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ARTICLE INFO ABSTRACT

Keywords: This study explores the modelling methodology using mesh-free smoothed particle hydrodynamics (SPH) and
Nano-scratching finite element modelling (FE) techniques to simulate the AFM-based nano-scratching processes for advancing
SPH precision engineering in nanotechnology. Tip wear in nano machining substantially increases the tip radius,
Ploughin thereby influencing the material removal mechanism and subsequently affecting the quality of machined
Cuttign . & nanostructures. In this context, this study examines the effects of rake angle (the inclination of the main cutting
Deformation edge to the plane perpendicular to the scratched surface), tip radius and scratching depth on cutting forces,

groove dimensions, and deformed thickness. This was achieved by implementing an in-house SPH method based
particle code employing a Lagrangian algorithm, and an FE model incorporating the dynamic explicit algorithm
implemented (in ABAQUS) to carry out nano-scratching simulations. The investigation revealed that the cutting
mechanism transitioned to ploughing when the scratching depth decreased to 30% of the tip radius for OFHC-Cu
workpiece material machined with a diamond tip. The dominance of normal forces over cutting forces during
scratching indicated the side flow of material in the vicinity of the tip radius under intense contact pressure. The
ploughing mechanism exhibited more sensitivity at a higher negative rake angle of 60°. Increased scratching
depth and tip radius led to more significant material deformation owing to the induction of higher cutting forces,
with the maximum deformation thickness 3.6 times the tip radius. The simulated results demonstrated favour-
able concordance with the experimental data.

1. Introduction material is crucial and depends on specific application requirements.

Diamond AFM tips are commonly utilised because of their durability and

A rapid emergence of fabrication technologies in past decades has
improved the achievable accuracies and tolerances to the nanoscale
level for a diverse range of applications such as in the electronic,
biomedical, optic and communication sectors. The tip based nano-
scratching process has been reported as a cost-effective and reliable
technique for the generation of nano-scale grooves, slots, and channels
on different substrate materials (Bhushan et al., 1995; Mo et al., 2008).
In particular, atomic force microscopy (AFM) based systems can be
readily employed to generate nano-scale grooves on diverse substrate
materials. When implementing this process, the choice of the AFM tip
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high wear resistance, making them well-suited for different applications
(Kawasegi et al., 2006).

The AFM probe tip geometry and the process parameters such as tip
radius and cutting depth are influential factors affecting material
removal at the nanoscale. Depending on the combination of tip geom-
etry, tip material, process parameters and workpiece material, the tip
can be subjected to gradual abrasion wear during continuous scratching
operations on the nanoscale as a result of the mechanical interaction
between the probe and the sample surface (Kong et al., 2020). Conse-
quently, the tip wear affects the accuracy and reliability of the process as
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the changing tip shape can alter force profiles. In particular, abrasion
wear occurring at the tooltip typically leads to alterations in the tip
radius, thereby it has the potential to modify the effective rake angle for
the material flow and influence both the normal and cutting forces. As a
result, such tip wear can alter the scratching mechanisms, for example
shifting from cutting towards ploughing, especially when the effective
negative rake angle and associated tip radius are excessively high (Zhu
et al., 2019). Tip wear progresses gradually during the nano-scratching
process due to its slow-speed nature. Nonetheless, after a substantial
duration, the consequences of wear can become noticeable on both the
tip and the scratched profile.

