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Abstract. We present recent advances in the modelling and simulation of Internal Tra-
verse Grinding, a high performance grinding process incorporating a high rate of material
removal combined with a high surface quality. Due to a special grinding wheel geometry;,
the latter two goals are achieved in just one pass of the tool through the axisymmetric
workpiece.

The simulation framework we present generally consists of three components. The first
one is a parametric plane strain, h-adaptive finite element model capturing the material
penetration of a single cBN grain on a meso-scale during the machining process.

Secondly, a topography analysis procedure as well as a kinematic simulation have been
developed to measure and analyse the surface topography of an actual grinding wheel.
We then use this information to model the grinding wheel surface in the latter kinematic
simulation. This enables us to perform an exact calculation of the transient penetration
history of every grain intersecting with the workpiece bulk.

The superposition of these results is then used in the third component of the simulation
framework, namely a process scale workpiece model currently under development which
captures the effects of thermo-mechanical loads on the workpiece undergoing material
removal and thus, in the near future, shall enable us to predict potential unwanted phase
transformations of the bulk surface as well as size and shape errors of the finished part.

In this contribution, we will focus on the first two parts of the simulation framework,
namely the meso-scale as well as the kinematic simulation and the coupling between the
two scales.
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1 INTRODUCTION

Internal Traverse Grinding with electroplated ¢cBN wheels (ITG, cf. fig. |1|left) combines
two demands made by the production industry, i.e., a high rate of material removal
along with a high surface quality. However, the main drawback of the process under
consideration is the highly concentrated thermal load on the workpiece, which may result
in phase changes or thermal damage of the workpiece bulk, cf. [I].

To predict these effects, a simulation framework consisting of mainly three components
is currently being developed. The first component is a two-dimensional finite element
model that captures the material penetration of a single cBN grain on a meso-scale during
the machining process, cf. fig. [2| left. To gain information on the penetration interaction
of multiple grains, the second component, a kinematic simulation is developed to predict
the exact transient penetration history of each ¢cBN grain. With this information at hand,
we use a regression model for the meso-scale simulation output and evaluate this for each
grain in contact with the workpiece material during the process. By superposing and

workpiece process grinding spindle
zone wheel /’

Figure 1: Basic kinematics of ITG (middle/left) and process model (right). The tool is moved through
the workpiece with an axial feed rate vy, while both workpiece and tool rotate in the same direction with
tangential speeds of v, ~ 2 and vs ~ 100"}, respectively. In the process model, the tool is substituted
by a thermo-mechanical load that moves in a helical line across the inner workpiece surface.

averaging these results over one tool revolution, we finally retrieve a macroscopic thermo-
mechanical load profile that can then be applied to a macro-scale process model as a
boundary condition in terms of a moving load, cf. fig. [1) right. To validate the results
of the simulation framework, experiments are carried out at the Institute of Machining
Technology.

2 MESO-SCALE SIMULATION

For the parametric plane strain meso-scale machining simulation, a thermoelastic vis-
coplastic constitutive material model including ductile damage and thermal softening is
used to predict the thermo-mechanical response of the workpiece bulk, cf. [2]. To over-
come mesh dependence and to reduce the finite element discretisation error, an h-adaptive
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remeshing algorithm based on a Zienkiewicz-Zhu error estimator and two additional more
physically motivated refinement indicators is implemented as an extension to the com-
mercial FE software Abaqus used, cf. [3].
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Figure 2: Meso-scale model temperature contour plot (left) showing the adaptively refined mesh as
well as the reference volume V,.; for the heat source determination. The resulting heat energy over
displacement is shown in the plot on the right for an averaging over the reference volume (blue stroke)
and the remaining workpiece volume (red stroke).

To calculate the heat source r(hey, 7y, vs) induced in the finished workpiece, we evaluate
the finite-element discretised volume integral

0
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for each time step over the reference volume V. according to fig. 2| left. Here, c(¢) denotes
the heat capacity depending on the temperature 6, p is the material density. As a result,
we retrieve a transient heat source term r which depends on the single grain undeformed
chip thickness h.,, on the rake angle v and the on cutting speed v,. As depicted in fig. [2|on
the right, this heat energy saturises when a quasi steady-state of the process is reached.
The average over the steady-state displacement interval 0.3mm < u < 0.9mm finally
yields the steady-state heat source term rg(he,, v, vs) that is used in the subsequent steps
of our simulation framework.

