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In the analysis of metal machining processes using meshless methods, friction is usually modeled (if at all) by
Coulomb’s law with a prescribed constant coeﬃcient. Experimental observations, however, show that the coeﬃcient 𝜇 of friction in such processes is not constant but generally a decreasing function of temperature. In
this study, an in-process tribometer experiment is initially conducted on a Ti6Al4V workpiece to acknowledge
that 𝜇 is in fact temperature-dependent. Subsequently, an enhanced Coulomb law is proposed whose coeﬃcient
𝜇(T) is a decreasing function of temperature. The unknown parameters of 𝜇(T) are determined by a force optimization of iterative simulations carried out on several conﬁgurations. To this end, the present article takes 5
diﬀerent cutting geometries from the literature considering 3 alternative sets of Johnson-Cook parameters for the
Ti6Al4V constitutive model. This combination leads to 15 case studies in total. To tackle the very expensive cost
of computation associated with this massive load of simulations, a GPU-accelerated meshless implementation is
employed. Results of the present investigation demonstrate that: (1) friction modeling at the tool-chip interface
has a remarkable inﬂuence on the numerical simulations of machining; (2) reliability of the friction parameters
is substantially interrelated with the choice and reliability of the constitutive model parameters. As a result of
this work, the error of force prediction in meshfree cutting simulations can be signiﬁcantly reduced by adopting
an enhanced friction model.

1. Introduction

instance, the unknown material parameters in the Johnson-Cook constitutive model [8] can be eﬃciently determined with the help of simulations and an inverse identiﬁcation algorithm [9]. Such models are
characterized by the actual experimental situation, and therefore, are
expected to be physically more reliable. Theoretically speaking, a hybrid experimental-numerical methodology like this can be applied to
any models containing unknown parameters. One important example
in a similar vein is the modeling of friction featuring nonconstant coeﬃcients. This matter has been already studied by the Finite Element
Method (FEM) community [2,3]. Nonetheless, and missing in the literature, a promising approach for this parameter identiﬁcation problem
is to consider meshfree methods as these techniques are highly eﬃcient
in cutting simulations [10,11]. The present study aims at ﬁlling this
research gap. A brief literature overview of these computational frameworks for simulating cutting operations is ﬁrst given, with a main concentration on the particle-based meshfree approaches. The discussion is
followed by a research review of friction models in metal cutting and
identifying the objectives of this work.

Fundamental to the design and optimization of cutting processes is
their thermo-mechanical analysis, and indispensable to such analyses
is realistic modeling of the contact loads. These loads are directly affected by friction and plastic deformations in the shear zones. While the
number (and quality) of accounts in developing models of plasticity is
notable, friction seems to be less explored [1,2]. Given high-speed machining, severe conditions such as very high strain rates (up to 106 s−1 )
and temperatures (up to 1400 K) complicate the experimental study of
friction [3,4]. In this sense, numerical models such as [5–7] become
a prime alternative, but they alone, are not suﬃcient to provide a reliable basis for further considerations. An eﬀective approach with the
beneﬁt of mutual developments would combine experimental and computational insights.
In modern machine tools and manufacturing advances, experimental and numerical investigations have become inextricably intertwined.
These two approaches can leverage one another in diﬀerent ways. For
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=
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Fig. 1. An exemplary high-speed cutting simulation with SPH using the present
solver, where heat conduction into diﬀerent contact zones is visible.

a myriad of other applications to a much greater extent. See [34] for
more insights.
In parallel architectures, the Graphics Processing Unit (GPU), as well
as the Central Processing Unit (CPU), are the commonly available engines to perform computation. It turns out that particle-based simulations are well suited for running on graphics co-processors and their
parallelization potentials can be leveraged in doing so [35]. The focus
of this work is therefore on GPU-accelerated codes. Even though GPU
computing in other ﬁelds of applications (see, [35–37]) has achieved so
much so fast, its exploitation in meshfree cutting simulations is still in its
infant stages. Except from the very recent publications such as [4,11],
a GPU-accelerated SPH code for solid mechanics (and for metal cutting
in particular) is still missing in the literature.
1.2. State-of-the-art review of friction in metal cutting

1.1. State-of-the-art review of meshfree cutting simulations
When simulating a cutting problem, the majority of publications
make use of methods that are either mesh-based [12,13] or particlebased [4,10,14,15]. Recent studies show that approaches based on polyhedral/polygonal elements (see e.g., [16–18]) may provide a good reference for numerical modeling of metal cutting processes. Conceptually, though, Lagrangian particle methods may have a clear advantage
over mesh-based techniques in problems encountering large deformations and high gradients since they relieve the burden of remeshing in
the FE analysis. As mentioned, one area where such complexities are
conspicuously encountered is the modeling of cutting processes. The attention in this work is therefore conﬁned to meshless techniques, and
more speciﬁcally, to their application in metal cutting simulations.
In 1997, a new theater of computational cutting frameworks was
opened up when Heinstein and Segalman [19] applied the Smoothed
Particle Hydrodynamics (SPH) [20,21] to a high-speed metal cutting
test for the ﬁrst time. Continuous adoptions have been investigated ever
since, for instance, [4,10,22–24]. The amount of research and development devoted to other ﬁelds of SPH applications is overwhelming, e.g.,
[6,25–29]. More indicatively, the recent developments about hyperelastic ﬂuid-structure interactions [30], wear modeling in metal machining
[31], and 3D high-speed impact simulations on GPU [32], are among
the state-of-the-art of SPH models. A good review of several latest advancements related to particle methods with applications in coastal and
ocean engineering can also be found in [33].
As pointed out previously, one major supremacy of this approach
over FEM cutting models is linked with the concept of remeshing.
In other words, the cumbersome remeshing procedure and mesh recomputations required for FE analyses can be avoided by using meshfree
methods. This attractive feature has intrigued many researchers in the
ﬁeld and has led to an ever-growing share of interest in the application of
meshfree methods for cutting problems. A relatively high computational
cost of meshfree particle simulations, on the other hand, reduces their
deployments, especially for 3D cases. Parallel computing is a proﬁtable
workaround to tackle this limitation in the application at hand, and in

Metal cutting involves nascent metal surfaces sliding over a cutting
tool’s surface(s), causing friction. The pressure ﬁeld, as well as the temperature ﬁeld, feature very steep gradients near the cutting edge, leading to a broad range of friction conditions. Very light friction conditions
occur where the workpiece leaves the contact zone on the ﬂank face.
Fast heat conduction into the bulk workpiece material and short contact lengths lead to a comparably low temperature in this region, as
shown in Fig. 1. On the rake face, where the chip leaves the tool, the
contact pressures are low as well, but the temperature is signiﬁcantly
higher due to chip deformation, friction on the rake face and limited
heat conduction across the chip. Closer to the cutting edge, severe friction conditions with contact pressures in the region of the yield stress
of the workpiece material occur.
The simplest and oldest approximation of friction is Coulomb’s
model, which assumes a linear relationship between the normal force
and the tangential force or between the local contact pressure and the
local shear stress. The model is widely used, as there is only one single parameter, the coeﬃcient 𝜇 of friction, which is tabulated for many
material combinations and conditions. However, the Coulomb model is
only valid when just the asperities of the surfaces are in contact, i.e.
at low loads. At higher loads, as they occur in the vicinity of cutting
edges, the Coulomb model overestimates the shear stress. The CoulombOrowan model [38] mitigates this problem by introducing a saturation
to the shear stress at the shear strength of the surface material. This
model does not take into account the continued ﬂattening of the asperities until full contact is reached. Wanheim and Bay [39] introduced the
plastic deformation of the asperities and showed that a continuous transition from the linear Coulomb region to the constant shear region can
be established. Similar results are obtained by Usui and Shirakashi [40],
who present an exponentially saturated shear stress. Further extensions
of the friction models include a term for velocity dependency by Bonnet
et al. [41] and a temperature dependency by Moufki et al. [42]. Childs
[43] suggests a strain-rate dependent coeﬃcient of friction to better ﬁt
the data.
All of the aforementioned models are applied to cutting processes.
One of the simplest analytical models, Merchant’s model for the orthog-
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onal cut with a sharp cutting edge, assumes coulomb friction. Zorev
[44] observed two zones on the rake face of a cutting tool: a sticking
zone and a sliding zone. In the sticking zone, the chip surface does not
move relative to the tool surface. The workpiece material is moving because of a shearing motion in the chip. In the sliding zone, however, the
chip moves relative to the tool surface. This behavior corresponds to
the Coulomb-Orowan model. This dual-contact model is used in many
analytical models [45,46] and simpliﬁed FE-models [47,48]. In modern
FE-tools, the friction law can be chosen freely. This has led to a number
of studies comparing simulation results with diﬀerent friction models to
measured data [49–51]. An excellent review of the friction modeling in
metal cutting is given by [43].
The results obtained from ﬁtting simulation results to cutting process data by adjusting the friction model leads to results with limited
relevance, as diﬀerent eﬀects cannot be separated clearly. Therefore, researchers have been developing tribometers, where friction is the main
contributor to the measurement data. Conventional tribometers, such as
the pin-on-disc tribometer, are usually optimized for low loads, as they
are utilized for machine elements like bearings, bushings, and sliders.
These elements are designed to feature low loads to allow for a long
lifespan. Cutting tools, on the other hand, are usually most economical at parameters that lead to a tool life below one hour. Tribometers
with an increased load are therefore developed. Repeated passes over
the same surface at high loads lead to deterioration with time. Cutting
tribometers are thus mostly open tribometers that pass over the workpiece surface only once. Some relevant accounts are mentioned in the
following.
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•

It is realized from the above literature survey that friction modeling
has long been a major concern for the analysis of metal machining. In
this sense, meshfree models seem to be immature compared to meshbased techniques. To exemplify, the most simple Coulomb friction with
a prescribed single constant is typically the-tool-of-choice in almost all
available meshfree cutting solvers.
1.3. Present work
This paper follows a hybrid experimental-numerical approach to propose an enhancement to the friction modeling in meshfree cutting simulations. The workﬂow is outlined in the following.
•