Post-machining, the processed surface may have been subjected to
more severe plastic deformation due to tip wear, which in turn should
affect component quality in terms of fatigue life and tribological prop-
erties. Due to experimental challenges inherent to nano-scale charac-
terisation and processing, numerical modelling is an complementary
and effective approach to study nano-scale material removal. Molecular
Dynamics (MD) simulation is a commonly used technique for exploring
nano-scale machining processes (Jian-Hao et al., 2021; Chen et al,
2021; Xie et al., 2022). With this computational technique, interactions
between individual atoms and molecules are modelled over time,
providing insights into the intricate dynamics of material removal, tool
interactions, and surface characteristics (Wang et al., 2022). For
example, the nanoscale wear characteristics of aluminium matrix com-
posites reinforced with SiC particles were investigated through nano-
scratching by Yin and co-workers (Yin et al., 2021). The study
revealed evidence of dislocation strengthening that led to work hard-
ening. Using MD simulation, Qi et al., (2021) showed that the higher
shear strain was concentrated at the shear plane during nano-scratching
of the high entropy alloy CoCrFeMnNi. The machining of single crystal
silicon with a larger half-apex angle of the tool was modelled and pre-
dicted to lead to high chip volume and enhanced smoothness of the
scratched surface due to the induction of higher hydrostatic stress (Dai
etal., 2019a). The increase in the simulated cutting tip speed from 10 m/
sec to 200 m/sec on a SiC substrate led to a reduction in both principal
and hydrostatic stress, attributed to the prevalence of thermal softening
over the strain rate hardening of the SiC material (Meng et al., 2019). An
MD study from Zhang et al., (2013) revealed that double tip-scratching
was found to be more effective and produced high-quality grooves
compared to successive single-tip scratching on the material surface. Dai
et al., (2019b) observed that with an increased tool tip radius, subsur-
face deformation became more pronounced, accompanied by a reduc-
tion in the volume of chips. The larger tool tip radius led to a significant
negative rake angle, consequently diminishing the cutting action while
promoting an increase in the ploughing action between the diamond
cutting tool and the copper workpiece.

Molecular dynamics simulations have limitations however,
including computational intensity, restricted simulation times, and
system sizes. Accurate representation of complex material behaviour in
the order of nanoscale may require extensive computational resources.
Smooth Particle Hydrodynamics (SPH) models offer some advantages
over molecular dynamics simulations for nano-scratching due to their
ability to efficiently handle large deformations and scale seamlessly to
macroscopic systems. The particle-based SPH method was introduced by
(Gingold and Monaghan, 1977; Lucy, 1977) to simulate large de-
formations in solid mechanics problems. In SPH, the workpiece and tool
are represented as discrete particles, allowing for accurate simulation of
material removal at the nanoscale facilitating advancements in precision
manufacturing. Leroch et al., (2016) employed the SPH algorithm to
simulate the nano-scale scratching of annealed oxygen-free high con-
ductivity (OFHC) copper using a rigid spherical indenter. Guo et al.,
(2017) applied theoretical and numerical modelling of nano-scratching
using a finite element tool with rigid indenters and demonstrated that
the scratching procedure exhibits directional dependence when the tool
possesses a regular three-sided pyramid shape.

The research conducted above mainly centred on modelling and
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simulating the nano-scratching process with a particular emphasis on
studying forces and scratching mechanisms. However, there are limited
reports on the investigation of the impact of tooltip wear on the
scratching process, particularly concerning the transition from cutting to
ploughing phenomena. The present investigation concentrates on
applying two modelling methodologies, including the mesh-free
smoothed particle hydrodynamics (SPH) method and the finite
element method (FEM), to simulate the physical phenomena associated
with nanoscale material removal. An in-house program was developed
to implement the particle-based SPH method. The results obtained
through SPH are validated with existing literature data for specific
process parameters. Subsequently, the implemented SPH model is
compared with the FE method to verify the robustness of developed
algorithm and then validated with experimental results in the literature.
This study specifically explores the impact of tooltip wear on both the
scratching process and the resulting scratched groove. Additionally, the
study examines how the tooltip influences groove dimensions, material
removal, and the residual plastic strain in the scratched specimen. The
organisation of the content is as follows: Section 2 outlines the numer-
ical formulation for nano-scratching and provides the material proper-
ties associated with both the tool and the workpiece. In section 3, a
detailed discussion of the obtained numerical results is presented, spe-
cifically addressing the influence of various parameters on the scratched
groove, forces, and plastic strain. Section 4 concludes the presented
study with remarks on the outcomes.

2. Methodology

This section outlines the methodology employed for simulating
nanoscale scratching using SPH and FEM, including the utilised contact
and material models.

2.1. SPH mesh-free formulation

The computational mesh-free method employed relied on the SPH
technique that utilises particles to represent a continuous domain. In a
Lagrangian-based framework, essential field variables can be tracked at
individual SPH particles, which move with the material deformation.
SPH comprises a particle approximation, a continuous entity is depicted
using clusters of particles, and the property of a particle is represented as
a weighted average of values linked to neighbouring particles shown in
Fig. 1. These SPH particles interact through the utilisation of a kernel
function as expressed in Eq. (1).

