, 
x
n+

1

2

, x
n−

1

2

 are the positions of SPH particles at the next and 
previous half steps, respectively. Δt in the above equations 
represents the time-step size associated with the time inte-
gration scheme. For any explicit time integration scheme, 

(10)∇f (x) =

M∑
b=1

Vbfb∇Wb

(11)W(q) = 𝛼

⎧⎪⎨⎪⎩

(2 − q)5 − 16(1 − q)5, q ≤ 1;

(2 − q)5, 1 < q ≤ 2;

0, q > 2,

(12)� =

{
1

32�h2
, for 2 − D;

7

40�h3
, for 3 − D,

(13)�
n+

1

2

= �
n−

1

2

+ anΔt

(14)x
n+

1

2

= xn + �
n+

1

2

Δt

Fig. 3  SPH particle discretization of the initial configuration
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the time increment must satisfy the following stability 
condition:

where c is the speed of sound in the material and is expressed 
as c =

√
(K+4G∕3)

�
 , K denotes the bulk modulus, G is the 

shear modulus, and ρ is the material density.

3.3  Contact model

In the SPH modeling of nanoscale scratching, the parti-
cles representing the tool and workpiece come into con-
tact and form an interface, as schematically shown by the 
tool–workpiece particle contact model in Fig. 4. The pres-
sure distribution at the contact is semi-elliptical, and the 
interface between the two particles is circular with the 
peak pressure taking place at the center. The magnitude 
of the interaction force (F) between the tool and work-
piece SPH particles is defined based on the Hertz contact 
model as

where the contact modulus E* is expressed as

In the above equation, Ei and Ej are the respective elastic 
modulus of the tool and workpiece. Similarly, νi and νj are 

(15)Δt <
h

c

(16)F =
4

3
E∗R0.5

ij
d1.5

(17)1

E∗
=

1 − �2
i

Ei

+
1 − �2

j

Ej

the respective Poisson’s ratios for the tool and workpiece. d 
represents the penetration depth. Rij is the equivalent radius 
of two interacting smooth particles with radii Ri and Rj. The 
equivalent radius is expressed as

An algorithmic flow diagram describing computational 
modeling procedures adopted for the SPH simulation of 
nanoscale scratching is illustrated below.

(18)
1

Rij

=
1

Ri

+
1

Rj

Fig. 4  Schematic diagram of the tool–workpiece particle contact 
model
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4  Results and Discussion

This section starts by reporting the validation of the obtained 
simulation results against available experimental results for 
various scratching depth values. Following the validation 
of the model, the scratched surface was further analyzed to 
understand the cutting and ploughing mechanisms for dif-
ferent scratching depths and rake angles. In the experimental 
investigation employed as a reference [26], the scratching 
speed was not mentioned. The speed used in the current 
simulation study was 100 m/s, which is higher than that 
employed in actual nano-scratching experiments. Initially, 
simulation trials were carried out with different scratch-
ing speeds. However, it was observed that the value of the 
scratching speed had little effect on the simulation outcomes, 
i.e., forces and produced topography. For this reason, the 
higher speed of 100 m/s was eventually used to save compu-
tational time. In the simulation study on nano-scratching car-
ried out by Guo et al. [25], the magnitude of the scratching 
speed did not have a significant effect either on the normal 
and cutting forces.

4.1  Model Validation: Contact Forces

The normal and cutting forces obtained from the simulations 
were compared with the available experimental results from 
the work of Islam et al. [26]. For a fixed negative rake angle 
of 60°, the simulated and experimental results of normal 
and cutting forces for different scratching depth values of 
100, 150, and 200 nm are presented in Figs. 5, 6, and 7, 
respectively. The overall evolution of the forces is similar 
for all scratching depths. In particular, when the scratching 
initiates, the normal force undergoes a drop in magnitude for 
all three cutting depths considered here. This is due to the 
fact that the tool is in contact with neighboring workpiece 

Fig. 5  Variation of forces for the 100-nm scratching depth with a 60° 
negative rake angle tool

Fig. 6  Variation of forces for the 150-nm scratching depth with a 60° 
negative rake angle tool