•

•

•

•

•

•

Rech et al. [52] used a cylindrical steel workpiece on a lathe. They
pressed a pin radially against the lateral surface of the cylinder and
moved it axially at the same time to generate a spiral track. The
measured coeﬃcient of friction, the so-called apparent coeﬃcient of
friction, is decomposed into a real friction part and a geometrical
part, stemming from the plastic deformation of the workpiece. The
workpiece is assumed to be perfectly plastic, therefore, no dependence of the coeﬃcient of friction from the load is derivable.
Brocail et al. [3] used yet another tribometer based on an upsettingsliding test. They assumed a power law for the coeﬃcient of friction
which included the load, sliding speed and temperature. Using an
inverse ﬁtting with a numerical model for the plastic deformation
and temperature distribution, they determined the constants of the
model.
Puls et al. [2] used a similar approach, but with a diﬀerent experimental setup. Besides, they measured the temperature. A very negative rake angle was chosen by Puls et al. [2], such that all material
dives under the insert and no chip is formed. The forces were evaluated tangentially and orthogonally to eliminate the eﬀects of plastic
deformation. They used an FE-software to simulate their tribometer
for ﬁtting a temperature-dependent friction model. It is pointed out
in their work that a special sticking friction model is not needed in
common FE-simulation models, as shearing is included in the material model.
Pottirayil et al. [53] prevented oxidation by cutting under oil and
performing friction measurements under oil as well, just 3 s after
cutting. They observed diﬀerent compositions of the adsorbed lubricant layer depending on the oxidation state of the friction disc.
The oxidation of steel surfaces progresses slowly and does not form a
dense ﬁlm. When using titanium, however, an oxide layer is forming
on a nascent surface immediately after cutting, unless the cutting is
performed under ultra-high vacuum conditions.
One method to evade the inﬂuence of the oxide layer is to use the
in-process tribometer introduced by Olsson et al. [54]. A turning
process is used to generate a nascent surface. A pin to measure the
friction is placed immediately behind the cutting tool. Olsson et al.
[54] and Smolenicki et al. [55] showed that the oxidation of the

surface is negligible for friction processes after the short time it takes
the surface to move from the cutting tool to the pin.
Meier et al. [56] and Sterle et al. [57] proved that the tribometer
setup has a big inﬂuence on the measured data. Choosing the most
appropriate tribometer, i.e., the in-process tribometer in case of titanium, leads to values that are most representative of the situation
in cutting.

•

•

•

•

In the ﬁrst step, an in-process tribometer test is designed and constructed experimentally. This experiment conforms to the principles
suggested by Olsson [54]. It will be shown that the coeﬃcient of
friction is a decreasing function of temperature and, subsequently,
the ﬁrst temperature-dependent friction coeﬃcient will be identiﬁed
directly from this experiment. Some informative remarks are additionally drawn upon from the experimental evidence.
Afterward, a 3D thermo-mechanical meshfree simulation of the tribometer experiment with a simpliﬁed pin geometry is presented as
a proof-of-concept. In this model, the experimentally derived 𝜇(T) is
incorporated to account for thermal softening phenomena. A comparison of the simulated forces and temperature with the experimental measurements is provided.
In addition to the in-process friction coeﬃcient, another function
for 𝜇(T) is taken into account. This form is analogous to the thermal softening term of the Johnson-Cook material model featuring 2
unknown constants. The value of these parameters are determined
with the help of a numerical-experimental optimization approach.
For this purpose, 5 orthogonal cutting tests with 3 alternative sets of
JC parameters (15 variants) are picked from the literature. Parameter identiﬁcation of the friction coeﬃcient in this work is based on an
optimization procedure by minimizing the error between measured
and predicted forces. Each case study undergoes a batch simulation
using diﬀerent constants in 𝜇(T) as variable inputs. The global minimum of error surfaces, if any, is found through a post-processing
analysis. By doing so, the optimal initial parameters are identiﬁed
and the 2 unknown constants of 𝜇(T) can be determined.
The expensive computational cost of this iterative procedure is dramatically reduced by parallel programming on the GPU. Implementing an accelerator-based computing system is one of the main contributions of the present study since the parameters of friction coeﬃcients cannot be found unless by running each simulation repeatedly.
As a result of doing this GPU acceleration, the entire batch simulation for hundreds of diﬀerent initial values can be completed within
a manageable runtime.
This experimental and numerical investigation leads to the identiﬁcation of 2 temperature-dependent friction coeﬃcients that can be
used for the machining simulation of titanium alloys:
1. An empirical linear model as the best (whilst simplest) option
ﬁtting the available experimental data points in the tribometer
test.
2. A newly identiﬁed friction coeﬃcient that encompasses the thermal softening term similar to the JC ﬂow stress.
Finally, an orthogonal cutting simulation is re-run in high resolution
for one test case (i.e., Case 1) with acceptable optimization outputs.
Simulated process forces of this example are cross-compared with
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Fig. 2. Schematic diagram in 2D, illustrating how the process forces acting on the tool are calculated. First, the contact algorithm is established for a query particle p
as soon as it is found inside the bounding box of the tool. The resultant cutting force Fc and thrust force Ft is measured by summing the contributions of all contacting
particles, and subsequently exerted on the tool.

the baseline (i.e., Coulomb’s friction with an optimized constant coeﬃcient) to highlight the inﬂuence of the friction modeling on the
accuracy of the meshfree cutting simulations.
The layout of this manuscript is as follows: Section 2 gives an
overview of the theoretical background together with the methodology employed for analyzing it. The manuscript is followed by a concise
note on the GPU implementation aspects, given in Section 3. The experimental evidence, the design considerations, as well as the working
principles of the tribometer mechanism are what Section 4 is concerned
with. Afterward, Section 5 presents the numerical examples and discusses the simulation and optimization results. The article is concluded
in Section 6 by summarizing the major contributions of this research
and opening up a few avenues for future work.
2. Background theory & methodology
The standard set of conservation laws for solid mechanics in the
updated Lagrangian frame is outlined. An elaboration of the thermomechanical coupling and contact forces will follow. Afterward, the selected meshfree methods are introduced and subsequently applied to the
governing equations. An illustration of the cutting process to be considered is along the lines of the exemplary frame in Fig. 1.
2.1. Governing equations
The partial diﬀerential equations (PDEs) governing the motion of a
continuum in an updated Lagrangian form can be written as
𝜌=
̇ −𝜌∇ ⋅ 𝑣

(1)

1
1
𝑣̇ = ∇ ⋅ 𝜎 + 𝑏
=
𝜌
𝑚
𝜎̇ = 𝑓 (𝜎 , ⋯)
=

(2)
(3)

=

𝑥̇ = 𝑣

(4)

with density 𝜌, mass m, velocity v, the Cauchy stress tensor 𝜎 , and the
=

body forces b. These equations are, respectively from (1) to (4), the
mass, momentum, constitutive, and kinematic equations. The single underlined letter refers to a vector (like v), the double underlined indicates
a second-order tensor (like 𝜎 ) and ♢̇ is Newton’s notation for the time
derivative of ♦.

=

2.2. Thermo-mechanical coupling
The thermal model is coupled with the mechanical system and is
taken into account by solving the Fourier heat equation for isotropic
solids
𝑞
𝑘 2
𝑇̇ =
∇ 𝑇+
(5)
𝜌 𝑐𝑝
𝜌 𝑐𝑝
wherein k is the heat conductivity assuming isotropic heat conduction
(i.e. 𝐾 = 𝑘𝐼 ), cp is the speciﬁc isobaric heat capacity, and the term q
=

=

represents some heat source which may include one or more terms. In
this work, generation of heat is considered due to the following two
eﬀects
(
)
𝑞 plast = 𝜒 𝜎𝑦 𝜀̄̇ 𝑝𝑙
(6)
(
)
fric
rel
𝜌 |𝑓 | ⋅ |𝑣 |
𝑞 fric = 𝜂
(7)
𝑚
in which 𝜒 is the fraction of plastic work converted into heat (i.e.,
Taylor-Quinney coeﬃcient [58]), and similarly, 𝜂 a dimensionless parameter designating how much of the frictional work is turned into heat
[59]. In other words, dissipation of both plastic work and frictional work
is converted into heat. One may realize from (7) that the friction coeﬃcient has a direct impact on the frictional work 𝑄̇ fric = |𝑓 fric | ⋅ |𝑣rel | and,
consequently, on the thermal model.
2.3. Contact forces
Contact forces between the tool and workpiece are the boundary
conditions associated with the momentum balance in (2). That is, an
opposing friction force ffric is generated along the contact zone. This
force is proportional to the contact force fcont , acts along the tangential
direction of the contact surface and resists the relative lateral motion of
two solid surfaces in contact.
Given a particle-based numerical approach, generation of fcont is
rooted in the virtual penetration of a query particle p into the bounding box of the tool. Since such a location is not admissible, particle p is
pushed out by exerting a penalty contact force onto it, proportional to
its (virtual) penetration depth d. Fig. 2 depicts this scenario and further
illustrates the calculation of the cutting force Fc and thrust force Ft for
particle p. A good description of this penalty-type contact algorithm for
meshfree implementations can be found in [4] and [24]. It is important
to note that the cutting tool in this work is assumed to be rigid, ensuring the eﬃciency of this penalty contact approach, as shown by [60–62].
Having calculated fcont for all contacting points, it is left to compute ffric
according to the deﬁned friction model. In what follows, an enhanced
friction model is presented alongside the standard Coulomb’s friction.
2.3.1. Friction modeling
Friction in metal cutting is largely inﬂuenced by a number of different factors, which must be reﬂected by the modeling approach and
its parameters. Although friction at the tool-chip interface is extremely
complicated to analyze, it is widely accepted that a linear relationship
between the normal and tangential forces like Coulomb’s law can serve
as a good approximation [63]. The simplest Coulomb’s friction calculates ffric upon
|𝑓 fric | = 𝜇|𝑓 cont |
𝜇 = const.

