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FVPM simulation of scratching induced by a spherical indenter

Charly Euzenat®*, Sylvain Lavernhe?, Christophe Tournier?

“LURPA, ENS Paris-Saclay, Univ. Paris-Sud, Université Paris-Saclay, 94235 Cachan, France.

Abstract

This article presents a single particle scratching simulation using the Finite Volume Particle Method (FVPM). FVPM is a variant
of the well-known Smooth Particles Hydrodynamics method (SPH) which is locally conservative and consistent, what’s more
it features advantages of mesh-free methods for handling moving interfaces and multi-scale interpolation. The test material is
represented by overlapping particles and data exchanges occur through the interfaces. The indenter is modeled as a rigid sphere
whose path is a straight horizontal line. The resulting surface topography as well as constraints and scratching efforts have been
numerically studied. The FVPM simulation code assessed in this article has been found suitable for the scratching simulation based
on a comparison with other results from the literature. The presented results suggest the possibility to simulate more complex
surface finishing operations. Manufacturing processes based on abrasion material removal, such as the grinding process, will be
considered in the future.
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1. Introduction

The performances of high added value parts are strongly
linked with the ability to master the manufacturing process at all
involved steps. In industry, finishing operations based on abra-
sion material removal play a major role in ensuring functional
requirements and remain mandatory to improve surface char-
acteristics after machining whether the surface is designed to
provide optical, friction, or aerodynamic functions. The abra-
sion process is characterized by complex interactions between
the abrasive tool and the machined surface in order to remove
and repel matter. These interactions are generated by the path
of sharp particles, inducing grooves over the surface [1]. The
global geometric shape as well as the local texture of the sur-
face are affected by the process which, in turn, may influence
the overall quality and limits the service lifespan of mechan-
ical components. In these regards, manufacturers meet their
requirements relying on empirical rules combined with an ex-
perienced based know-how. The contributions of models and
simulation algorithms are not limited to improving the manu-
facturing process but also allow a better understanding of the
abrasion mechanism itself.

The modeling of material removal mechanism has been in-
vestigated through several techniques. The chip thickness, the
induced grinding force along with the thermal effects models
have been developed. A review of these grinding models has
been proposed by [2] and a multi-scale review of the experi-
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mental and simulation approaches has been proposed by [3].
Several ways of defects have been identified by [4]. Three hy-
potheses have been made to describe the removal mechanisms.
The flow hypothesis and the abrasion hypothesis are mechani-
cal interactions inducing high local strain and stress to remove
and repel matter. The mechanical defects induced by the abra-
sive particles fall into four main categories :

Microploughing
Microfatigue
Microcutting
Microcracking

The plastic deformations encountered by the specimen, re-
pels the material at the sides of the grooves and results in mi-
croploughing. The pile up model developed in [5] accounts
for these plastic deformations in microploughing. Depending
on the material characteristics, the interactions may although
generate chips and cut the specimen instead of creating bulges.
Microfatigue occurs when several grains paths are located in
the same area until the material fails. Brittle materials like ce-
ramics are more subjected to microcracking as a result of high
stress induced by abrasive particles.

From a macroscopic and empirical point of view, several
models exist in order to predict the surface obtained following
a finishing process. One of the most common to induce the
removal rate is the Preston model [6] (Eq. 1).
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This equation reflects the fact that the removal rate is related
to both the contact pressure P and the relative velocity V. The
Preston coefficient K, is the equivalent for the efficiency of the
abrasive tool against process parameters. Several other laws
derived from the Preston model have been proposed to improve
the prediction relevance.

dz
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Klocke [4] has developed a general-purpose model for abra-
sion (Eq. 2) with two additional degrees of freedom in the equa-
tion. This model requires more involved identification proce-
dure yet offers a wider range of possibilities while modeling
various tool-workpiece pairs. Whatever the shape of the equa-
tions, the laws identified above are mainly used as a description
of the interactions but are not yet implemented in simulations
on their own.