< fu(x) >= /f(xi)W(\xi —x;|,h)dQ @

In this context, < f,(x) > represents the smoothed evaluation of the
function fy(x), defined within the domain Q, and is evaluated at a
generic point x € Q. W(\x,— ﬂcj}, h) denotes the interpolation or
smoothing kernel function, and h stands for the smoothing length, which
establishes the boundary for interactions with nearby particles.
Applying the mean value theorem, we ensure that x; € i©j for every
neighbouring particle j of the observation particle, i. Eq. (1) can be
modified as indicated in Eq. (2) (Bonet and Kulasegaram, 2000), where
V; represents the volume of 1©;. In SPH practical applications, it is
common to substitute the particle volume, represented as V;, with the
ratio of the mass of the particle j (m) to the density of particlej (p) in Eq.
(3). By following analogous procedures, the particle representation of
Eq. (3) can be expressed in terms of the gradient of the function, f,(x)
from Eq. 4.

fulx) ~ Zj"ilf(xj) W(|x; — x|, h)V; )
o) = 37 o) Wi — ) ®
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Fig. 1. The interaction of particles mediated by the kernel function in domain Q (a) Representation of three-dimensional space (b) Representation in a plane.

Vfn(x) ~ Zjnillg_jjf(xj)quxi - xj|,h) (4)

To finalise the discretisation, it is necessary to establish the kernel
function considering factors such as the desired smoothness, accuracy,
and computational efficiency. In general, W(|xi — X } ,h) is a bell-shaped
function characterised by specific criteria. It must satisfy the normal-
isation condition mentioned in Eq. (5) and converge to the Dirac delta
distribution as h — 0, be positive definite, exhibit even symmetry
(W(|x; —x;],h) = W(|x; —x;],h)). The (fu(x) )—>fx(x) only when the set of
consistency relations for the kernel’s moments are fulfilled as stated in
Eq. (6) (Sigalotti et al., 2021). The symbol [ represents the rank of a
matrix tensor, with values ranging from 1 and beyond, 0(l) represents
the zero tensor of rank L

/W(!xi —Xj|,h)dg =1 (5)

M, = /(xi — ) W(|x; — x;|,h)dQ = 0! (6)

Contemporary SPH applications typically use kernels with compact
support, where W(|x; —x;j|,h) becomes zero outside the smoothing
length. There are many options available, encompassing various kernel
function types, from polynomial to Gaussian. One of the widely favoured
functions is the quintic spline kernel, for which the definition for the 3-
dimensional domain is as follows:

"
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5

7 X
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In the Lagrangian approach, the conservation of mass is upheld through
the continuity equation, while momentum conservation is expressed via
the Euler equations, which track material particles. The Lagrangian
approach describes the conservation equations for mass and momentum
for the SPH particles as described in Egs. (8) and (9):

Dp

Dt pV.v ®
Dv V.o o o

oy VG R ®
6 =S —pd; (10)

Integration
domain(Q) of
particles i

pport domain
of W

International Journal of Solids and Structures 299 (2024) 112891

The kernel function

In this context, p stands for mass density, c represents the stress tensor, v
denotes velocity and V indicates the gradient operator. The stress tensor
(o) can be decomposed into hydrostatic stress ( —pé;) governed by vol-
ume changes and deviatoric components (S) influence shape change in
Eq. (10). In the SPH method, a contact model is used to simulate in-
teractions between solid particles. When the particles representing the
tool and workpiece intersect, they establish an interface, by the tool-
workpiece particle contact model. The contact region exhibits a semi-
elliptical pressure distribution, while the interface between these two
particles assumes a circular shape, with the highest pressure concen-
tration occurring at its centre. The Hertz contact model defines the
magnitude of the interaction force (F) between the SPH particles rep-
resenting the tool and workpiece as in Eq. (11) (Sharma et al., 2023; Lai
et al., 2021).

