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Continuous technological advancements in the field of grinding technology and improved grinding tools have contributed to
the development of high performance grinding processes. One example of such a process is internal traverse grinding (ITG)
with electroplated cBN grinding wheels, where the tool consists of a conical roughing zone and a cylindrical finishing zone.
Since the tool is fed in axial direction into a revolving workpiece, spindle deflections induced by varying process forces can
lead to contour errors along the bore. Numerical simulations are a valuable tool to overcome the challenges associated with
such high performance processes. Whenever spindle deflections need to be considered, accurate prediction of the process
forces is paramount. Finite Element (FE) simulations have been widely used for the prediction of forces in cutting processes
such as turning and milling, where only a small number of active cutting edges is considered, and where the geometry of these
cutting edges is clearly defined. Grinding tools, on the other hand, contain a large number of grains with varying geometric
characteristics. We recently proposed a multi-scale simulation system for the simulation of ITG processes, where a geometric
kinematic grinding simulation, based on a database of digitalised grains of a real grinding wheel, was used to determine the
grain engagements [1]. The process forces were obtained from summation of the contributions of all active grains at any
given time, based on a force model on the individual grain level. The force model takes the material removal rate and an
approximation of the rake angle into account, and was calibrated via finite element simulations.

In recent years, the Coupled Eulerian Lagrangian method (CEL), which is part of the commercial finite element software
Abaqus, has been applied to simulate various cutting processes. No remeshing is necessary in this framework, and separation
of chips from the workpiece can be modelled without element deletion. The application of CEL to the simulation of single
grain cutting is therefore a promising approach to further improve the force model included in the process simulation of ITG.
In this work, the kinematics of ITG are incorporated into a single grain cutting simulation, and the suitability of the CEL
method for the problem is evaluated with a focus on the chip formation, separation and self-contact between the chip and the
workpiece.

© 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH.

1 Introduction

Grinding processes play an important role in the industrial production of high-performance steel components. They are
typically used as hard and fine machining processes after heat treatment of the workpiece and are often followed by fine-
finishing processes, such as lapping or polishing [2]. At constant material removal rates high tool velocities are associated
with reduced process forces, improved surface quality, and reduced tool wear. Due to the limitation by the bore diameter,
internal grinding requires comparatively small tool dimensions, increasing the required rotational speed of the tool spindle
for a given tool speed, and at the same time reducing the number of grains that participate in the cutting process. Therefore,
usually only limited material removal rates can be achieved in internal grinding [3].

Internal traverse grinding (ITG) with electroplated cubic boron nitride (cBN) wheels is a high-performance process for the
machining of bores. The tool is characterised by a split into a conical roughing zone and a cylindrical finishing zone and is fed
in axial direction into the revolving workpiece. The material removal is realised mostly by the grains in the roughing zone,
while the grains in the finishing zone improve the surface quality in the same stroke. Due to the unique process kinematics,
the achievable material removal rates surpass those in hard turning while maintaining a better surface quality [4].

In general, the process normal force will induce a deflection between grinding wheel and workpiece according to the
(usually very small) mechanical compliance of the system. Since the grinding wheel is not in contact with the full axial
length of the workpiece at the same time, changes in the process forces occur during the process, which can result in shape
deviations along the workpiece length. These shape deviations are especially relevant when no additional finishing takes place.
Additional shape deviations might result from workpiece clamping and thermal effects [5].

An overview on the modelling of grinding processes is given in [6], where models are classified into seven categories:
artificial neuronal networks, regression models, rule-based models, fundamental analytical models, kinematic models, finite
elements based models, and molecular dynamics models. It is concluded that kinematic models provide the highest flexibility
for different grinding operations or tools and, together with models based on finite elements or molecular dynamics, facilitate
a higher level of understanding of the processes.
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In general, such kinematic models aim to approximate the interaction of each individual grain on the grinding wheel with
the workpiece material but rely on simplified models for the interactions under consideration due to the large amount of
grain engagements. We recently proposed a multi-scale simulation framework capable of simulating internal traverse grinding
under consideration of elastic deflection between grinding wheel and workpiece, for which a model for the single-grain process
forces was developed based on two-dimensional finite element cutting simulations [1]. The process forces could be predicted
in good agreement with experimental observations, where the only experimental calibration was performed for the elastic
compliance of the machining system.