(8)

where the coeﬃcient of friction 𝜇 is constant and relates the normal
force fcont to the friction force ffric . 𝜇 is known as an empirical property
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Table 1
Sets of JC parameters used for Ti6Al4V.
Parameter

A [MPa]

B [MPa]

C [–]

m [–]

n [–]

Set I
Set II
Set III

862
968
1936

331
380
380

0.01
0.02
0.02

0.800
0.421
0.577

0.350
0.577
0.421

of the system depending on the surface geometry, roughness, contacting materials and environment. While the simplicity of a friction model
like (8) is appealing, experimental investigations certify that 𝜇 is not
constant in general (see e.g., [64–69]). For the majority of metal cutting applications, temperature is perhaps the most aﬀecting factor on
the friction coeﬃcient. Therefore, an immediate enhancement to this
shortcoming considered in the present work is making 𝜇 sensitive to
temperature. Given the metal machining situations, it is reasonable to
assume that the behavior of 𝜇(T) is a decreasing function of temperature.
The modiﬁed version of (8) can thus be written as
|𝑓 fric | = 𝜇(𝑇 ) |𝑓 cont |

(9)

where 𝜇(T) needs to be deﬁned for the desired system. The use of models
like (9) in metal cutting processes has been investigated by [64,65] and
further elaborated upon by Childs [66], but has not been attempted in
meshfree developments yet. The main problem stems from the diﬃculty
of obtaining unknown parameters in respective experiments for these
friction models. A novelty oﬀered in this work lies in the enhancement
of friction modeling, where the unknown parameters in 𝜇(T) are determined with the help of GPU-accelerated meshfree simulations. The
following expression is used as an approach similar to the thermal softening of the constitutive model of the material
[
(
) ]
𝑇 − 𝑇𝑟 𝑞
𝜇(𝑇 ) = 𝜇0 1 −
(10)
𝑇𝑚 − 𝑇𝑟
in which T and Tr denote the contact and reference temperature and
Tm is the melting point of the work material. This seems to be insofar
suitable, as the temperature rise in the chipping contact nearly reaches
the melting temperature. The unknown coeﬃcients 𝜇0 and q are yet
to be determined. A similar model was introduced in [65] for steel. In
their work, however, the temperature dependence of the friction coefﬁcient was extrapolated in the range of 293 < T < 1773 K according to
some available experimental data. This form of 𝜇(T) is employed in this
work according to the original publication of Moufki et al. [65], and
motivated by numerous other exploitations in metal machining, e.g.,
[70] and [71].
The coexistence of two new parameters in (10) can be seen as a necessity for more complicated modeling. Unfortunately, these parameters
cannot be quantiﬁed directly from experiments alone. Even so, the contact temperature T in (10) can only be determined through numerical or
analytical techniques. The approach to be taken here is to use an inverse
modeling of the orthogonal chipping for parameter identiﬁcation.
2.4. Material constitutive modeling
To close the set of equations outlined in (1)-(4), we need to express
the strength values as a function of some variables and evolve the stress.
For clarity, the discussion is split between the elastic and plastic domain.
Firstly, the (symmetric) Cauchy stress tensor 𝜎 is written as a sum of
=

hydrostatic (isotropic) and deviatoric (anisotropic) part
𝜎 = 𝑝𝐼 + 𝑆
=

=

(11)

=

SHPB testing conditions

Ref.

𝜀max [–]

𝜀̇ 𝑚𝑎𝑥 [1/s]

Tmax [K]

0.57
–
–

2150
1000
–

300
873
–

[4,8,75]
[76–78]
[79]

of the stress tensor by an equation of state. Therefore, the main task for
a constitutive modeling approach here is to:
•
•

Calculate p from a suitable equation of state.
Compute the ﬂow stress from a proper material model.

2.4.1. Elastic domain
The elastic behavior is formulated using a proper equation of state
together with a co-rotating time derivative of 𝑆 . To calculate p, the fol=

lowing simple equation of state is used
(
)
𝑝 = 𝑐02 𝜌 − 𝜌0

(12)

which requires to know c0 the reference speed of sound, as well as 𝜌0 the
initial density. This equation of state is chosen as it has been diversely
adopted to SPH simulations already (e.g., [4,24,72]). As mentioned, a
co-rotating time derivative (i.e., the Jaumann rate [73]) of 𝑆 is also used
=

to ensure correct rigid body rotations. By doing so, no spurious/dummy
stresses are produced by rotation. The Jaumann rate of 𝑆 reads
=

(
𝑆̇ = 2𝐺 𝜀̇ −
=

=

tr(𝜀̇ )
=

3

)
𝐼

=

−𝑆 ⋅𝜔+𝜔⋅𝑆
=

=

=

=

(13)

where G is the shear modulus, 𝜀̇ the strain rate tensor, and the spin
=

tensor is denoted by 𝜔 which is the skew-symmetric part of the velocity
=

gradient.
2.4.2. Plastic domain
The Johnson-Cook (JC) ﬂow stress model according to [8] is used to
deﬁne the plastic response
[
( )][
(
) ]
[
( 𝑝𝑙 )𝑛 ]
𝑇 − 𝑇𝑟 𝑚
𝜀̄̇ 𝑝𝑙
JC
𝜎𝑦 = 𝐴 + 𝐵 𝜀̄
1 + 𝐶 ln
1−
(14)
𝑝𝑙
𝑇m − 𝑇𝑟
𝜀̄̇
0

𝜀̄ 𝑝𝑙

where
is the equivalent plastic strain and Tr and Tm are the reference and melting temperature, respectively. The JC model requires the
determination of ﬁve material constants: A, B, C, m, and n. Unfortunately, the range of JC parameters suggested by researchers in the ﬁeld
is very wide. The authors of [74] gathered 20 diﬀerent sets from the
literature for Ti6Al4V, benchmarked the impact of these alternatives on
the FEM simulation of an orthogonal cutting test, and ﬁnally recommended yet a new set for more accurate results. In the present paper,
3 diﬀerent sets of the JC parameters are taken from the state-of-the-art
of Ti6Al4V orthogonal cutting models. Grouped as Set I to Set III, the
numerical values of these three sets are given in Table 1. The material
parameters are identiﬁed by the Split-Hopkinson pressure bar (SHPB)
test at diﬀerent conditions, which are provided in this table as well. Unfortunately, further comments on a correlation between these 3 sets and
the hardening state of the material cannot be made as there is either no
such information in the related references or, in some cases, the original
publication is not accessible via the Internet.

in which p is the hydrostatic pressure, 𝐼 the unit tensor, and 𝑆 the de-

2.5. Numerics & discretized PDEs

viatoric stress tensor. The plastic deformation happens without volume
change and depends on the deviatoric part of the stress tensor, while the
volume change is elastic and therefore depends on the hydrostatic part

The computational framework used in this work is based on particlebased methods. The equations listed in (1)-(4) are discretized in space

=

=
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with Smoothed Particle Hydrodynamics (SPH) [20,21], and in time using an explicit leapfrog scheme. Furthermore, a set of stabilization measures are employed to enhance the numerical robustness of the solution,
namely the artiﬁcial stress [80] and viscosity[81], and the X-SPH correction [82]. For discretizing the Laplacian operator in the heat equation,
a Particle Strength Exchange (PSE) [83,84] is adopted.
2.5.1. Meshfree methods for spatial discretization
The SPH approximation of a function f in the discrete form is written
over a set of N particles by [20,21]
⟨

𝑓 ( 𝑥𝑖 )

⟩SPH
≈

𝑁
∑
𝑗=1

𝑓 (𝑥𝑗 )𝑊𝑖𝑗 𝑉𝑗

⟨

∇ 𝑓 ( 𝑥𝑖 )

∇ 𝑓 ( 𝑥𝑖 )

⟩SPH-sub
≈

𝑁 (
∑
𝑗=1

⟩SPH-add

≈ 𝜌𝑖

)
𝑓 (𝑥𝑗 ) − 𝑓 (𝑥𝑖 ) ∇𝑊𝑖𝑗 𝑉𝑗

𝑁
∑

(

𝑓 ( 𝑥𝑖 )

𝑗=1

𝜌2𝑖

+

𝑓 ( 𝑥𝑗 )
𝜌2𝑗

(16)

)
∇𝑊𝑖𝑗 𝑚𝑗

(17)

For second derivatives, the PSE model employing a second-order kernel
for the Laplacian operator [87–89] is expressed for discretizing the heat
equation, whereby
⟨

∇ 2 𝑓 ( 𝑥𝑖 )

𝑊𝑖𝑗𝑃 𝑆𝐸 =

⟩PSE
≈
4
3
2

𝜋 ℎ2

𝑁 (
)
1 ∑
𝑓 (𝑥𝑗 ) − 𝑓 (𝑥𝑖 ) 𝑊𝑖𝑗PSE 𝑉𝑗
3
ℎ 𝑗=1

(
)
exp −|𝑞|2

(18)

(19)

in which the prefactor 1/h3 in (18) is due to the scaling property of 𝑊𝑖𝑗PSE
for 3D cases. It can be understood that the Laplacian model of the form
(18) is not generally consistent throughout the domain. This inconsistency is rooted in the deﬁciency of particles near boundaries which only
have a partial set of neighbors. Eldredge et al. [87] proposed a one-sided
integral operator as a solution to such circumstances, where particle interactions proceed over a half-space. They also compiled an exhaustive
list of higher-other PSE kernels for various diﬀerential operators and
diﬀerent dimensions in the appendix of their paper. Since perfect isolation (i.e. adiabatic) thermal boundary condition is considered in this
work and the PSE discretization in (18) guarantees the conservation
of energy (up to the precision of the time-stepping algorithm) without
any special boundary treatments, the present model is used here. Nevertheless, higher-order accurate and consistent Laplacian operator models
exist in the SPH literature, e.g., the formulation oﬀered by Khayyer and
Gotoh [90] or the scheme derived by Fatehi and Manzari [91]. A recent review and implementation aspects of several meshfree schemes
for the 3D Laplacian discretization are given in [89] with a consistent
derivation procedure. In addition, 3D reconstruction benchmark tests
and convergence plots are studied by [89], where statements on the
accuracy, reproducibility, and performance of PSE among some other
Laplacian schemes are investigated comprehensively.
2.5.2. Discretized governing equations
By applying (16) to (1), (17) to (2), and (18) to (5), the system of
discretized governing equations is outlined
𝑁
∑
⟨ ⟩
(𝑣𝑗 − 𝑣𝑖 ) ⋅ ∇𝑊𝑖𝑗 𝑉𝑗
𝜌̇ 𝑖 ≈ −𝜌𝑖
𝑗=1