Fig. 7  Variation of forces for the 200-nm scratching depth with a 60° 
negative rake angle tool

Fig. 8  Variation of simulated average forces against the scratching 
depth for a 60° negative rake angle tool
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particles in all radial directions during the initial indentation 
process, and as the scratching process subsequently starts, 
the tool does not remain in contact with the particles behind 
the scratching direction. Thus, the normal force experienced 
by the tool is decreased as the number of particles in contact 
with the tool rapidly reduces. This drop in normal force is 
observed to be higher in the case of the simulation results. 
One of the reasons for such a large drop in the simulated 
normal force may be attributed to the fact that a high scratch-
ing speed used in simulations causes the tool and workpiece 
material behind the tool to lose contact rapidly as the effect 
of elastic recovery may not play a role in this case. Follow-
ing the initial drop in magnitude, the normal force rapidly 
increases for a short period and subsequently fluctuates 

around a particular value. Moreover, the simulated values 
obtained for cutting and normal forces are consistently lower 
than the experimental ones for all scratching depths. This 
observation is summarized in Fig. 8 and is consistent with 
the observations reported by Leroch et al. [24]. In the case 
of the normal force, the difference between simulated results 
and experimental ones becomes more pronounced as the 
scratching depth decreases from 200 to 100 nm, whereas the 
opposite is observed for the cutting force. A likely explana-
tion for this general discrepancy may be attributed to the 
fact that the material constitutive model used here does not 
take into account the well-known indentation size effect [30, 
31], which was also shown to be existing when nanoscale 
scratching is considered [32, 33]. The other contributing 

Fig. 9  Simulated groove topography and its cross-sectional view for a 60° negative rake angle tool with different scratching depth values: a 100 
nm, b 150 nm, and c 200 nm
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factor to the difference between the simulation and experi-
mental forces may also be the slight deviation in the tool 
geometry and workpiece surface used between the simula-
tions and experiments. As suggested by Islam et al. [26], 
the tool and workpiece are usually not perfectly smooth in 
the experiments. In spite of these discrepancies, which will 
require further refinement of the material constitutive equa-
tions in future works, the model was subsequently used to 
gain some insights into the resulting groove topography, as 
presented in the following subsection.

4.2  Groove Formation

Figure 9 presents contour plots illustrating the pile-up height 
and corresponding groove cross-sectional view at its mid-
section obtained during the nanoscale scratching simula-
tion of the Cu specimen for the three depths considered. As 
expected, with the increase in the depth, the pile-up height 
increases, and so does the width of the groove. It is known 
that when the depth of cut reaches the minimum chip thick-
ness values for a given combination of material and cut-
ting edge radius, then a transition between ploughing and 
cutting occurs, with material being removed essentially as 
a chip [34]. Consequently, if the given scratching depth is 
less than the minimum chip thickness, the material from the 
workpiece will not be removed as a chip, and the dominant 
mechanism could be ploughing or sliding. In the reported 
simulation, the material is mainly ploughed and accumulated 
on the sides of the groove along the scratching length which 
suggests that the scratching depth is below the minimum 
chip thickness.

Furthermore, in Fig. 9, the topography of the groove var-
ies along the scratching direction on the workpiece. The 
experimental observations in [5] also reported the non-
uniformity of the groove dimensions along the scratch. 
Therefore, to validate the simulated groove profile against 
the experimental results, the simulated groove profiles were 
extracted at five different cross sections along the scratch, 
as indicated in Fig. 10a. These cross sections were at dis-
tances of 500, 750, 1000, 1300, and 1600 nm from the point 
where the scratching was initiated. The extracted profiles 

from the five cross sections were used to produce an aver-
age cross-sectional profile for the 150 nm scratching depth, 
which was then compared against available experimental 
results from Islam and Ibrahim [35]. Figure 10b displays 
this comparison, where the height and depth of the simulated 
and experimental groove profiles agree well. The approxi-
mate width and height of the simulated groove profile were 
946 and 192 nm, respectively, whereas the corresponding 
experimental groove profile values are 1.1 μm and 205 nm, 
respectively.