4

F=3 oqRegd"® @11
1 1-3% 1-u,2

F, B B 12
1 1 1

Sty 1

Re R * R, 13

In these equations, E,; represents the equivalent modulus (Eq. (12),
where E; and E,, stand for the elastic modulus of the tool and workpiece,
respectively. Correspondingly, v; and v, denote the Poisson’s ratios of
the tool and workpiece. The variable d signifies the penetration depth.
Additionally, R, signifies the equivalent radius of two smooth particles
that are interacting, with radius R; and Ry, in Eq. (13). The developed
SPH model considered the interaction between neighbouring particles,
accounting for dynamic changes in stress and strain distributions with
the Johnson-Cook flow stress model that characterises how a material
plastically deforms (Yadav et al., 2023) and responds to external forces.

o o £ (T=Tw )"
0 = (A+Be) |1+ Cln| - [1 (Tmef (14)

In this context, the terms ¢ and ¢ represent strain and strain rate, while A,
B, C, ng, and m are model constants that can be determined through a
Split Hopkinson bar test (Jang et al., 2023). T and Ty, respectively denote
the instantaneous temperature generated during the cutting and melting
temperature of the workpiece material. The algorithm adopted for the
SPH simulation in the in-house code is illustrated in Fig. 2. In the nano-
cutting process implemented on AFM instruments, heat generated from
plastic deformation and friction is typically not a major concern due to
marginal temperature rise resulting from relatively slow processing
speeds. Therefore, the proposed process is modelled without accounting
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Fig. 2. Flowchart outlining the computation of SPH algorithm for nano-scratching simulation.

for thermal effects.

Table 1 displays the constants of the Johnson-Cook model, the me-
chanical properties of OFHC-Cu, and the cutting parameters used for
nano-scratching.

2.2. Finite element method

A 3D finite element analysis was also conducted using the ABAQUS/
Explicit v6.21 software. The analysis included an element deletion cri-
terion that was triggered when a predefined fracture criterion was met,
leading to the removal of the element without introducing excessive
distortion errors. The material separation criterion employed a shear
damage model, characterised by its stiffness degradation at a damage
initiation and was controlled by fracture strain, strain rate, and shear
stress ratio (Yadav et al., 2022). A damage initiation variable (w) was
defined as the ratio of increment in plastic failure strain (dsf,’) to failure
strain at the onset of damage (¢£) in Eq (15). A shear stress ratio (Eq. (16)
was governed by the Von-Mises stress (o},), pressure stress (op) and
maximum shear stress (Tmax)-

_ dgg
w = ~ = 1 5)
e (@, e?, Ef)
o = Ja t ko 16)
Tmllx
Table 1

Constants of the Johnson-Cook model, mechanical characteristics of OFHC-Cu,
and the cutting parameters employed in the current investigation.

Johnson-Cook parameters (Zhang
et al., 2020)

Mechanical properties

A(MPa) B(MPa) C ny Density Elastic Poisson’s ratio
(kg/ modulus (v)
m%) (GPa)

90 292 0.025 0.31 8930 117 GPa 0.34

Cutting parameters

Scratching depth (d): 20, 50, 100 and
150 nm
Negative rake angle (y): 15°, 30°
and 60°

Tip radius (r.): 20, 50 and 100 nm

The sliding friction model was applied to the interaction between the
AFM tip and workpiece featuring a friction coefficient of 0.15 (Wang
et al., 2020). To enhance solution convergence and reduce the compu-
tational costs, a dynamic explicit time increment scheme was adopted.
At each node, the weak form of the mechanical equilibrium equations
was discretised addressed in Eq. (15), wherein [M] denotes the nodal
mass matrix, {fi} and {f.«} denote the internal and externally applied
forces respectively. The variable x and {x}, signifies the displacement
and nodal acceleration at the time t,.

[MH{x} + fine {x} = fou(t) an

With the help of central difference rules, the velocity and the accelera-
tion were approximated (Egs. (18) and (19).

Afi + At,ur]).(:

3 18)

Xiv1/2 = Xi1/2 +

Xip1 = Ui+ AtXip1 )2 19)

2.3. Model establishment

The SPH and FE models were developed taking into account the
confined domain of the AFM tip, which features a conical shape with a
height of 300 nm. The workpiece was considered to have dimensions of
3 pm x 3 pm x 0.9 pm and made of OFHC-Cu material. The meshed
model of the AFM tip made of diamond material was created using
ABAQUS, and the nodal coordinates of the elements were assigned as
SPH particles, as illustrated in Fig. 3(a). The scratching model, consist-
ing of a tool and a workpiece, was discretised using SPH particles, as
illustrated in Fig. 3(b). The assembly view for the FE model is presented
in Fig. 3(c). A partition zone was established that equalled the magni-
tude of the cutting depth in the workpiece, ensuring a finer mesh
(element size: 1 — 5 nm) in the scratching zone.