A Lagrangian Finite Element scheme, based on the model presented in [5], was applied for the single-grain cutting simula-
tions in [1]. Due to the large deformations during chip formation, a remeshing scheme is necessary for the simulations, which
adds computational cost and introduces artificial diffusion of the solution variables.

Since the grain geometry is known in the single-grain simulations, models for cutting with geometrically defined cutting
edge can be adopted. A comparison of the classic Lagrangian (LAG) and the Arbitrary Lagrangian Eulerian finite element
method (ALE), smooth particle hydrodynamics (SPH), and the particle finite element method (PFEM) for the simulation of
cutting identified SPH and PFEM as promising alternatives to the classic FE approaches since they maintain better distortion
control and element quality under large deformations and include chip separation without techniques such as element deletion
[7]. Another simulation approach that provides these advantages is the Coupled Eulerian Lagrangian finite element method
(CEL), which is part of the commercial FE software Abaqus. CEL is a framework for fluid-structure interaction (FSI),
providing a contact formulation between material moving through an Eulerian mesh and one or more Lagrangian bodies.
When applied to cutting simulations, the workpiece material, which typically undergoes large deformations, is described in
the Eulerian formulation, while the tool, often modelled as an elastic body, is described as a Lagrangian body. CEL has been
applied to the simulation of orthogonal cutting in two dimensions, e.g. [8–10], and to the three-dimensional simulation of
milling [11]. CEL-based three-dimensional simulations for single grain cutting experiments were proposed in [12]. However,
the model is not directly applicable to internal grinding due to the linear kinematics, and no chip formation was shown.

The aim of this study is to evaluate the suitability of the Coupled Eulerian Lagrangian method for the simulation of single
grain cutting in internal grinding processes. An approximation of the process kinematics is derived to include the influence of
the varying depth of cut on the chip formation.

2 Single-grain force modelling

An ITG process for the grinding of a bearing component made of the bearing steel AISI 52100 with grains made of cubic
boron nitride (cBN) is considered in order to investigate the suitability of the CEL method for the simulation of single grain
cutting. Models of limited complexity are used for the plastic workpiece behaviour and the friction between workpiece and
grains to focus on the applicability of the CEL method.

2.1 Process kinematics

Although the general simulation methods for single grain cutting in ITG are similar to those for orthogonal cutting, notable
differences exist in the process kinematics. The relative path of the grain with respect to the workpiece surface is determined
by the radius and the rotational speed of the grinding wheel (rt, ωt) and the workpiece (rwp, ωwp), the axial feed speed, as
well as the maximum undeformed chip thickness hcu,max. Since the feed speed is typically small compared to the tool speed
in ITG, we will only consider the velocities in the plane orthogonal to axial feed direction in the following. A schematic
representation of the kinematics is presented in Fig. 1, and exemplary dimensions and velocities are given in Tab. 1.

The distance y0 between the centre points of grinding wheel and workpiece is determined by the radii rt and rwp, and the
maximum undeformed chip thickness hcu,max as

y0 = rwp − rt + hcu,max . (1)

Assuming that the highest point of the grain lies exactly on the wheel radius, the position of this point with respect to the
wheel centre can be expressed through the angle

ψ (t) = ψ0 + ωtt , (2)

where ψ0 is the angle under which contact between grain and workpiece is established, and t is the time (where t = 0 for
ψ=ψ0 is assumed). Subtraction of the wheel radius from the current distance between wheel centre and grain tip then yields
an approximation for the current depth of cut, i.e.

hcu (t) ≈
√
r2t + y20 + 2 rty0 sin (ψ (t))− rwp . (3)

The angle of the grinding wheel normal (and therefore the grain) with respect to the workpiece surface normal follows as

β (t) = ψ (t)− φ (t) (4)

© 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH. www.gamm-proceedings.com
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with

φ (t) = arctan

(
y0 + rt sin (ψ (t))

cos (ψ (t))

)
. (5)

Since β (t) is small for realistic dimensions, the constant approximation for the relative tangential speed of the grain with
respect to the workpiece surface

vc ≈ ωtrt + ωwprwp (6)

is admissible.

x

y

hcu(t)

hcu,max

y0

rt ωt

rwp ωwp

ϕ(t)

ψ(t)

β(t)

Fig. 1: Kinematics of the grain engagement in ITG (orthog-
onal to feed direction). The grinding wheel contour is de-
picted in red colour, while the inner contour of the work-
piece before cutting is depicted in blue. The orange area
marks the material that was removed by the grain at time t.

Table 1: Exemplary dimensions and velocities based on the
grinding process for a bearing component.