4.3  Effect of the Tool Rake Angle on Contact Forces

Next, the influence of the rake angle value of the simulated 
forces was analyzed. In particular, Fig. 11a, b show the vari-
ation of the cutting and normal forces for a 30° negative rake 
angle tool. Contrary to the results obtained when scratch-
ing with a 60° negative rake angle tool, the cutting forces 
observed here were slightly higher than the simulated nor-
mal forces for the two scratching depths of 150 and 200 nm. 
For the 100 nm scratching depth, the normal force was still 
slightly higher than the cutting force. Figure 11c displays the 
difference between the average cutting and normal force at 
different scratching depths for the 30° negative rake angle 
tool. The comparison of Figs. 8 and 11c clearly noted that 
the rake angle has an influence on the cutting and normal 
forces. In the case of scratching with a 30° negative rake 
angle tool, the cutting force at higher scratching depths was 
comparable to or slightly higher than the normal forces. In 
general, the cutting force becomes comparable to the normal 
force when the scratching depth reaches the minimum chip 
thickness. This indicates that in the case of the 30° negative 
rake angle tool, the scratching depth is likely to have reached 
the minimum chip thickness at depths around 150 nm to 
200 nm.

To investigate further the influence of the tool rake angle 
on contact forces, simulations were also repeated for a tool 
with a 10° negative rake angle. Figure 12 illustrates the aver-
age cutting and normal forces obtained in this case. This fig-
ure shows a similar trend as in the case of nanoscale scratch-
ing with a 30° negative rake angle. However, the difference 

Fig. 10  a Locations of the 
sampled groove profile and b 
comparison of the groove cross-
sectional profiles
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between the magnitudes of the cutting and normal forces is 
larger at increased scratching depths. This suggests that the 
transition from ploughing took place earlier with increas-
ing scratching depth and that cutting likely becomes the 
dominant mechanism of material removal at larger depths. 
Based on these observations, it can be summarized that for 
a conical tool with 30° and 10° negative rake angles, the 
mechanism behind nanoscale scratching is either ploughing 
dominated or cutting dominated depending on the scratching 
depth and that when the rake angle becomes less negative, 
the transition from a ploughing-dominated to a cutting-dom-
inated regime occurs at a reduced scratching depth.

4.4  Assessment of the Residual Strain Underneath 
a Scratched Groove

In this section, the effect of the scratching depth on the 
extent of the residual plastic strain is evaluated. Figure 13a–c 
display the equivalent plastic strain distribution at a mid-
section of the scratch length obtained from the nanoscale 
scratching simulations for different depths of cut. According 
to Kermouche et al. [36], immediately underneath a single 
scratch, a small region of tensile stress should be present to 
a maximum depth of about 0.5 times the contact radius, fol-
lowed by a larger region of compressive stress with a thick-
ness of up to 2 to 3 times the contact radius. As a result, the 
surface of a groove is irregular, and the groove’s intended 

dimensions might vary. The deformed subsurface layers also 
influence the surface roughness, which in turn affects the 
mechanical characteristics of the workpiece. Thus, the depth 
of the subsurface deformed layer is an important parameter, 
which can be difficult to be assessed experimentally [37]. 
Following scratching, this layer can have an effect on the 
mechanical properties and life of the scratched component. 
In this study, the subsurface deformed layer was estimated 
using the equivalent plastic strain distribution below the 
scratched surface, as reported in Fig. 13. It is noticed that 
the subsurface deformed layer thickness increases with the 
increase in the scratching depth. In particular, the thickness 
of this layer for a 60° negative rake angle tool doubles from 
190 nm at a 100 nm scratching depth to 375 nm at twice the 
scratching depth, i.e., 200 nm. Figure 14 summarizes the 
deformed layer thicknesses for a surface scratched on the 
nanoscale using 10°, 30°, and 60° negative rake angle tools. 
This bar chart shows that the more negative the rake angle, 
the larger the thickness of the deformed layer. This phenom-
enon was also observed in a conventional machining study 
based on different tool rake angles carried out by Dahlman 
et al. [38], where larger negative rake angle tools would lead 
to higher compressive stresses and a deeper deformed zone 
below the machined surface. Figure 14 also shows that for all 
rake angle values, the higher the scratching depth, the larger 
the deformed layer thickness.