𝑁
∑
⟨ ⟩
𝑥̇ 𝑖 ≈ 𝑣𝑖 + 𝛽

𝑚𝑗
(𝑣 − 𝑣𝑖 )𝑊𝑖𝑗
𝜌
+ 𝜌𝑗 𝑗
𝑗=1 𝑖
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

(20)

(21)

(22)

(23)

XSPH correction

(15)

where 𝑉𝑗 = 𝑚𝑗 ∕𝜌𝑗 is the integration volume of particle j and 𝑊𝑖𝑗 =
𝑊ℎ (𝑥𝑖 − 𝑥𝑗 , ℎ) is a kernel function with the smoothing length h for simplicity. A common choice for W used in this work is the cubic B-spline
according to [85,86]. In analogy with [25,28], the subtractive and additive forms of SPH can be derived and utilized for discretizing the gradient of f as
⟨

⎛
⎞
⎟
𝜎
𝑁 ⎜𝜎
⟨ ⟩ ∑
=𝑗
⎜ =𝑖
⎟
1
𝑣̇ 𝑖 ≈
⎜ 2 + 2 + Π𝑖𝑗 =𝐼 + 𝑅
⎟ ⋅ ∇𝑊𝑖𝑗 𝑚𝑗 + 𝑚 𝑏𝑖
= 𝑖𝑗
𝜌
𝜌
𝑖
⎟
𝑗=1 ⎜ 𝑖
𝑗
⏟⏞⏞⏞⏟⏞⏞⏞⏟⎟
⎜
⎝
stabilizers ⎠
( plast
)
𝑁
⟨ ⟩
)
𝑞
+ 𝑞 fric
𝑎 ∑(
𝑇̇ 𝑖 ≈
𝑇𝑗 − 𝑇𝑖 𝑊𝑖𝑗PSE 𝑉𝑗 +
3
𝜌 𝑐𝑝
ℎ 𝑗=1
𝑖

with 𝑎 = 𝑘∕𝜌𝑐𝑝 the thermal diﬀusivity, Π the artiﬁcial viscosity coeﬃcient, 𝑅 the artiﬁcial stress tensor, and 𝛽 the XSPH correction factor.
=

XSPH is a smoothing scheme introduced by Monaghan [82] that moves
the particles with a weighted average velocity instead of the individual
particle velocity. This serves as a useful solution to hinder particles from
severe clustering or dispersing situations. The parameter 0 < 𝛽 < 1 in
XSPH dictates the intensity of this smoothing by controlling the ratio of
smoothed vs. actual particle velocity. We chose 𝛽 = 0.5 in this work. It
was shown by Monaghan [92] that XSPH introduces no dissipation and
is capable of keeping the particles orderly in the absence of viscosity.
The two artiﬁcial stabilization measures are explained in the following
with more details. The artiﬁcial viscosity term Π can alleviate the issue
of oscillatory modes by dissipating the energy produced in perturbations. The most commonly-used expression of Π is given by [81,92]
⎧ −𝛼 AV 𝑐 𝑖𝑗 𝜇𝑖𝑗 + 𝛽 AV 𝜇𝑖𝑗2
⎪
Π𝑖𝑗 = ⎨
𝜌𝑖𝑗
⎪0
⎩

if 𝑣𝑖𝑗 ⋅ 𝑥𝑖𝑗 < 0

(24)

otherwise

deﬁning
(
)
ℎ 𝑣𝑖𝑗 ⋅ 𝑥𝑖𝑗
𝜇𝑖𝑗 =
|𝑥𝑖𝑗 |2 + 𝜂 AV

(25)

in which 𝛼 AV , 𝛽 AV and 𝜂 AV are user-deﬁned parameters, and c represents
the speed of sound. According to previous successful applications [4,24],
𝛼 AV = 𝛽 AV = 1 and 𝜂 AV = 0.1 are taken for the simulations of this work.
Monaghan stated in [92] that the values of 𝛼 AV and 𝛽 AV are not critical,
but they can be usually chosen near 𝛼 AV = 1 and 𝛽 AV = 2 for good results
in general. Also, the over-bar notation ♢𝑖𝑗 in (24) is used to represent
the average of ♦ between i and j. Although the artiﬁcial viscosity term
introduces some non-physical parameters, the improvement it makes is
unquestionable [92] and most of the available commercial and opensource software packages make use of this stabilization scheme. Next,
the artiﬁcial stress term 𝑅 suggested by [80] is deﬁned as
=

] (
)
𝑊𝑖𝑗 𝑛
𝑅 = 𝑅 +𝑅 ⋅
= 𝑖𝑗
=𝑖
=𝑗
𝑊0
[

(26)

in which W0 is the kernel considering the initial particle spacing and n
is a user parameter taken as 𝑛 = 4 for all simulations [4]. In (26)
𝑅 = 𝑄⊺ Λ 𝑄
=𝑖

(27)

=𝑖 =

=

where 𝑄−1 = 𝑄⊺ is recalled due to the symmetry of the Cuachy stress
=

=

tensor 𝜎 and the diagonal components of Λ are determined by
=

{

Λ

′

𝑥𝑥

=

=

−𝜖 AS ⋅ Λ𝑥𝑥
0

if Λ𝑥𝑥 > 0
otherwise

(28)

in which Λ𝑥𝑥 = 𝜎𝑥𝑥 ∕𝜌2 and 𝜖 AS is referred to as a user-deﬁned intensity
factor. In this way, an artiﬁcial compressive stress with the intensity coeﬃcient of 𝜖 AS is developed for (positive) tensile components. Similar to
the value used by [4,11], 𝜖 AS = 0.3 is taken throughout this paper. The
artiﬁcial stress stabilization scheme ensures that the clumping of particles under negative stress is avoided. It has been proven eﬀective to
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Fig. 3. Eﬀect of stabilization measures on the updated Lagrangian SPH results, demonstrated in the rubber rings test initially presented by Gray et al. [80]. Frames
are taken at the same time instant, shortly before the rings bounce back, and the color in the left and middle images represents the shear stress values. A side-by-side
comparison of the stabilized SPH and FEM results is also provided, through which the correct working of the in-house code is acknowledged.

Fig. 4. Thermal boundary conditions associated with the heat equation in (22),
where a perfect isolation condition is assumed at blue particles and a constant
room temperature is imposed to all red particles.

help alleviate tensile instabilities in SPH models [25,80]. To sum up, the
eﬀectiveness of these stabilization schemes on the accuracy and reliability of the numerical results are demonstrated by a rubber rings collision
test given in Fig. 3. It can be seen that the use of artiﬁcial viscosity,
artiﬁcial stress, and XSPH smoothing can resolve the numerical instability issues of the solution. Please consider the reference publications
[25,80,82,92] as to why these stabilizations are of crucial concern to the
updated Lagrangian approach, and as to why they do not signiﬁcantly
alter the physics to be simulated.
As for the heat equation in (22), an illustration of boundary conditions for the surface temperature is given in Fig. 4. The tool holder as
well as the clamped surfaces of the workpiece (red particles in Fig. 4)
follow a constant room temperature, whereas perfect isolation (i.e. adiabatic) condition is assumed elsewhere (blue particle in Fig. 4).
Now, the ordinary diﬀerential equations (ODEs) in (20)–(23) are integrated over time using a second-order leapfrog scheme. The implementation procedure of this explicit time-stepping approach for the SPH
application is given by [82]. The maximum step size in this approach
is considered to be the minimum of the Courant–Friedrichs–Lewy (CFL)
condition in mechanical and thermal parts, where the CFL constant is
picked between 0.2 and 0.5.
3. Parallel computing & GPU implementation
The discretized equations (see (20)–(23)) need to be implemented
onto computer hardware. It should be noted that the procedure of determining neighbor particles is a key consideration for boosting the computational eﬃciency in particle-based simulations. In this work, we implement a spatial hashing algorithm together with the cell-list data structure [93] to organize and store the neighbor list. While CPUs are the
conventional processing elements available to parallel algorithms, GPUs

Fig. 5. Task pool and ﬂow diagram of the solution procedure executed at each
time-step on a GPU.

have recently emerged as viable co-processors to accelerate simulation
codes using both mesh-based [94] and particle-based [35] methods. A
CPU is typically composed of a few cores with lots of cache memory.
The CPU cores can handle a few threads at a time. On the contrary,
hundreds/thousands of smaller cores are available on a single GPU (for
a similar prize) that can handle thousands of threads simultaneously.
Due to this tremendous amount of computational power and driven by
an enormous potential in boosting performance, parallel computing in
this work is implemented on the GPU. Given a GPU implementation,
Fig. 5 contains the main blocks executed at each time step on the GPU
to illustrate the ﬂow diagram of the model logic. The task pool of the
solution procedure in the results of SPH can be seen in this diagram.
In GPU-accelerated applications, there exist two approaches to parallelize a program on the graphics co-processors. One approach identiﬁes
the most intensive computations and oﬄoads those to the GPU. The
other option is to have it run on the GPU completely, using the CPU for
I/O only. In the latter approach, parts of the program may be slower
than the CPU at the beneﬁt of not having to copy data. This approach is
pursued in this work. The CUDA platform created by NVIDIA® in 2007
[95,96] is utilized for this task.
This work follows the main procedure given by [97] and makes use of
the speciﬁc considerations for the SPH implementation by Crespo et al.
[35]. Employing the CUDA architecture, a parallel CFD solver based on
SPH was developed in the latter work. A more detailed elaboration of
the design and implementation aspects of the parallelized SPH codes is
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Table 2
Hardware speciﬁcations of the CPU and GPUs used as well as their corresponding SP/DP peak performance.
Device

SP [TFLOPS]

DP [TFLOPS]

Memory [GB]

Year

#Cores

Purpose

Intel® CoreTM i5-4690
GeForce® GTX 760
Tesla® P100
Quad® GP100

0.224
1.8
9.3
10.3

0.112
0.078
4.7
5.2

16 GB
2
12
16

2014
2014
2016
2017

4
1152
3584
3584

Desktop
Games
Scientiﬁc
Scientiﬁc

Fig. 6. Timing of an orthogonal cutting test using the present meshfree software. The CPU code is run on Intel® CoreTM i5-4690 and the GPU-accelerated code on
Tesla® P100.