3. Results and discussion

This section presents a comprehensive analysis of how the cutting
depth, cutting tip radius, and rake angle specifically affect cutting forces,
groove dimensions, and the depth of deformation in the context of nano-
scratching. In the context of investigating the effect of tooltip wear,
particular attention is paid to the influence of tip radius on the cutting
mechanism through both SPH and FE simulations. Fig. 4 illustrates the
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Fig. 3. (a) Discretisation of SPH particles for the AFM tip in the scratching model (b) Tool workpiece scratching model using SPH particles (¢) The assembly mesh

model of the tool and workpiece created with the FE tool Abaqus.

groove created with SPH simulation, considering various cutting depths
for a tip radius of 100 nm.

The contour plot depicting the particle displacement of the scratched
groove is shown in Fig. 4(a, c, e). The red colour indicates the significant
displacement of workpiece particles pushed by the tool, particularly at
the edge of the groove. The cross-section (x-x) of the groove is presented
alongside a contour plot of the von Mises strain. An increase in cutting
depth from 50 nm to 150 nm is shown in Fig. 4(b, d, f), the accumulation
of more plastic strain near the scratched surface was observed due to
intense plastic deformation experienced by the SPH particles. The
comparison between the scratched groove simulated by SPH and FE

modelling for 100 nm depth and 100 nm tip radius is shown in Fig. 5. In
the nano-scratching setup, the tip was initially indented into the work-
piece to the specified depth of cut. Subsequently, the tip moved parallel
to the surface, removing material at the designated depth. The tip was
retracted from the surface at the end, resulting in a nano-scale machined
surface. The areas of indentation and scratching are depicted in Fig. 5(a,
c), representing the distribution of von Mises plastic strain across the
machined groove. In the SPH simulation, the maximum plastic strain
reached a magnitude of 2, whereas in the FE simulation, it was 2.4. This
discrepancy may be attributed to the damage model employed for ma-
terial separation in FE, whereas the SPH model does not include a

- Nano-groove
= < erap Ty = Y
S R I - o R 2
Cutting direction
e

Displacement(nm)
50 0 -50  -100 150

100

[}

1.6

1.4

1.2

1.0

0.8

Plastic equivalent strain(nm/nm)

Peesesesesesesesss
frisiidinng
SIeeediisidiiiiigg

0.6

(d)

0.4

0.2

00

)

Fig. 4. Illustration of a scratched groove by SPH simulation showing displacement and von Mises strain for varying depths of scratching (a, b) 50 nm (c, d) 100 nm

(e, f) 150 nm with the r, = 100 nm and y = 60°.
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Fig. 5. A comparison of nano-scratched grooves (a, b) SPH simulation depicting von Mises contour and sectional view of groove showing the ploughed pile-up height
I, (c, d) FE simulation depicting von Mises contour and sectional view of groove showing I, for 100 nm depth, r, = 100 nm and y = 60°.

damage criterion for particle separation.

While scratching, the material in front of the tooltip is pushed toward
the top surface of the nano-groove due to the induced high contact
pressure surpassing the shear flow strength of the material. Some ma-
terial remains at the edge of the groove in the shape of pile-ups, a
phenomenon referred to as ploughing. The sectional view of the
machined groove is displayed in Fig. 5(b, d) along with the estimated
width and height. It is noteworthy that the vertical dimension of the
groove exceeds the designated cutting depth of 100 nm. This is attrib-
uted to the ploughing of material, contributing to the additional height,
denoted as I,. In the FE simulation, element deletion was employed and
such a process was initiated when the damage value reached 0.95. As

shown in Fig. 5, the FE simulation projected a groove width and a ver-
tical dimension (w = 731.2 nm, h = 194.6 nm) lower than that of the
SPH simulation (w = 780.2 nm, h = 205.3 nm) due to the elimination of
elements during material separation and ploughing.