Fig. 11  Simulated contact 
forces for the 30° negative rake 
angle tool: a cutting force; b 
normal force; c average forces
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The present study involving the SPH modeling of 
nanoscale scratching could be expanded to other nanoscale 
machining processes, such as single-point diamond turn-
ing, precision grinding, mechanical polishing, and lapping 
processes. These processes also make use of either a solid 
mechanical tool or loose abrasives to machine material 
from a workpiece. The underlying mechanisms of mate-
rial removal and deformation in these processes bear some 
similarities to that of nanoscale scratching. For this reason, 

a model similar to that used in this study could be helpful 
in investigating such nanoscale machining processes.

5  Conclusions

In this study, the SPH method was employed for modeling 
the nanoscale scratching process on copper using negative 
rake angle tools. Three scratching depths, i.e., 100, 150, 
and 200 nm, and three different negative rake angle values, 
i.e., 10°, 30°, and 60°, were considered for the simula-
tion. The output of the simulations focused on analyz-
ing the tool–workpiece contact forces, scratched surface 
topography, and residual stresses underneath a scratched 
groove. The SPH simulation results were also compared 
with experimental data from the literature. The following 
conclusions can be drawn from the reported results:

1. The normal and cutting forces on the tool increase with 
an increase in the scratching depth. The tool rake angle 
also significantly influences the contact forces in the 
nanoscale scratching process. More negative rake angle 
values lead to higher cutting and normal forces for all 
scratching depths considered. For less negative rake 
angle values, the cutting forces eventually become larger 
than the normal force for increased scratching depths.

2. The averaged simulated groove profile is in close agree-
ment with the experimental groove profile. In particular, 

Fig. 12  Average cutting and normal forces from the nano-scratching 
simulation with the 10° negative rake angle tool

Fig. 13  Equivalent plastic strain 
distribution in the scratched 
workpiece for a 60° negative 
rake angle tool with different 
scratching depth values: a 100 
nm, b 150 nm, and c 200 nm
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the difference between the simulated and experimen-
tally observed groove dimensions was less than 15%. 
However, this comparative study was possible only in 
the case of the 60° negative rake angle tool, as similar 
experimental results could not be found in the literature 
for other values.

3. Ploughing and cutting mechanisms were inferred based 
on the analysis of the simulated forces when scratch-
ing was performed with conical tools. The ploughing 
mechanism was more dominant during the nanoscale 
scratching process conducted with the 60° negative rake 
angle tool. In the case of the 10° and 30° negative rake 
angle tools, the ploughing mechanism was marginally 
dominant at lower scratching depths, whereas the cutting 
mechanism was more dominant at higher depths.

4. A layer of residual plastic strain could also be simulated 
beneath a groove following the scratching process. It was 
observed that the thickness of the plastically deformed 
region increased not only for higher scratching depths 
but also for more negative rake angle tools.

Acknowledgements The reported research was funded by the Engi-
neering and Physical Sciences Research Council (EPSRC) under the 
grant EP/T01489X/1. We would like to thank Supercomputing Wales 
for allowing us to run our code efficiently in the HAWK supercomput-
ing system. All data created during this research are openly available 
from Cardiff University data archive at http:// doi. org/ 10. 17035/d. 2022. 
02306 11210.

Author contributions All authors read and approved the final 
manuscript.

Availability of Data and Materials The authors declare that all data 
supporting the findings of this study are available within the article.