Applying the concept of continuum mechanics to abrasion
is under high investigation in the literature, especially allowed
by recent development of computing capabilities. Still, the sim-
ulation of a complete abrasion process is out of reach within
reasonable computational time, this is why test cases involving
a single abrasive grain are often preferred to evaluate numerical
methods. The scratching test procedure is used to character-
ize a material under the path of a spherical indenter and can
be considered as the basic interaction involved during abrasion.
This elementary damage procedure has been previously chosen
by [7] for the validation of SPH simulation code. Single grain
scratching and impact have been successfully simulated using
both FEM and meshless numerical methods [8, 9].

2. Theory

During a simulated scratching, the material cohesion and
behavior inside the specimen is numerically emulated through
a set of equations. In the general case, analytical solution can-
not be found, hence the use of numerical resolution methods.
As a consequence, the discretization of the volume and the
time range are required to compute approximations of the solu-
tion. Among all the numerical techniques available, one can di-
vide them in two main categories. Mesh-based techniques fea-
tures connectivity information between the interpolation points
whereas meshless methods rely on a set of uncorrelated points.
The abrasion process simulation includes large deformations so
that a regeneration algorithm is often needed to handle element
distortion. Concerning meshless methods, the particle distri-
bution used to interpolate vector fields inside the specimen al-
lows to take into account any amount of deformation whether
small or large. That’s why particle-based methods are a suitable
choice for wear simulations. Finite Volume Particle Method
(FVPM) is a meshless method which includes many of the at-
tractive features of both particle methods, such as SPH, and
conventional mesh-based Finite Volume Methods (FVM) [10].
In FVPM, the Sheppard function is used as the interpolating
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Figure 1: rectangular support kernels

function defined by equations 3 and 4:

1 Ix-xille < A
Wi = { 0 Ix-xll. > h )
Wi(x)
= 4
v S @)
U=) v (5)

Any spatial field can be interpolated from the spatial scheme
composed of overlapping particles, as shown in Figure 1. The
kernel function W; defined by equation 3 allows to take into ac-
count the neighbor particles within a defined domain size 5;.
The equation 4, which sets the Shepard value y; for a given
point, consists in a normalization of the kernel over all the con-
sidered particles. Equation 5 gives the value U of the interest
quantity as the summation over all the neighboring particles.
This principle allows to retrieve the value at any given point
in between particles. Since no connectivity information is em-
bedded in the particle cloud, an additional cost is driven by the
need to retrieve closest neighbors. Nevertheless spatial hashing
algorithms allow to reduce the addressed complexity. The in-
terpolation of the derivatives is carried out with the same spatial
discretization.
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The equation 6 accounts for the internal equilibrium that
structures the solid in question and represents a local applica-
tion of the fundamental principle of dynamics. The velocity
field of the solid is denoted by C and o represents the stress
tensor. The solid is eventually subjected to gravity g and exter-
nal forces f.. Solving this equation requires the evaluation of
the divergence of constraints V . 0. The speed of sound is given
by the material’s Young’s modulus, E, and Poisson’s ratio, v,

according to:
—E 7
"=\ —2m @

The FVPM method is based on calculating the stress diver-
gence through the flow that passes through the common surface
between two adjacent interpolation zones (Eq. 8).

f V.o= é o ,dS:ggn.O'.dS =Z(Fij—rji)'0'ij ®
Q; i Si J

T AS;
o

=1

The integral of the divergence of constraints in the volume
Q; is calculated using the flow-divergence theorem and solved
numerically in equation 9 based on neighboring volumes as
shown in Figure 2. The variables d, and 6_ denote the kernel
summation outside and inside the particle number i. The Fig-
ure 2 depicts the calculation of interaction vector I';; between
particle i and j. The area is partitioned into surfaces of con-
stant 0, and J0_ and the intersection border is divided into 4
segments. Each segment corresponds to one term in the sum-
mation of equation 9. The superposition of rectangular supports
is necessary to calculate the interactions between the particles.
The choice of this geometry was made in order to accurately
calculate the contact surfaces between the rectangular supports.
More details on the implementation of this method can be found
in[11].