Table 3
Runtime in seconds recorded for a 2D cutting test using the present solver, where N denotes the number of
particles. The serial CPU calculations are taken on Intel® CoreTM i5-4690 and the GPU parallelized on Tesla®
P100.
N
1,550
6,100
24,200
96,400

CPU [sec]

GPU [sec]

DP

SP

DP

52.8
534.9
5639.7
49359.5

40.9
65.9
121.9
359.3

41.4
66.0
141.8
454.4

provided in the doctoral dissertation of Roethlin [98]. In the following,
two important remarks concerning the ﬂoating point format and the
threading speciﬁcation strategy are described.
•

Floating Point Format
Single-precision ﬂoating-point format, or Single Precision (SP) in
short, is a computer number format that usually occupies 32-bits
(4 Bytes) in computer memory. Similarly, Double Precision (DP) is
a number format that occupies 64-bits (8 Bytes) in memory, twice
as SP does. Single and double precision formats are termed “float”
and “double” in C/C++, respectively.
In consumer graphics cards, the performance of SP calculations is remarkably higher than DP calculations. Since some computation tasks
within the whole problem (e.g., root ﬁnding algorithm) are very sensitive to the accuracy of the calculation, it deemed necessary however to carry out those simulations in DP. This case is even more
worrisome in iterative procedures such as the radial return algorithm (for plasticity), as the calculation is prone to the round-oﬀ error (see [98] for comparison and more detail). Hence, to tackle both
accuracy and eﬃciency issues of the GPU computing in this work,

•

two scientiﬁc graphics cards were employed to allow for DP calculations. Table 2 details the hardware speciﬁcations of the graphics
cards used.
Threading Speciﬁcation Strategy
When using CUDA, the instructions within a function are executed 
times in parallel by a speciﬁed  number of threads. So as the ﬁrst
task, the amount of (computational) work assigned to each thread
must be speciﬁed. This concept is typically referred to as granularity in the context of parallel computing. In other words, granularity
is a term that represents a qualitative measure of the ratio of computation to communication. Among a couple of diﬀerent strategies
for threading speciﬁcation, the “Single Thread Per Particle” (STPP)
strategy is adopted for this work. Interestingly enough, the free software DualSPHysics also uses the same graining choice [35]. In brief,
the STPP scheme assigns one thread per particle and then spools 𝑝
threads in parallel, where 𝑝 is equal to the total number of particles. As mentioned before, each thread traverses the nearest neighbors using the cell-linked neighbor list. Roethlin [98] gives a comparative benchmarking on the performance of four alternative strategies
in this regard, through which the best result was obtained by using
STTP.

In principle, CPUs and GPUs are built for diﬀerent purposes since
they feature diﬀerent architectures. This is the main reason why some
algorithms (e.g., sorting and searching) implemented on CPUs would
require special treatments for eﬃcient parallelization. Even so, the GPU
implementation of such algorithms may not be quite as eﬃcient as a
non-threaded implementation of those algorithms on a single CPU core.
The main diﬀerence between CPU (using C++) and GPU (using CUDA)
algorithms and implementations lies in the calculation of particle interactions, i.e., how SPH and PSE sums expressed in (20)-(22) are evaluated. To clarify, one characteristic diﬀerence between CPU and GPU
algorithms in our implementation can be identiﬁed in the way they construct the neighbor list (Fig. 26). As mentioned already, the eﬃciency
in the present GPU implementation is gained by mapping each compu-
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Fig. 7. (a) Tribometer assembly, (b) Working principle of the in-process mechanism.

tation node (i.e. particle) to a single thread each traversing the nearest
neighbors using a cell-linked list structure [93]. The neighbor list strategy adapted for the CPU algorithms, however, is implemented based on
Verlet lists [99]. Other than that, most of the GPU algorithms here are
implemented with a fairly straightforward and minimalist extension of
our C++ sequential implementation. This, in turn, is regarded as one
of the major advantages of using the CUDA parallel programming model
[95].
3.1. Runtime
While not in the focus of this paper, it is still worthwhile to shed some
light on the runtime of the present solver. We consider a case study that
pertains to a simple orthogonal cutting test, where 0.1 mm of a Ti6Al4V
workpiece is cut with a speed of 500 m/min. This 2D model is run in
4 resolutions and their runtime is recorded in seconds. Table 3 reports
the timing of this cutting simulation for both CPU and GPU implementations. In Fig. 6, these data are plotted separately, since the maximum
CPU runtime is almost 100 times larger than the GPU one.
Direct comparisons between LS-DYNA and our solver would make
little sense because LS-DYNA is performed in 2.5D mode and any timing reports in this regard are questionable at best. For the integrity of
this article, nonetheless, a rough comparison between LS-DYNA and
results which was presented by Roethlin et al. [11] on a 3D single
grain cutting simulation is repeated: The 3D single grain model performed by LS-DYNA in 2012 [75] took about 70 hours, while the
iwf-mfree-gpu-3d solver can terminate this simulation in less than
20 hours using 20 times more particles.
4. Experimental procedure
This section details the concept and methodology of the experiment
designed for this work. Since tribology is a very broad and complicated
subject, and to avoid too much detour from the central topic, the discussion herein is restricted only to the tribometer conﬁguration to be
simulated. Further considerations about more sophisticated tribological
investigations can be found in [43] and its references.

workpiece with a fresh surface. Directly behind the cutting tool, a pin
is pressed against the surface with a constant load. The actual load acting on the pin and the frictional forces are measured with a 3D Kistler
piezoelectric force sensor. It is mounted on a heavy-duty lathe which
provides the necessary stiﬀness and guidance for the tribometer and
controls the rotation of the workpiece. In this investigation, the workpiece material is chosen to be Ti6Al4V (3.7164), the most widely-used
titanium alloy in both academia and industry. The titanium is forged and
the initial/environment temperature is 295 K. Ti6Al4V is considered to
be diﬃcult to cut and diﬃcult to model.
The pins have a diameter of 3 mm, a length of 18 mm and a spherical
tip radius of 3 mm. They are ground of HM K40-UF, a cemented carbide
grade with 10% of cobalt binder and an average grain size of 0.6 𝜇m.
This grade is commonly used for titanium cutting tools. The pins are
coated with Balinit Latuma, an AlTiN-based coating by Oerlikon Balzers, Liechtenstein. However, preliminary tests showed that the coating
has no eﬀect on the coeﬃcient of friction under the examined circumstances. A blind hole with a diameter of 0.6 mm is drilled via EDM from
the backside of the pin along its axis to the spherical tip. A remaining
wall thickness of 0.1 mm to 0.2 mm is chosen to allow for a temperature measurement close to the contact zone. A two-color ﬁbre-pyrometer
FIRE-3 by en2aix, Germany, is used to measure the local temperature at
the bottom of the blind hole.
4.2. Test parameters
According to Kitagawa et al. [100], the temperature in titanium alloys can easily exceed 1000 K within the course of machining. Methods to artiﬁcially increase the temperature in the contact zone are not
feasible. Therefore, the feed and load are adjusted to cover the same
temperature range. A maximum force of about 500 N is achievable at
the maximum air pressure. The highest feasible speed turned out to be
140 m/min. At higher speeds, the cutting tool life was shorter than the
test duration. The experiment duration is set to 20 s to ensure steadystate friction, but at the same time limit pin wear under the severe conditions.
4.3. Experimental results

4.1. In-process tribometer
An in-process tribometer based on the Olsson principle [54] is designed and built. Special emphasis is placed on miniaturization in order
to increase dynamics and for the ease of use compared to previous versions. The working principle is shown in Fig. 7. A conventional turning
tool with an entering angle of 90∘ is used to generate a shoulder on the

The temperature can only be measured at values higher than 473 K.
At lower temperatures, the emitted radiation is not powerful enough to
be detected by the pyrometer. The measurement data is averaged over
the steady-state period, leading to a single data point for each test. Each
data point consists of two input parameters: the load force and the speed,
and two measurement values: the temperature and the coeﬃcient of
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Fig. 8. Thermal eﬀects on friction. Left: Temperature as a function of the frictional power, measured 0.2 mm above the contact surface. Right: Apparent coeﬃcient
of friction as a function of temperature.

friction. To better visualize the data, the frictional power for each data
point is calculated by multiplying the load force with the coeﬃcient
of friction and the velocity. The measured temperature is then shown
as a function of frictional power in Fig. 8. Quite clearly, the frictional
power has a strong inﬂuence on the temperature. The temperature rises
less than proportionally with the frictional power, which can be traced
back to a larger portion of the heat being transported away with the
workpiece material. The velocity itself has little inﬂuence, therefore, the
forced convection through the air layer that surrounds the workpiece is
negligible.
The highest measured temperature with the standard pins is 1147 K,
at a velocity of 140 m/min and a load of 505 N. At high temperatures, the
pin wears quickly, and thereby, reduces the remaining wall thickness.
Shortly before the Ti6Al4V workpiece breaches the wall to the ﬁber, the
highest temperatures are measured. A maximum temperature of 1378 K
is measured with a worn pin at 463 N and 140 m/min.
This section closes by plotting the coeﬃcient of friction versus temperature. Thus, a temperature-dependent friction coeﬃcient is introduced directly from the tribometer experiment at 5 diﬀerent cutting
speeds. Fig. 8 represents this trend, where the data set contains an additional constraint of 𝜇(𝑇𝑚 ) = 0 at the melting temperature. A linear function ﬁtting the available data points in Fig. 8 is shown on the right
diagram, including 2 constants where T is the temperature in K. As expected, a decreasing tendency of 𝜇(T) with rising temperature is observed. This tendency is rooted in the thermal softening of the workpiece material as well as the oxidized inter-layers. The thermal eﬀects
on the friction coeﬃcient are accompanied by other inﬂuences, such as
the load and the surface structure of the pin, leading to a stronger scattering of the data points. It is important to mention that higher-order
polynomials can be ﬁtted to the available data points with a lower error; however, the linear function was chosen to prevent from having
more than 2 constants. In the next section, the 2 unknown parameters
of function (10) are determined with the help of an inverse method in
orthogonal cutting simulations.