Description Symbol Value Unit
Grinding wheel radius rt 19.5 mm
Tool rotational speed ωt 4102.56 rad s−1

Workpiece inner radius rwp 23.5 mm
Workpiece rotational speed ωwp 56.72 rad s−1

2.2 Boundary value problem

In the CEL model, only a small section of the workpiece will be considered at any given time. Since the prescription of
meaningful boundary conditions is considerably less complicated in a Cartesian coordinate system, and the angles under
consideration are rather small, an approximation for the process kinematics in a Cartesian frame of reference is applied.
Although the CEL method is implemented in three-dimensional elements, a plane strain problem can be set up by using a grid
with a thickness of only one element, and restricting any flow normal to the considered plane through boundary conditions.

A tetrahedral mesh, obtained from measurements of a real cBN grain on a grinding wheel, is used for the grain. Since
the focus of this study is on the applicability of the CEL method, it was not evaluated if the chosen grain geometry is rep-
resentative for the grains on the wheel. Hexahedral CEL elements are used for the Eulerian domain, with a refined mesh
towards the cutting zone. The workpiece is modelled by prescribing an initial workpiece material volume fraction of 1.0 in
the corresponding part of the Eulerian mesh. An initial temperature of 293.0 K is prescribed for both the workpiece and the
grain. Assuming a frame of reference that follows the grain in tangential, but not normal direction, the relative tangential
speed between workpiece and grain is prescribed for the workpiece material through an initial condition and boundary condi-
tions, while the current undeformed chip thickness hcu (t) and the relative grain angle β (t) are prescribed through boundary
conditions on the grain following Eqs. (3)-(4). A sketch of the boundary value problem is shown in Fig. 2.

Coulomb friction with a friction coefficient of 0.02 is assumed for the interaction between grain and workpiece. In general,
the possibilities to model heat exchange between an Eulerian and a Lagrangian body with the CEL method are the same as
with two Lagrangian bodies in Abaqus Explicit. However, since the workpiece surface is only implicitly defined through
the volume fractions in the Eulerian elements, heat exchange with a surrounding medium can not be modelled in the same
straight-forward way. Since the velocities are comparatively high in grinding, no heat exchange is considered in our model.
However, workpiece material flowing out of the Eulerian domain will naturally transfer heat out of the system.

Since CEL is based on volume averaging, two streams of workpiece material will combine when contact is established
between them. In the case of a chip touching the material flowing towards the cutting zone, the section of the chip touching

www.gamm-proceedings.com © 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH.
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4 of 6 Section 6: Material modelling in solid mechanics

Fig. 2: Boundary value problem for the single grain cutting simulation in the initial configuration. Eulerian elements initially filled with
workpiece material are coloured in red, while blue elements initially contain no material. Green arrows mark the prescribed speed at the
Eulerian boundary, while the orange line marks the boundary where the chip will be reflected. The remaining boundaries of the Eulerian
domain allow material outflow. The prescribed motion of the grain is indicated in black.

the workpiece will then be transported back towards the cutting zone, inducing an unphysical bending of the chip. The Eulerian
domain is shaped in a way that prevents this self-contact. Instead of the workpiece, the chip contacts a boundary that prevents
material outflow, acting as a rigid surface.

2.3 Material modelling

Since our study focuses on the applicability of the CEL method to single grain cutting, a comparatively simple material model
was applied. The workpiece material is modelled as an isotropic continuum with thermo-elastic and thermo-viscoplastic
contributions based on logarithmic strains and the well-established Johnson-Cook model [13]. The yield stress is given by

σJC
y =

[
A+B

[
1− e−εpN

]] [
1 + C ln

(
1 +

ε̇p
ε̇p,0

)][
1−

〈
θ − θ0
θm − θ0

〉M
]
, (7)

and is dependent on the accumulated plastic strain εp, the rate of the accumulated plastic strain ε̇p, and the absolute temperature
θ. Although local damage models can be included in the CEL framework, they are known to induce mesh dependencies of the
results, and were therefore not included into the model to allow the examination of mesh convergence. Standard Fourier-type
heat conduction is assumed in the workpiece material.

The Johnson-Cook model parameters A, B, C, M , N , and ε̇p,0, as well as the elastic and thermal parameters for the
workpiece material, were chosen based on literature values for the steel alloy AISI 52100 proposed in [14]. Since no values
were given for θm and θ0 in [14], these were chosen following [15]. The cBN grain was modelled as rigid, since, at approx.
800 GPa, the elastic stiffness of cBN is considerably higher than the stiffness of steel [16]. All material parameters are
summarised in Tab. 2.