In order to link strain and stress, the Johnson Cook model
is implemented. This model includes a non-linear hardening
coeflicient n and the effect of strain rate £, and temperature 7.

o= [A + BSZ]

gP
1+ czn(f)] [1-77] (10)
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The failure of the material is modeled by the removal of par-
ticles whose plastic strain reaches a certain value &;. This value
is a function of the strain rate &, the pressure p relative to the
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Figure 2: Interactions between particles i and j [11]

von Mises stress o, and the temperature 7'.. The parametriza-
tion of this model relies on five material constants D;.

a2

In FVPM, like in SPH, computational nodes usually move
with the material velocity, which is compatible with the La-
grangian form of the equation of motion. This enables the
method to handle moving interface problems without issues of
mesh deformation or tangling. Contrary to mesh-based meth-
ods, whose core functions rely on generating a rigidity matrix
to be inverted, working with particles as interpolation points
implies to compute internal forces exerted on each particle at
each time step. The forces are correlated to accelerations which
are integrated as time passes from one step to another. The
propagation of acoustics waves in the specimen is part of the
outcomes of the simulation. Thus, using this force based frame-
work raises numerical instabilities against the chosen time step.
The plasticity simulation is based on radial return stress evalu-
ation.

gr=|D1+D, exp(D3£)
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The CFL condition given in equation 12 ensures that the
numerical integration scheme is stable. It is depends on the
characteristic speed v in the material, the value of time steps o¢
and the particle spacing 6x. CFL number is comprised between
0 and 1 which, in turn, bounds the time step to keep the sim-
ulation stable. A refinement of the particle spacing J, will not
only lead to an increase in the number of particles but also to a
reduction in the time step.

The presented article is based on a FVPM implementation
developed by [12] which is named SPHEROS. This simulation
code features several solvers emulating fluid or solid behavior
and relies on the open MPI [13] message passing interface for



parallel computations on clusters. The elasto-plastic deforma-
tions induced by a rigid spherical particle over the specimen
surface have been evaluated to complete the erosion simula-
tions resulting from the impact of silt particles on a surface [11].
Residual stress repartition have been found coherent with [14].
The main difference between erosion and abrasion lies in the
amount of plastic strain reach by the specimen, and which is
much more important concerning abrasion.

3. Scratching test case

The scratching test consists in damaging a solid under the
motion of an indenter. The indenter moves tangentially to the
surface under a normal load which results in the creation of a
scratch. The geometry of the groove associated with the re-
quired efforts characterize the ability of the solid to resist to
local plastic deformations. The scratching simulation has been
done on copper, since this material characteristics have been
widely studied in the literature. The associated material proper-
ties and Johnson Cook material parameters are listed in tables
1,2 and 3.

Table 1: Material properties for copper

Material property Value Unit
Density, p 8960 [kg.m™3]
Young’s modulus, E 124 [GPa]
Poisson’s ratio, v 0.34 [-1
Table 2: Johnson-Cook parameters for copper

Parameter name Value Unit
Initial yield stress, A 90 [MPa]
Hardening coefficient, B 292 [MPa]
Hardening exponent n 0.31 [-]

Table 3: Johnson-Cook damage parameters for copper
Parameter name Value Unit
D, 0.54 [-]
D, 4.89 [-]
Ds -3.03 [-]
Dy 0.014 [-]
Ds 1.12 [-]

The specimen is composed of overlapping particles as shown
in Figure 3. The repartition of particles is generated as an as-
sembly of two sphere quarters and a half cylinder. The spheres
are located at the edges and the cylinder represents the core of
the specimen. This repartition consists in an assembly of sev-
eral hulls whose distance to the center line of the specimen is
the same and whose particle diameter is constant. An example
of one hull is given in Figure 4. This repartition is suitable to
generate regular variation of particles radius in the specimen. In
this respect, the particles are always surrounded by others with
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Figure 3: Specimen particle repartition
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Figure 4: Fixed particles for boundary condition

a similar size. This avoid the instabilities generated in the inter-
face due to large variation of particle size in the same area. The
spacing length is refined in the areas of interest to balance rel-
evance against computing time while the largest particles aim
at extended the size of the simulation without penalizing com-
putational complexity. The finest particles have a diameter 15
times smaller than the indenter in the presented test case.