A parallel comparison was conducted for scratched grooves at
various depths of 20 nm, 50 nm, 100 nm, and 150 nm using SPH and FE
simulations as shown in Fig. 6. The groove width calculated through
SPH simulation is consistently 5.89 to 6.92 % higher compared to that
obtained with the FE method. Fig. 7 presents the average values of
groove width and vertical dimension for different values of cutting tip
radius, cutting depth, and rake angle. These average data were sys-
tematically obtained from ten different locations as illustrated in Fig. 7

w=320.1 nm
h=36.8nm

QA LA TR

Plastic str

w=299.1 nm
h=37.7nm

w=1588.2 nm
h=89.4 nm

w=574.9 nm
h=85.6nm

w=770.3 nm
.1 =208.6 nm

w=721.2nm
h=198.1n

Scratching depth 100 nm

w=1012.7 nm
(1 =258.3nm

w=998.7 nm
h=256 nm

FEMEE 2

Scratching depth 150 nm

(c)

(d)

Fig. 6. A comparison of nano-scratched grooves dimensions between SPH and FE simulation for different scratching depths (a) 20 nm (b) 50 nm (¢) 100 nm and (d)

150 nm for 100 nm depth and r. = 100 nm and y = 60°.
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(a). The dimensions of the groove, both width and vertical dimensions,
increased as the tip radius increased from 20 nm to 100 nm, as shown in
Fig. 7(b).

A larger tip radius results in a wider scratched groove due to the
conical shape of the AFM tip. Furthermore, as the tip radius increased,
material separation occurred in the proximity of the cutting-tip radius,
causing the material to flow along the tip radius rather than the rake
surface. This led to a local negative rake angle, contributing to increased
ploughing and consequently, a higher groove vertical height. An
increased cutting depth and a negative rake angle led to a larger groove
width, primarily because of the wider engagement of the conical tool
with the workpiece (Fig. 7(c)). The higher negative rake angle also led to
the higher groove height due to more pronounced ploughing (Fig. 7(d)).
Based on Fig. 7, it appears that the groove dimensions are almost the
same with marginal deviations in both the SPH and FE calculations.

The comparison of cutting forces between SPH and FE simulations is
depicted in Fig. 8(a). The SPH model exhibited a smoother variation in
forces compared to the FE model. The fluctuation in cutting force in the
FE model was caused by the element deletion criteria and severe
distortion of mesh elements during plastic deformation. Therefore, the
study reveals one of the advantages of considering the meshless SPH
model. Initially, the normal force increases due to the tip’s indentation
into the workpiece and then drops after the scratching commences.
During initial indentation, the tool contacts neighbouring particles in
radial directions. As scratching begins, the tool loses contact with the
particles not intersecting the tip path, reducing the normal force. As
shown in Fig. 8(a), the normal forces were observed to exceed the cut-
ting forces for a specified depth of cut of 100 nm with a highly negative
rake angle of 60°. This phenomenon is attributed to the influence of the
negative rake angle. A substantial normal force leads to significant
ploughing, involving the plastic deformation of the material, which
becomes a crucial mechanism for generating nano-scale grooves. For a
given cutting depth, the forces were higher for a larger tip radius, as
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illustrated in Fig. 8(b), owing to tool bluntness and larger contact area.
Increased cutting depth resulted in larger forces, primarily because of
the greater engagement of uncut material with the tool, as depicted in
Fig. 8(c). Zhu et al., (2010) also observed analogous phenomena through
MD simulations. This figure also shows that for the 100 nm tip radius
and y = 60°, normal forces are always higher than the cutting forces.
Further, Fig. 8(d) reveals that an increase in negative rake angle (y) from
15° to 30° resulted in forces increasing relatively slowly, in comparison,
with a further increase in the y to 60°. The normal force exhibits a non-
linear behaviour that leads to an exponential increase. This phenomenon
suggests that at a y = 60°, there is a potential shift in the mechanism,
leading to dominance by ploughing.

The robustness of the proposed model was verified in terms of the
cutting and normal force with the reported experimental results pro-
posed by Islam et al., 2012 with the same cutting parameters. Fig. 9(a, b)
illustrates the force variations for a scratching depth of 100 nm, while
Fig. 9(c, d) depict the results for a scratching depth of 150 nm. The forces
were assessed at the initiation of the scratching process following the
tool indentation. The simulated forces exhibited a trend consistent with
the experimental results, with magnitudes deviating by 13 % for 100 nm
scratching depth (Fig. 9(a, b, ).