Declarations 

Competing interests Authors declare no potential conflicts of inter-
est with respect to the research, authorship, and/or publication of this 
article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Garcia R, Knoll AW, Riedo E (2014) Advanced scanning probe 
lithography. Nat Nanotechnol 9:577–587

 2. Bhushan B, Israelachvili JN, Landman U (1995) Nanotribology: fric-
tion, wear and lubrication at the atomic scale. Nature 374:607–616

 3. Mo Y, Zhao W, Zhu M, Bai M (2008) Nano/microtribological prop-
erties of ultrathin functionalized imidazolium wear-resistant ionic 
liquid films on single crystal silicon. Tribol Lett 32:143–151

 4. Kawasegi N, Takano N, Oka D et al (2006) Nanomachining of sili-
con surface using atomic force microscope with diamond tip

 5. Islam S, Ibrahim RN, Das R (2011) Study of abrasive wear mecha-
nism through nano machining. In: Key engineering materials. Trans 
Tech Publ, pp 931–936

 6. Park JW, Kawasegi N, Morita N, Lee DW (2004) Tribonanolithogra-
phy of silicon in aqueous solution based on atomic force microscopy. 
Appl Phys Lett 85:1766–1768

 7. Ashida K, Morita N, Yoshida Y (2001) Study on nano-machining 
process using mechanism of a friction force microscope. JSME Int 
J Ser C Mech Syst Mach Elem Manuf 44:244–253

 8. Lin Z-C, Hsu Y-C (2012) A study of estimating cutting depth for 
multi-pass nanoscale cutting by using atomic force microscopy. 
Appl Surf Sci 258:4513–4522

 9. Geng Y, Yan Y, Xing Y et al (2013) Modelling and experimental 
study of machined depth in AFM-based milling of nanochannels. 
Int J Mach Tools Manuf 73:87–96

 10. Pan CT, Wu TT, Liu CF et al (2010) Study of scratching Mg-based 
BMG using nanoindenter with Berkovich probe. Mater Sci Eng A 
527:2342–2349

 11. Jian-Hao C, Qiu-Yang Z, Zhen-Yu Z et al (2021) Molecular dynam-
ics simulation of monocrystalline copper nano-scratch process under 
the excitation of ultrasonic vibration. Mater Res Express 8:46507

 12. Chen Y, Hu Z, Jin J et al (2021) Molecular dynamics simulations 
of scratching characteristics in vibration-assisted nano-scratch of 
single-crystal silicon. Appl Surf Sci 551:149451

 13. Xie H, Ma Z, Zhao H, Ren L (2022) Temperature induced nano-
scratch responses of γ-TiAl alloys revealed via molecular dynamics 
simulation. Mater Today Commun 30:103072

 14. Wang W, Hua D, Luo D et al (2022) Molecular dynamics simulation 
of deformation mechanism of CoCrNi medium entropy alloy during 
nanoscratching. Comput Mater Sci 203:111085

 15. Yin Z, Zhu P, Li B (2021) Study of nanoscale wear of SiC/Al nano-
composites using molecular dynamics simulations. Tribol Lett 
69:1–17

 16. Qi Y, He T, Xu H et al (2021) Effects of microstructure and tempera-
ture on the mechanical properties of nanocrystalline CoCrFeMnNi 

Fig. 14  Deformed layer thickness at different depths of nano-scratch-
ing with 10°, 30°, and 60° negative rake angle tools

http://doi.org/10.17035/d.2022.0230611210
http://doi.org/10.17035/d.2022.0230611210
http://creativecommons.org/licenses/by/4.0/


 Nanomanufacturing and Metrology             (2023) 6:5 

1 3

    5  Page 12 of 12

high entropy alloy under nanoscratching using molecular dynamics 
simulation. J Alloys Compd 871:159516

 17. Dai H, Li S, Chen G (2019) Molecular dynamics simulation of sub-
surface damage mechanism during nanoscratching of single crystal 
silicon. Proc Inst Mech Eng Part J J Eng Tribol 233:61–73

 18. Meng B, Yuan D, Xu S (2019) Study on strain rate and heat effect 
on the removal mechanism of SiC during nano-scratching process 
by molecular dynamics simulation. Int J Mech Sci 151:724–732

 19. Zhang P, Zhao H, Shi C et al (2013) Influence of double-tip scratch 
and single-tip scratch on nano-scratching process via molecular 
dynamics simulation. Appl Surf Sci 280:751–756

 20. Gingold RA, Monaghan JJ (1977) Smoothed particle hydrodynam-
ics: theory and application to non-spherical stars. Mon Not R Astron 
Soc 181:375–389