3 Results

The boundary value problem was solved for a maximum undeformed chip thickness of hcu,max = 10µm with different mesh
densities. An exemplary temperature plot for the workpiece at two different times is shown in Fig. 3. The workpiece shape
is approximated by an isosurface of the workpiece material fraction with value 0.5, while the grain is omitted for clarity of
visualisation. Following the engagement of the grain with the workpiece, a distinct chip formation can be observed. The
change in undeformed chip thickness throughout the process is reflected in the shape of the resulting chip, and leads to a
separation of the chip from the workpiece towards the end of the engagement. Both the chip shape and the tangential force
were compared between the different simulations, and element sizes graded between 1µm and 4µm were chosen as a good
trade-off between accuracy and computational cost. Self-contact of the chip with the workpiece material flowing into the
domain could be avoided after some trial and error by choosing an appropriate shape of the Eulerian domain.

Simulations were then performed with the maximum undeformed chip thickness ranging from 5µm to 20µm. The calcu-
lated tangential force on the grain is shown in Fig. 4. Both the maximum of the tangential force and the duration of the grain
engagement increase for larger values of hcu,max. In all simulations, a chip was formed, and separated from the workpiece
towards the end of the simulation, leading to a vanishing tangential force.

© 2023 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH. www.gamm-proceedings.com
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Table 2: Summary of workpiece material parameters

Description Symbol Value Unit
Mass density ρwp 7.827× 10−9 tmm−3

Young’s modulus Ewp 7.827× 105 MPa
Poisson’s ratio νwp 0.277 –
Johnson-Cook model parameters

A 688.17 Mpa
B 150.82 Mpa
C 0.3362 –
M 0.0427 –
N 2.7786 –
θm 1780 K
θ0 298 K
ε̇0 1 s−1

Thermal conductivity λwp 46.6 mWmm−1K−1

Specific heat* cp,wp 458 . . . 798× 106 mJ t−1K−1

Thermal expansion coefficient* αwp 11.5 . . . 15.3× 10−6 K−1

*Temperature-dependent material parameters are linearly interpolated between the discrete literature values.
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Fig. 3: Temperature distribution in the workpiece material at two times during the same simulation for a maximum undeformed chip
thickness of hcu,max = 10µm. The workpiece geometry is approximated by the isosurface of the workpiece material volume fraction with
value 0.5. After the grain engages with the workpiece, a chip is formed, which increases in thickness as the undeformed chip thickness
increases (left). When the grain moves out of the workpiece material, the chip thickness gradually reduces, and the chip finally separates
from the workpiece (right). A significant temperature increase in the chip is visible, while the heat induced into the workpiece is transported
out of frame by the motion of the material.
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Fig. 4: Calculated tangential force Ft for different values of maximum undeformed chip thickness hcu,max. An exponential moving average
filter was applied to reduce high-frequency oscillations.
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6 of 6 Section 6: Material modelling in solid mechanics

4 Conclusion

The CEL method was combined with an approximation of the kinematics in single-grain cutting during ITG processes into
a plane-strain model. Due to the characteristics of the CEL method, the framework can be used to simulate the formation
of chips during the cutting process, as well as their separation from the workpiece, without remeshing or element removal
techniques. However, the handling of workpiece material self-contact was identified as a drawback of the approach: When a
chip comes into contact with the workpiece material flowing into the Eulerian domain, the surfaces of the chip and workpiece
are merged, which results in a behaviour similar as if the chip was welded to the workpiece surface. Using an Eulerian domain
mesh tailored to the chip morphology, self contact could be avoided in the simulation results presented in this study.

Some effect in the single-grain cutting process, such as ploughing, can not be predicted by using two-dimensional simula-
tions. Although the presented model can be extended to the three-dimensional case in a straight-forward manner, and some
preliminary work was already conducted in this regard, the treatment of self-contact in three dimensions poses a challenge.
Apart from the extension to a fully three-dimensional setting, both damage and more advanced friction models shall be con-
sidered for more realistic simulation results. Another possible improvement to the model is the incorporation of heat transfer
to the grain, as well as the inclusion of a second material phase to model heat transfer to a coolant medium. Based on these
improvements, the framework can provide a suitable alternative to classic Lagrangian FE simulations for the prediction of
single-grain forces in grinding processes.
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