This slight force discrepancy could be attributed to the rigid
constraint applied to the tool in the present simulation. Additionally, in
real experiments, the deflection of the cantilever beam used in AFM can
impact both the scratching depth and the orientation of the tip, poten-
tially introducing inaccuracies. Moreover, at a scratching depth of 150
nm, there was an 18 % deviation in the cutting force magnitude in the
SPH simulation, illustrated in Fig. 9(d). This discrepancy could be
attributed to instability caused by the applied Hertz contact model be-
tween particles. In the cutting process, high contact stresses at the tool-
workpiece interface induce and surpass the shear flow strength of the
work material (Childs, 2006). Consequently, the stick—slip phenomenon
becomes pivotal, necessitating a more effective friction algorithm. This
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phenomenon underscores a potential limitation of the SPH algorithm
used in these machining simulations.

As tip wear progresses, the geometry changes, affecting the ability of
the tool to shear material effectively. Increased tip wear may shift the
mechanism from cutting to ploughing, leading to higher ploughing
forces. Understanding the effects of tip wear is critical for maintaining
machining precision and achieving desired outcomes in nano-scale
material removal processes. In the current study, the scalar ratio of
the scratching depth (d) and tip radius (r,) is chosen to analyse the
cutting mechanism. Fig. 10(a) shows the variation of force ratio (F,/F.)
with the scalar ratio d/r.. As wear advances, the tip radius increases,
leading to a decrease in the d/r, ratio for a constant scratching depth. For
the case of y = 15° rake angle, the force ratio increased with a decrease
in d/r, from 2 to 0.42, commencing the ploughing effect, despite the
cutting force being greater than the normal force within this range. With
a further reduction in the d/r, ratio from 0.42, the force ratio expo-
nentially increased in this range due to the dominance of the normal
force over the cutting force, driven by ploughing. At a y = 60° rake
angle, the force ratio consistently remains above 1, indicating that the
normal force is higher than the cutting force due to the dominant effect
of ploughing over cutting.

A transition occurs when the d/r, ratio equals or falls below 0.3, i.e.
when the scratching depth is 30 % of tip radius, resulting in a trans-
formation from cutting to ploughing. The material exhibited side flow
only at the vicinity of the tip radius rather than being cut under high
contact pressure shown in Fig. 10(c). It is well known that the critical
ratio of d/r., at which the transition from cutting to ploughing occurs,
depends on both the tool tip radius and material properties (Malekian
etal., 2012). De Oliveira et al., (2015) measured a critical ratio range of
0.25 to 0.33 for OFHC-Cu and the results simulated here fall within this
specified range. The critical tip radius for altering forces was observed to
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be 238 nm at a scratching depth of 100 nm and 15° negative rake angle
indicated by the force variation in Fig. 10(b).

Nano-machining induces residual strain, a crucial factor in material
behaviour at the nanoscale, that impacts the surface integrity. Investi-
gating residual strain in nano-machining is essential for enhancing the
performance and reliability of nano-components. Sectional views of
nano-grooves with von Mises strain contour for SPH and FE simulation
are reported in Fig. 11(a, b). The layer near the machined surface
deformed severely due to direct contact with the tool, therefore the
plastic strain magnitude is maximum. The influence of plastic defor-
mation diminishes with increasing distance from the top surface of a
machined surface, correlating with the reduction in cutting force in-
tensity deeper into the material (Kermouche et al., 2010).

Fig. 11(c, d) illustrates the plastic deformation in the cross-section
for different scratching depths and tip radii. The average deformation
thickness was simulated with SPH and FEM. With an increase in the
scratching depth, the thickness of the deformed layer increased due to
the induction of higher cutting forces. The maximum deformation depth
was 3.6r,, observed for 150 nm scratching depth (Fig. 12(a)). In nano-
scale machining, using a higher tip radius results in a deeper deforma-
tion. This is attributed to the increased contact area, concentrating
forces over a larger volume.