Fig. 9. Initial conﬁguration of the tensile test. Two clamped ends of a unit
square are pulled away with a constant horizontal velocity of 10 m/s.

As for the software, the in-house code iwf-mfree-gpu-3d originally published and made public by [11] is utilized for 3D simulations
(https://github.com/mroethli/iwf _mfree_gpu_3d). Given the tribometer
conﬁguration and considering the DP calculation format, one complete
simulation takes less than 10 hours for 𝑙𝑥 = 4.5 mm of cut in medium resolution with the cutting speed of 𝑣𝑐 = 140 m/min. For the 2D orthogonal
cutting tests, another open-source code called iwf-mfree-gpu-2d
(https://github.com/mroethli/mfree_iwf-ul_cut_gpu) is used which was
ﬁrst published by [4]. This stand-alone software tool was developed in
2019 and provides a robust and eﬃcient framework for SPH cutting simulations on GPUs. It oﬀers very short evaluation cycles, enabling parametric and optimization analyses via iterative simulations. The authors
of [4] concluded that 1 mm cut of an orthogonal cutting test (in 2D) using this toolkit can be modeled with SPH in several minutes. According
to what was explained in Section 3, the DP format is used by default for
all calculations on the GPU. Two (scientiﬁc) graphics cards are available for GPU computing with the hardware speciﬁcations summarized
previously in Table 2.

5. Numerical results

5.1. Tensile test: validation of CPU implementation

After conducting two validation tests in this section, a simpliﬁed 3D
model of the tribometer experiment is simulated with SPH to gain some
insights. Next, a fairly extensive investigation of the friction modeling
with the 3 alternative sets of JC parameters from Table 1 is performed
on 5 orthogonal cutting geometries. The optimization procedure and the
subsequent parameter identiﬁcation of 𝜇(T) are carried out on these test
cases. Experimental data for the cutting test are taken from the available references and a detailed description in this regard is therefore not
provided.

Having presented the rubber rings impact test in Section 2.5.2, we
further validate the implemented meshfree methods in a simple tensile
test before applying to metal machining. Shown in Fig. 9 is the initial
conﬁguration of the tensile test. For simplicity, a unit square is taken
instead of the standard tensile specimen geometry [101]. This square is
made of a 4340 steel. A radial return algorithm is taken into account for
plasticity, wherethe ﬂow stress is calculated from the JC material model
in Eq. (14) with the ﬁve parameters listed in Table 4. To implement the
Dirichlet boundary conditions in this test, one vertical layer of particles
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Table 4
Mechanical properties used for the tensile test of a 4340 steel.
Parameter

𝜌 [kg m−3 ]

E [GPa]

𝜈 [–]

A [MPa]

B [MPa]

C [–]

m [–]

n [–]

Value

7830

200

0.29

792

510

0.014

1.03

0.26

Fig. 10. The Y-component of the velocity after 𝑡 = 0.02 s computed by the present meshfree code and FEM.
Table 5
Comparison of the radius of the impacted face of the rod.

Mushroom radius [mm]

Present code

Modiﬁed SPH [102]

2.5D LS-DYNA [102]

3D LS-DYNA [102]

5.15

4.99

5.31

5.31

Table 6
Physical properties of the materials used for the tribometer and cutting tests.
Body

Property

Symbol

Unit

Value for tribometer

Value for cutting

Tool

Density
Young’s modulus
Poisson ratio
Heat conductivity
Speciﬁc heat capacity
Reference temperature

𝜌
E
𝜈
k
cp
Tr

kg m−3
GPa
–
W m−1 K−1
J kg−1 K−1
K

14,700
560
0.32
173
134
300

15,250
–
–
88
292
300

Workpiece

Density
Young’s modulus
Poisson ratio
Heat conductivity
Speciﬁc heat capacity
Reference temperature
Melting temperature
Coeff. of plastic work into
heat
Coeff. of frictional work
into heat

𝜌
E
𝜈
k
cp
Tr
Tm
𝜒

kg m−3
GPa
–
W m−1 K−1
J kg−1 K−1
K
K
–

4,430
110
0.35
7.1
562
300
1,836
0.9

4,430
110
0.342
7.3
553
300
1,878
0.9

𝜂

–

1.0

0.9

at both ends is imposed to have zero deformation in all directions. The
simulation is integrated over time until 0.02 seconds using the leapfrog
scheme. This time setting implies that the specimen undergoes 0.2 m of
elongation on each end, 0.4 m in total.
Results computed with our solver are compared with those obtained
by using the commercial FE code Abaqus as an independent reference
solution. It is assumed that the material is under the plane strain condition. In Fig. 10, the vertical velocity is displayed after the full 40%
elongation of the specimen. Satisfactory agreement between the meshfree and FEM solution is observed, upon which the correct working of
the code is consequently acknowledged.
5.2. Taylor impact test: validation of GPU implementation
The method is additionally validated by a Taylor impact test, where
we analyze transient deformations of a metallic specimen striking a rigid

anvil with a speed of 181 m/s. In this example, a 37.97 mm long and
3,7979 mm radius cylindrical rod made of steel is considered and discretized by a total of 108,570 particles. The required material parameters are taken from [102]. This 3D simulation is run on GeForce® GTX
970 (double precision) using the present iwf-mfree-gpu-3D solver
and is terminated in almost 37 min after 15,000 time steps. In Table 5,
we compare computed results with the numerical solutions of [102] obtained by using a modiﬁed SPH and the commercial code LS-DYNA.
These data correspond to the radius of the mushroom-end measured after impact, where the value calculated by the present code is found to be
in a closer agreement with those reported by LS-DYNA. Fig. 11 shows the
deformed shape of the cylindrical rod at 𝑡 = 30 𝜇s and exhibits the corresponding eﬀective plastic strain of the particles. Results computed with
the present method are found to agree very well with their corresponding reference values given by [102]. For further insights, please see an
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Fig. 14. Comparison of simulated forces with the measured data from the tribometer experiment. Friction in the meshless simulation is modeled by using
a temperature-dependent coeﬃcient of the form (10) in which 𝜇0 = 0.572 and
𝑞 = 0.496.
Fig. 11. Deformed shape and distribution of the eﬀective plastic strain in the
rod at 𝑡 = 30 𝜇s computed by the present SPH code.

animation of our simulation via the following link https://youtu.be/d_pqEnMkGE.
5.3. Tribometer simulation on GPU: proof-of-concept

Fig. 12. Discretized geometry of the tribometer model.

A simpliﬁed CAD model of the ﬂattened pin is initially triangulated
by surface elements and then inserted to the solver for establishing the
penalty contact algorithm. The pin is assumed to have a length of 3 mm.
In a second step, particles of uniform size are seeded inside the rigid pin
for solving the heat equation. Fig. 12 shows the discretized geometry
of this model. Since the experimental study in Section 4 suggested that
velocity (compared to temperature) has an insigniﬁcant impact on the
coeﬃcient of friction, the tribometer simulation is carried out by taking
the maximum cutting speed (𝑣𝑐 = 140 m/min) to minimize the computational labor.
According to the experimental settings described in Section 4 and
the physical properties given in Table 6, the indention depth d can be
approximated a priori via the Hertzian contact theory [103,104]. The
magnitude of d determines the target feed, which is permitted to be
larger than or equal to at least one particle spacing. This magnitude is
kept unchanged during the simulation. It is worthwhile to mention that

Fig. 13. Forces and temperature computed in DP for a test case which pertains to the thermomechanical simulation of a workpiece made of Ti6Al4V with
4.5 × 1.5 × 0.4 mm3 dimensions. The rigid indenter scratches this workpiece with a speed of 𝑣𝑐 = 140 m/min. A temperature-dependent friction model of the
form (10) is employed with 𝜇0 = 0.6 and 𝑞 = 0.3. The required cutting length for reaching the stationary forces and temperature are almost 0.8 mm and 2.5 mm,
respectively. The temperature is associated with an average at the location of a sensor, approximately 0.2 mm above the pin contact surface. Some oscillations in
the force evolutions can be observed due to a low resolution (only 9 particles along the feed direction z-axis).
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Fig. 15. Snapshots of the equivalent plastic strain limited to 200%. The friction model (10) with 𝜇0 = 0.572 and 𝑞 = 0.496 is used. The longitudinal scratch with a
constant indentation depth is visible.

Fig. 16. Temperature distribution after 4.5 mm of scratch. The friction model (10) with 𝜇0 = 0.572 and 𝑞 = 0.496 is used. The colorbar is limited to 1200 K.

Table 7
Measured and simulated forces in the tribometer test,
where the pin moves along the x axis, meaning Fx and Fz
denote the tangential and normal forces, respectively.
vc [m/min]

40
80
140

Simulation

Experiment

Fx [N]

Fz [N]

Fx [N]

Fz [N]

41.119
31.487
88.255

237.836
166.446
506.011

110.455
65.806
193.926

206.932
102.978
464.628

the calculation of d according to the (elastic) Hertzian theory is a fairly
crude assumption as the indentation problem might surmount the plastic
ﬂow stress. However, this choice has been used by previous researchers
(see, [6]) and is taken for a similar application in this work.
As a preliminary step, it is of utmost importance to prescribe the
length of cut required for obtaining the stationary state of force components and temperature. While the process forces reach the station-

ary state at quite early stages, this may or may not be the case for the
thermal issues. A model test demonstrated in Fig. 13 showed that the
steady-state temperature can be established after almost 2.5 mm of cut,
whereas the cutting length required for reaching the stable forces for the
same setup was less than 1 mm. Both of these remarks are extractable
from Fig. 13. As a result of this initial check, 𝑙𝑥 = 4.5 mm was taken
for the ﬁnal simulation to ensure that the thermal distribution at the
tool is, in fact, non-transient. Therefore, a Ti6Al4V slab of dimensions
4.5 × 1.5 × 0.4 mm3 is considered as the workpiece. The viscoplastic
behavior of this work material follows the JC ﬂow stress model given in
(14). Set I of the JC parameters given in Table 1 is used. In addition to
about 146k particles used for discretization of the rigid intender (thermal analysis), approximately 26k particles of uniform size are used for
discretization of the elastic-viscoplastic workpiece (thermo-mechanical
analysis).
For the calibration of (10), 2 parameters 𝜇 0 and q must be determined. An optimization procedure of the relative error for the tangential force resulted in 𝜇0 = 0.572 and 𝑞 = 0.496. Now, the parameters for
the friction model (10) are known and can be used for the numerical
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Table 8
Initial settings of the cutting simulations in this work. The experimental data associated with these cutting tests
are taken from the references given in the rightmost column.
vc [m/min]

𝛾∘

𝛼∘

tu [mm]

rc [𝜇m]

JC parameters

Fc [N/mm]

Ft [N/mm]

Ref.