The indenter is modeled by a single spherical particle. The
indenter size in this simulation has a 400 um diameter. The in-
teraction between the specimen and the spherical particle mod-
eling the indenter consists in a penalty force directed from the
center of the indenter toward each of the particle in contact. Al-
though the Coulomb model for friction is available in the code,
the friction not been taken into account to stay coherent with
[7]. In the simulation, the indenter speed is 100 m.s~! whereas
experimental speed is 10 mm.s~!. The high speed chosen here
does not reflect reality, but reduces the simulation time [15].
The C coeflicient of the equation 10 has been set to zero so that
the indenter velocity has no influence on the specimen behav-
ior. This allows to use a relatively high speed of scratching.
This choice has been imposed by the fact that the FVPM model
simulates the material strain and stress based on a dynamic res-



Figure 5: Simulation result for i, 60 um
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Figure 6: Extracted topography heights [um]

olution of the equations. The kinematics of the indenter con-
sists in a vertical descent until the chosen penetration depth is
reached. Then the indenter slides tangentially to the surface
over a distance defined 10 times longer than its radius.

The simulations have been run in a computational cluster.
The main characteristics of the test case are listed in table 4.

Table 4: Simulation characteristics
Number of cores 64

Number of particles 21143
Simulation time 5 h 28 min

4. Results and discussion

Several simulations have been run with different penetration
depth i from 5 um to 60 um. A screen shot of the simulation
is displayed in Figure 5. In Figure 6 the surface has been ex-
tracted from the points cloud using a level set of an implicit
function. As shown in Figure 6 bulges are present at the side of
the indentation.

The evolution of the normal load L and tangential effort
has been plotted against scratching distance D in Figure 7. The
first part of the curve corresponds to the indentation. At this
point, normal effort is maximum and tangential effort is still
null. Then, as the indenter begins to slide over the surface,
tangential resistance is opposed to the motion and leads to a
stationary state. Oscillations are observed from these curves
and are due to the periodical removal of damage particles during
the simulation.
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Figure 7: Scratching efforts for a 60 um depth

For each indentation depth, the corresponding normal load
L and tangential effort T have been collected in the simulated
data and plotted in Figures 8 and 9. In addition, the numerical
results obtained have been compared with the article of Leroch
[7] in these two figures. Orders of magnitude of the proposed
simulations are consistent with the literature. Normal load sim-
ulated with the FVPM model tends to over estimate the real
value whereas tangential efforts are coherent. For small inden-
tation depth, the normal load is higher than both experimental
and simulated literature results. For medium loads the values fit
the literature data. While the depth reaches the highest values,
the uncertainty increases because of the high damages gener-
ated in the specimen which leads to particles being periodically
removed. The fact that friction coefficient has not been taken
into account may explain the tangential effort tendency to be
under the other values. The particle distribution used with the
FVPM model, which is coarser than [7], may have an influence
in the over estimation of normal load.

5. Conclusion

The elasto-plastic FVPM model implemented in SPHEROS
have been assessed for the problem of scratching a specimen
under the tangential motion of an indenter. The chosen simula-
tions conditions aimed at replicating the main raw interactions
encountered during the abrasion process.

The simulation kinematics have been imposed and the ef-
forts have been observed afterward. Various penetration depth
have been tested. The topography is coherent with experimen-
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Figure 8: Normal load exerted on the indenter

tal observations found in literature. FVPM appears to be an in-
teresting alternative to molecular dynamic model or SPH algo-
rithms. Nevertheless numerical instabilities have been encoun-
tered while large plastic strain was reached. The plastic simula-
tion algorithm based on radial return stress evaluation may not
to be sufficiently stable for large deformations.

This issue need to be considered before investigating the
implementation of a several particles grinding process. The
simulation framework is suitable for taking into account abra-
sive tool wear during the process. An increased computing time
is expected against the problem complexity, which will need to
be addressed.

The primitive geometry for the indenter could be model by
an elasto-plastic model in order to simulate abrasive wear which
is a common problem while industrializing mechanical part.
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