Fig. 12(b) shows that the maximum deformed thickness was 2.3re,
for 100 nm scratching depth with 60° negative rake. In Fig. 12(c), the
deformed layer thicknesses resulting from nanoscale surface scratching
y = 15°, 30°, and 60°, rake angle tools are presented. Higher negative
rake angles typically result in higher cutting forces. These increased
forces contribute to a more significant plastic deformation of the ma-
terial, leading to a thicker deformed layer. The bar chart in Fig. 12(c)
illustrates that the deformed thickness increased by 58 % with an in-
crease in y from 15° to 60°. Dai et al., (2019b) made comparable
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observations regarding surface deformation and forces, which were
influenced by tip radius and rake angle in simulations conducted
through the molecular dynamics approach.

4. Conclusions

This study proposed and compared the mesh-free SPH and the FEM
techniques to model nanoscale scratching on OFHC-Cu with tools
featuring a negative rake angle. It investigated the influence of
scratching depths, negative rake angles, and tooltip radius on contact
forces, surface topography, and deformed layer thickness. For practi-
tioners, the study showed the importance of deploying an effective tip
monitoring procedure when implementing the AFM-based nano-
scratching process. In particular, tip wear was shown to lead to a tran-
sition from a cutting-dominated to a ploughing-dominated regime, with
associated variations in resulting groove geometry and plastic strain,
when the tip radius reached 30 % of the scratching depth of the OFHC-
Cu work material. The simulation results were also validated with
experimental data from the literature, leading to the following
conclusions:

e A larger tip radius of the tool widens the scratched groove owing to
its conical shape. Material separation in the vicinity of the tip radius
results in a local negative rake angle, leading to ploughing. This
increased groove height. The higher cutting depth and negative rake
angle produce a wider groove due to the wider engagement of the
conical tool with the workpiece.

A higher tip radius led to higher cutting forces due to tool bluntness
and an increased contact area. Higher cutting depths contributed to
the higher forces primarily driven by the larger volume of material
engaged with the tool. The sensitivity of normal forces was observed
to be higher with a y = 60° rake angle, attributed to the dominance of
the ploughing mechanism over cutting. For the 15° and 30° negative
rake angle tools, the ploughing mechanism was slightly more pre-
dominant at lower scratching depths and higher tip radius.

Cutting forces exceeded normal forces for y = 15°, until the
scratching depth reached 42 % of the tip radius. Below this depth, a
shift in force dynamics occurred, with normal forces predominating
due to the prominence of ploughing. The transition from cutting to
ploughing was observed at a scratching depth of 30 % of the tip
radius for OFHC-Cu, regardless of the rake angle, indicating lateral
material flow under intense contact pressure.

The effect of plastic deformation lessens with increasing distance
from the top surface of a nano-groove, owing to a decrease in cutting
force intensity deeper into the material. The top surface exhibited a
maximum von Mises plastic strain value more than 2.0 in both FE
and SPH simulations. As the scratching depth and tip radius
increased, the thickness of the deformed layer also increased due to
the induction of higher normal and cutting forces. The maximum
deformation depth, observed at a scratching depth of 150 nm with a
y = 60° negative rake angle, reached 3.6 times the tip radius.
Additionally, the deformed thickness increased by 58 % with y
changing from 15° to 60°.

The FEM model exhibited higher fluctuations in cutting forces as a
result of damage and element deletion criteria during severe
distortion of the elements. Therefore, the SPH model proves advan-
tageous in such circumstances. Additionally, at greater scratching
depths, the SPH model showed greater inaccuracies due to the
intense contact stress induced at the chip-tool interface. Therefore,
the FEM model is advantageous in this respect.

The present investigation employed SPH and FEM modelling ap-
proaches to simulate nanoscale scratching of OFHC-Cu material. To
improve the proposed modelling methods, the following modifications
can be considered for future scope:
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e In nano-scale machining, the strain gradient effect becomes pro-
nounced as material properties exhibit sensitivity to localised
deformation. At this scale, flow stress is influenced not only by
plastic strain but also by the strain gradient, significantly affecting
material response, surface integrity, and deformation characteristics.
Integrating strain gradient considerations could enhance the current
SPH and FEM modelling methodologies in nanoscale scratching
studies.

The cantilever beam deflection in AFM-based nano-cutting can
compromise accuracy by altering the AFM tip position and inducing
dynamic instability. This deflection leads to variations in applied
forces, tool wear, and material deformation, affecting the precision
of cuts and surface finish. Therefore, the current investigation could
be improved by considering the influence of cantilever deflection on
nano-scale cutting.
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