Case
Case
Case
Case
Case

1
2
3
4
5

70
121
121
241
241

10
0
5
0
5

8
11
6
11
6

0.1
0.1
0.1
0.1
0.1

20
5
5
5
5

Set
Set
Set
Set
Set

I
I
I
I
I

181.82
189.15
180.04
193.48
184.1

85.31
79.6
67.22
122.47
118.5

[107]
[108]

Case
Case
Case
Case
Case

6
7
8
9
10

70
121
121
241
241

10
0
5
0
5

8
11
6
11
6

0.1
0.1
0.1
0.1
0.1

20
5
5
5
5

Set
Set
Set
Set
Set

II
II
II
II
II

181.82
189.15
180.04
193.48
184.1

85.31
79.6
67.22
122.47
118.5

[107]
[108]

Case
Case
Case
Case
Case

11
12
13
14
15

70
121
121
241
241

10
0
5
0
5

8
11
6
11
6

0.1
0.1
0.1
0.1
0.1

20
5
5
5
5

Set
Set
Set
Set
Set

III
III
III
III
III

181.82
189.15
180.04
193.48
184.1

85.31
79.6
67.22
122.47
118.5

[107]
[108]

Test

[108]

[108]

[108]

free (e.g., [4,24,106]) communities, the Ft error may correspond to the
underestimation of passive forces in numerical cutting simulations. The
major causes of this error stem from:
•
•

•
•

Fig. 17. Sketch of the orthogonal cutting geometry and its basic deﬁnitions.
The bottom surface is clamped and the dimensions are suﬃciently large such
that the solution is not aﬀected by boundary conditions.

simulations. Using this friction model, Fig. 14 shows a comparison of
the simulated and measured forces. The average values in the stationary zone are compared against the experiment by ignoring the ﬁrst and
last 15% of the process. The calculation gives less than 10% and almost
50% of error for the normal and tangential components, respectively.
The less accurate simulation results for Ft is unsurprising. As a general
trend articulated within both mesh-dependent (e.g., [105]) and mesh-

The reliability of the JC constitutive model and its 5 parameters.
Temperature independence of the physical properties of the material
for such a wide range of temperature (300-1800 K).
The simpliﬁcation applied to the CAD modeling of the pin geometry.
Pre-computation of the indentation depth d according to the
Hertzian formulation, instead of using a force equilibrium approach
along the normal direction.

In Table 7, a summary of the numerical results for 3 diﬀerent cutting
speeds is additionally provided. The tangential force prediction shows
an average of 57% underestimation error. This value for the normal
force prediction is less, demonstrating an average of 28% overestimation error. Furthermore, the temperature is calculated at the last step of
the simulation and compared to the steady-state measurement from the
respective experiment. For this purpose, an average of the temperature
of the particles is calculated at the sensor location approximately 0.20
mm above the contact surface if the pin is not ﬂattened. Otherwise, the
measurement is conducted at the contact surface. Simulation of the experimental case with 𝑣𝑐 = 140 m/min and 𝐹𝑧 = 466 N gives a maximum

(
[
]𝑞 )
to 𝜇0 and q input values. Left: 𝜇0 is varied while 𝑞 = 2.0 is ﬁxed for all 5 graphs. Right: q is varied while
Fig. 18. Sensitivity of 𝜇(𝑇 ) = 𝜇0 1 − (𝑇 − 𝑇𝑟 )∕(𝑇𝑚 − 𝑇𝑟 )
𝜇0 = 0.77 is ﬁxed for all 5 graphs. The blue curve in the left plot is identical to the red curve in the right plot, both representing one case with 𝜇0 = 0.77 and 𝑞 = 2.0.
The melting point is 𝑇𝑚 = 1878 K.
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Fig. 19. Error surface plots of Case 1-5 with the best ﬁt found at the red point coordinates. JC parameters of Set I from Table 1 are used for these 5 models.

value of 994 K at the last time-step at the contact surface, yielding almost 4% error versus the averaged experimental measurement 1036 K.
Even though the correctness of the present approach can be concluded
from these force and temperature comparisons, this tribometer example
is merely a proof-of-concept and the aforementioned issues need to be
removed if a more accurate solution is desired for parameter identiﬁcation purposes.
At the last step of this section, the tribometer simulation is re-run
using a higher resolution. The Ti6Al4V slab is uniformly discretized
with approximately 221k particles of Δx spacing (18 particles along the
feed direction), whereas 2Δx is considered for a relatively coarser discretization of the indenter. Included in Fig. 15 are 2 frames recorded
after 50% and 100% of the simulation. The color in this ﬁgure indicates
the equivalent plastic strain limited to 200% for better visualization.
What Fig. 15 shows is the temperature distribution (limited to 1200 K
in the picture) at the last time-step. Two diﬀerent angles are chosen for a
clearer visualization of the hot areas. In Figs. 15 and 16, both lateral and
front bulges resulting from the plastic deformations during the friction
test are visible.

5.4. Cutting simulation on GPU: parameter identiﬁcation of 𝜇(T)
For the identiﬁcation of 𝜇(T) to be used in an enhanced cutting simulation, the unknown parameters are ﬁtted inversely to a cutting experiment itself. The optimization procedure is herein performed on 5
orthogonal cutting geometries from the literature with available experimental data. Three diﬀerent sets of JC parameters are also chosen according to the references given in Table 1. This leads to 15 test cases in
total, speciﬁed in Table 8 with details, in which vc indicates the cutting
speed, 𝛾 and 𝛼 the rake and clearance angles, tu the uncut chip thickness
(i.e., feed), and rc the tool cutting edge radius. These deﬁnitions can be
seen in Fig. 17.
Recalling 𝜇(T) expressed in (10), the initial values of 2 unknown
constants in (10) are picked from 𝜇0 = {0.1, 0.43, 0.77, 1.1, 1.43} and 𝑞 =
{0.5, 2.0, 3.5, 5.0, 6.5}, resulting in overall 25 permutations of 𝜇 0 and q
for each case study. Plotted in Fig. 18 is the variation of these 2 parameters and their inﬂuence on 𝜇(T). In summary, 15 test cases listed in
Table 8 are iteratively simulated with 25 alternative 𝜇0 and q inputs,
leading to overall 375 simulations. This massive amount of computa-
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Fig. 20. Error surface plots of Case 6-10 with the best ﬁt found at the red point coordinates. JC parameters of Set II from Table 1 are used for these 5 models.

tion is executed in parallel using 2 (scientiﬁc) graphics cards speciﬁed
in Table 2. Considering a modest resolution, the evaluation cycles accelerated by GPGPU parallelization are very short. For instance, simulating 0.8 mm of cut with 𝑣𝑐 = 121 m/min using 41 particles in the feed
direction can be completed in less than 9 minutes on the Tesla®P100
card. This allows for performing multiple simulations and, consequently,
makes the optimization procedure possible in a reasonable amount of
time.
To determine the unknown parameters, the optimization process is
carried out on predicted forces by deﬁning a relative error. This term is
deﬁned as follows and calculated for both Fc and Ft where ♦ needs to
be replaced with the respective measured and simulated forces.
𝛿♢ =

|♢exp − ♢sim |
♢exp

(29)

The batch simulation results provide 25 sample points to reconstruct
the error function. These values are then interpolated into the entire domain of parameters to create the original sampling of the function. The

interpolation is based on a cubic spline performed in MATLAB with 50
additional query points in each dimension. The choice of a cubic spline
was made since a linear interpolation cannot return a global minimum
at oﬀ-sample points. This is an important issue as the ﬁnal 𝜇0 –q set resulting in the minimum error might (and usually does) occur where no
simulation data is available.
Comparing the forces predicted by the batch simulations to the experimental measurements provided by [107,108]
√, the relative error of
𝛿Fc and 𝛿Ft are reported and then the term 𝛿𝐹 = (𝛿𝐹𝑐 )2 + (𝛿𝐹𝑡 )2 is calculated to optimize both Fc and Ft simultaneously. Figs. 19–21 demonstrate the surface plots corresponding to 𝛿F for all 15 case studies. Alongside each ﬁgure, the coordinates at which the minimum error occurs are
listed separately. Numerical values found for the parameters in 𝜇(T) are
the coordinates of the red point in these plots.
According to the experimental evidence presented in Section 4, it is
reasonable to assume that the coeﬃcient of friction is less than 1 for
the contact conditions encountered in metal cutting. As a result of this,
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Fig. 21. Error surface plots of Case 11-15 with the best ﬁt found at the red point coordinates. JC parameters of Set III from Table 1 are used for these 5 models.