 21. Lucy LB (1977) A numerical approach to the testing of the fission 
hypothesis. Astron J 82:1013–1024

 22. Greto G, Kulasegaram S (2020) An efficient and stabilised SPH 
method for large strain metal plastic deformations. Comput Part 
Mech 7:523–539

 23. Mir A, Luo X, Siddiq A (2017) Smooth particle hydrodynamics 
study of surface defect machining for diamond turning of silicon. 
Int J Adv Manuf Technol 88:2461–2476

 24. Leroch S, Varga M, Eder SJ et al (2016) Smooth particle hydro-
dynamics simulation of damage induced by a spherical indenter 
scratching a viscoplastic material. Int J Solids Struct 81:188–202

 25. Guo Z, Tian Y, Liu X et al (2017) Modeling and simulation of the 
probe tip based nanochannel scratching. Precis Eng 49:136–145

 26. Islam S, Ibrahim R, Das R, Fagan T (2012) Novel approach for 
modelling of nanomachining using a mesh-less method. Appl Math 
Model 36:5589–5602

 27. Poizat C, Campagne L, Daridon L et al (2005) Modeling and simula-
tion of thin sheet blanking using damage and rupture criteria. Int J 
Form Process 8:29–47

 28. Bonet J, Peraire J (1991) An alternating digital tree (ADT) algorithm 
for 3D geometric searching and intersection problems. Int J Numer 
Methods Eng 31:1–17

 29. Bonet J, Kulasegaram S (2000) Correction and stabilization of 
smooth particle hydrodynamics methods with applications in metal 
forming simulations. Int J Numer Methods Eng 47:1189–1214

 30. Nix WD, Gao H (1998) Indentation size effects in crystalline 
materials: a law for strain gradient plasticity. J Mech Phys Solids 
46:411–425

 31. Ma Q, Clarke DR (1995) Size dependent hardness of silver single 
crystals. J Mater Res 10:853–863

 32. Graça S, Colaço R, Vilar R (2008) Micro-to-nano indentation and 
scratch hardness in the Ni–Co system: depth dependence and impli-
cations for tribological behavior. Tribol Lett 31:177–185

 33. Kareer A, Hou XD, Jennett NM, Hainsworth SV (2016) The exist-
ence of a lateral size effect and the relationship between indentation 
and scratch hardness in copper. Philos Mag 96:3396–3413

 34. Ikawa N, Shimada S, Tanaka H (1999) Minimum thickness of cut 
in micromachining. Nanotechnology 3:6–9. https:// doi. org/ 10. 1088/ 
0957- 4484/3/ 1/ 002

 35. Islam S, Ibrahim RN (2011) Mechanism of abrasive wear in 
nanomachining. Tribol Lett 42:275–284

 36. Kermouche G, Rech J, Hamdi H, Bergheau JM (2010) On the resid-
ual stress field induced by a scratching round abrasive grain. Wear 
269:86–92

 37. Wang Q, Bai Q, Chen J et al (2015) Influence of cutting parameters 
on the depth of subsurface deformed layer in nano-cutting process 
of single crystal copper. Nanoscale Res Lett 10:1–8

 38. Dahlman P, Gunnberg F, Jacobson M (2004) The influence of rake 
angle, cutting feed and cutting depth on residual stresses in hard 
turning. J Mater Process Technol 147:181–184

https://doi.org/10.1088/0957-4484/3/1/002
https://doi.org/10.1088/0957-4484/3/1/002

	Investigation of Nanoscale Scratching on Copper with Conical Tools Using Particle-Based Simulation
	Abstract
	Highlights
	1 Introduction
	2 Materials and Nanoscale Scratching Model
	3 Computational Procedure
	3.1 Governing Equations
	3.2 SPH Discretization
	3.3 Contact model

	4 Results and Discussion
	4.1 Model Validation: Contact Forces
	4.2 Groove Formation
	4.3 Effect of the Tool Rake Angle on Contact Forces
	4.4 Assessment of the Residual Strain Underneath a Scratched Groove

	5 Conclusions
	Acknowledgements 
	References