Fig. 22. Measured and simulated forces in orthogonal cutting of Ti6Al4V with 𝑣𝑐 = 70 m/min labeled as Case 1 in Table 8. Left: Evolution of forces during the
simulation. Right: Comparison of the measured and simulated process forces in a bar-chart.
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Table 9
Benchmark meshfree simulations in predicting the process forces versus the experimental measurements
in test case 1 with 𝐹𝑐 = 181.82 and 𝐹𝑡 = 85.31 N/mm. The best simulation result is obtained by employing the present temperature-dependent friction coeﬃcient. Using this newly identiﬁed 𝜇(T), excellent
agreement with experiment is achieved with less than 5% error of the cutting force prediction and less
than 25% error of the thrust force prediction.
Software

Friction coeﬃcient

Fc

𝛿Fc

Ft

𝛿Ft

LS-DYNA

𝜇 = 0.35
𝜇 = 0.477
𝜇(𝑇 ) = 0.7603[− 0.0004 𝑇
]
(
)
𝑇 − 𝑇𝑟 5.398
𝜇(𝑇 ) = 0.833 1 −
𝑇𝑚 − 𝑇𝑟

157.6923
145.919579
147.198110

13.3%
19.7%
19.0%

40.1961
45.6684
39.512699

52.9%
46.5%
53.7%

173.376695

4.6%

64.086701

24.9%

iwf-mfree-gpu
iwf-mfree-gpu
iwf-mfree-gpu

Fig. 23. Two snapshots of the equivalent plastic strain in Case 1 at the cutting speed of 𝑣𝑐 = 70 m/min. The T-dependent friction model (10) with 𝜇0 = 0.833 and
𝑞 = 5.398 is used. The cutting tool is rigid.

Fig. 24. Temperature distribution at diﬀerent cutting speeds. Case 1 is chosen. The T-dependent friction model (10) with 𝜇0 = 0.833 and 𝑞 = 5.398 is used in all
simulations. Higher temperatures are observed at higher vc .

the optimization output is considered acceptable if the determined parameters meet this criterion. These acceptable cases are boldfaced in
the accompanying tables of Figs. 19 and 21, revealing that only 3 out
of 15 case studies are fallen into the acceptable category. In all other
cases, the global minimum (i.e., the red point) has a 𝜇0 coordinate of
larger than 1 and/or is found exactly at the borders. It is conjectured
that the main reason behind this behavior stems from the choice of JC
material parameters, meaning the parameter determination of 𝜇(T) is
closely interrelated to the choice of the constitutive model parameters.
These interrelations may be twofold suggesting that there might be two
diﬀerent sources of the ambiguity of the parameters: (1) physically relevant issues such as the heat development and so on; (2) ambiguity in
the parameter identiﬁcation strategy, which means that friction parameters compensate for some badly chosen JC parameters. In other words,
the parameter identiﬁcation procedure does not deliver unique results
because the number of test cases is perhaps not suﬃcient to distinguish
between the inﬂuences of each parameter. Since the orthogonal cutting
test is intended to be utilized for parameter identiﬁcation, not only the
forces need to be correctly represented (i.e., optimized), but also the
chip curling, the temperature ﬁeld, and the deformation ﬁeld can be

taken into account. All these remarks shall be considered as potential
enhancements to the present investigation.
To quantify the potential improvement to be gained by employing
(10) instead of a constant 𝜇, Case 1 is selected for further investigations. As presented in Fig. 19, the determined (yet acceptable) parameters 𝜇0 = 0.833 and 𝑞 = 5.398 are inserted into (10). By adopting this
friction model, the process forces are predicted in the simulation with
a signiﬁcantly lower error as shown in Fig. 22. On the left diagram of
this ﬁgure, the simulated forces using 2 diﬀerent friction models are
plotted in time and compared with their experimental measurement.
A bar-chart is also presented in Fig. 22 to illustrate the ability of 𝜇(T)
in adjusting the force prediction. In this illustration, the results of LSDYNA and the in-processes tribometer data (i.e., the best linear function
ﬁtting the tribometer data points shown in Fig. 8) are included as well.
It is also important to mention that a constant 𝜇 = 0.477 is the best ﬁt
found from the respective optimization process and, therefore, taken as
the baseline. Otherwise, the typical choice of 𝜇 = 0.35 leads to even less
accurate results.
Several conclusions can be derived from Fig. 22. Firstly, the optimized Coulomb friction with 𝜇 = 0.477 fails to minimize the error of
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Fig. 25. Temperature distribution at diﬀerent 𝜂 (i.e., the coeﬃcient indicating what percentage of the frictional work is converted into heat). Case 12 at the cutting
speed of 𝑣𝑐 = 121.9 m/min is chosen. The T-dependent friction model (10) with 𝜇0 = 0.86 and 𝑞 = 3.684 is used in all simulations. Higher temperatures are observed
at higher 𝜂, where more heat is generated due to the frictional work.

Fig. 26. Plastic strain at diﬀerent 𝜂 (i.e., the coeﬃcient indicating what percentage of the frictional work is converted into heat). Case 12 at the cutting speed of
𝑣𝑐 = 121.9 m/min is chosen. The T-dependent friction model (10) with 𝜇0 = 0.86 and 𝑞 = 3.684 is used in all simulations. Serrated chip is visible and comparable to
the experimental data from [108].

Fig. 27. Sensitivity of simulated forces to the cutting speed and 𝜂. All 6 models are run in high resolution using nearly 90k particles. The friction parameters are
chosen according to the optimization outputs summarized in Figs. 19 and 21. The experimental data associated with these 2 test cases (Case 1 and Case 12) are given
in Table 8.

both Fc and Ft concurrently since it has only one tunable parameter 𝜇.
In other words, the simulation using the temperature-independent friction coeﬃcient 𝜇 = 0.477 may predict the thrust force almost as good
as a temperature-dependent friction model, but at the price of deteriorating the cutting force. On the other hand, the co-existence of two
parameters 𝜇 0 and q in (10) allows for simultaneous optimization of the
cutting and thrust forces. It is also clear from Fig. 22 and Table 9 that
both cutting and thrust forces can be predicted more precisely if (10) is
employed. All in one, it is concluded that the newly identiﬁed model

is indeed advantageous since it outperforms the other schemes in the
prediction of process forces.
In the end, Case 1 is simulated for a higher resolution on the GPU to
demonstrate the process with better visual quality. Shown in Fig. 23 is
the plastic strain distribution in this test case recorded at two exampleframes. A sensitivity analysis of this simulation to diﬀerent cutting
speeds is also presented in Fig. 24, demonstrating higher temperatures
at higher vc . Next, Case 12 is taken for further assessments. The sensitivity of the heat generation and the temperature is shown for three diﬀer-
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ent 𝜂 in Fig. 25. The corresponding chip shapes are also displayed in Fig.
26 and compared with the reference data from [108]. According to these
comparisons, the proposed meshfree solver employing an enhanced friction model can reproduce the sawtooth chip formation in the orthogonal
cutting of titanium alloys. Finally, the process forces are calculated for
these 6 sensitivity simulations. The left diagram in Fig. 27 shows that
the cutting force is not very sensitive to the cutting speed, whereas the
thrust force is slightly higher at higher speeds. On the right diagram of
this ﬁgure, it can be seen that higher conversions of the frictional work
into heat (i.e. higher 𝜂) leads to lower forces.

6. Concluding remarks
This paper follows a hybrid experimental-numerical approach to propose an enhancement to the friction modeling in meshless cutting simulations. A summary of the main conclusions derived upon this work is
presented in the following.
1. Experimental investigation
• An in-process tribometer experiment was conducted. Multiple
combinations of variable normal loads and cutting speeds were
tested on a forged Ti6Al4V workpiece. The observations reveal
that the temperature is greatly inﬂuenced by the frictional power;
therefore, it is more realistic to use a temperature-dependent coeﬃcient for Coulomb’s friction in the modeling of metal machining.
• An in-process friction coeﬃcient is derived by ﬁtting a linear
function to the available experimental data points. This model
encapsulates the temperature sensitivity of the friction coeﬃcient by introducing 2 extra parameters.
2. Numerical investigation
• To further investigate the inﬂuence of friction coeﬃcients on
metal machining models, a robust and eﬃcient software tool
is developed for both 2D and 3D applications. These solvers
incorporate state-of-the-art meshfree methods and are implemented to run entirely on Graphics Processing Units (GPUs). The
source codes are publicly available and can be downloaded from:
https://github.com/mroethli/mfree_iwf-ul_cut_gpu for 2D metal
cutting and https://github.com/mroethli/iwf _mfree_gpu_3d for
3D metal cutting.
• As a proof-of-concept, the tribometer experiment was modeled
thermo-mechanically with an oversimpliﬁed pin geometry. Simulated forces and temperature compare well with the experimental data.
• GPU computing serves as a backbone of the present work since
running a 3D meshless model of the tribometer experiment is a
very expensive task for computers (if possible at all), let alone
multiple simulations needed for the optimization procedure. A
previous study by [98] demonstrated that the developed GPUaccelerated SPH code can run about 60 times faster than its serial
implementation on a CPU. To exemplify, the simulation of 5 mm
scratch in low resolution using roughly 171k particles can be
completed in a few hours with the present solver.
• Very short evaluation cycles oﬀered by the GPU-acceleration allow for: (1) a series of batch simulation; (2) the subsequent optimization procedure; (3) and eventually the parameter identiﬁcation of 𝜇(T).
• Diﬀerent cutting geometries were thoroughly examined using 3
sets of JC parameters for the Ti6Al4V constitutive model taken
from the literature (see, Table 1).
• Results of 375 simulations performed in this work demonstrate
that the friction coeﬃcient at the tool-chip interface has a signiﬁcant inﬂuence on the force prediction. More interestingly, it
was shown that the parameter determination of 𝜇(T) is closely
interrelated to the choice of the constitutive model parameters.
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•

The error of force prediction in meshless cutting simulations is
decreased dramatically by employing the proposed temperaturedependent friction coeﬃcient. This only holds true if the parameter identiﬁcation of 𝜇(T) is trustworthy, however.

In a ﬁrst follow-up step, the same methodology used in this work
can be applied to determine the JC material parameters from an actual
cutting experiment (instead of conventional material tests). Combined
parameter identiﬁcation of the friction and the material modeling at the
same time is a more realistic approach that can reduce the usual uncertainty of the constitutive laws upon numerical simulations. This seems
to be the only suitable solution to all struggles for the friction and material representation and the existing deviations between experiment
and simulation. Toward this end, a broad deﬁnition of residua must be
established, introducing not only the force components but also temperatures, chip shapes, temperature ﬁelds and perhaps even velocity ﬁelds.
Meanwhile, it would be beneﬁcial to narrow down the impact of friction
modeling on the chip morphology of cutting processes. Future work can
also go into the direction of wear modeling to potentially reduce the
existing error in the computation of passive forces.
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