3 KINEMATIC SIMULATION

This component of the simulation framework uses a topography analysis developed
earlier, cf. [2], and the ¢BN grain morphology specified by the grain manufacturer to
model the surface of the grinding wheel as a constructive solid geometry (CSG) body.
The workpiece is modelled as a radial dexel board and both parts are moved relatively to
each other according to the process kinematics and parameters, see fig. |3| left.
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For the discretised time period T;,, of one axial pass of the tool through the workpiece,,
the volumetric intersection of CSG tool and dexel workpiece is calculated within each time
increment t;. As a result, we obtain a highly accurate transient penetration history of
every grain intersecting with the workpiece bulk, cf. fig. [3| right. This results in a function
set

{heu(ti), 7(te), vs(tr), Qu(tr), Altk), V(t)} Vix € [0, Tin] (2)

containing the undeformed chip thickness h.,, the approximated rake angle ~, material
removal rate (), area A and volume V' as a function of the time increment ¢, respectively.
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Figure 3: Kinematic simulation setup (left) and selected output (right). The yellow tool on the left
is revolving around its upright axis and moving axially from bottom to top; the workpiece is reduced
to a square section showing the penetration depth in terms of a blue-to-red colour coding. The plot on
the right depicts the penetration depth or single grain undeformed chip thickness h., for each grain in
contact as a function of time. Here, each differently coloured stroke represents one cBN grain in contact.

4 COUPLING OF SCALES

To now bridge meso- and macro-scale, we first reduce the number of necessary numerical
meso-scale experiments by use of a regression model. Based on Design Of Experiments, we
carry out nine meso-scale simulations within a parameter space he, € [1 pm, ..., 60um],
v € 1[0°...,—80° at a constant cutting speed of v, = 120 2. To approximate the induced
thermal and mechanical loads on the workpiece, we use a biquadratic ansatz for the
regression of the steady state heat source

T5(hew,y) & g + a1 Py + ag h2, 4 asy + agy? + as hey v (3)
as well as tangential and normal force components F; and F”;, respectively and solve

the resulting linear systems of equations for the unknown coefficients a;. The results
are depicted in fig. @l With these interpolations and with the output of the kinematic
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Figure 4: Results of the meso-scale output regression procedure: Interpolated heat source 7 (left) and

tangential cutting force component 7 (right). The black dots in the plot represent the nine sample
points given by the meso-scale simulations carried out.

simulation at hand, 7g is evaluated and divided by its specific contact time Aty for each
grain at each time increment of the kinematic simulation. We then superpose the results
for all the k grains being in contact at the same time ¢ to obtain the macroscopic volume-
specific heat energy rate 7(¢) and its average over one revolution of the grinding tool (7),
respectively:

f<t>=2[immu(tm(tk» 7)== S ML) (4)

k=1 Atk trp=t Trev

For the process force components F; and F’;, this procedure is done accordingly without
the scaling by [At;]™!. Furthermore, other meso-scale outputs, such as the energy par-
tition ratio (l%w> between the total external work of the process and the thermal energy
remaining in the finished workpiece, can be transferred to the macro-scale via the same
scheme.

5 RESULTS AND CONCLUSIONS

The resulting macroscopic heat energy rate 7(t) and macroscopic process forces F " (t)
and F*(t) as well as their average values (7), (F™) and (F*) for the duration of one tool
revolution are depicted in fig. [f] Concerning the process forces, these average values can
now be compared to the force components measured in the experiments where a relative
error of approximately 20% is achieved for both the tangential as well as the normal
component. However, the heat generation rate cannot be compared in such a direct
manner, due to the lack of a correctly calibrated macro-scale simulation for a volume-
specific heat rate. On the other hand, the macroscopic energy partition ratio k, has
been determined by a simulation calibrated with respect to experimental investigations,

resulting in a factor of k, =~ 0.31 in comparison to a predicted ratio of (k,) = 0.34 which
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embodies a relative error of approximately 10%. We can therefore conclude that the
simulation framework under development is generally working and capable of transferring
the thermo-mechanical load profile from the meso- to the macro-scale. Furthermore, this
framework can be used flexibly to model other grinding processes apart from ITG by
adapting the material model on the meso-scale, the process geometry and kinematics as
well as the grinding wheel surface topography analysis on the macro-scale. As an outlook,
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Figure 5: Predicted macroscopic heat energy rate 7(t) (left) as well as process force components (right)
F™(t) (blue stroke) and F*(t) (green stroke) for the time interval of one grinding wheel revolution. The
horizontal lines within the plots represent the average value (7) and (F'®) over the given time interval.

we will extend the meso-scale model to a three-dimensional one, which will enable us
to capture the thermo-mechanical workpiece load more accurately. Moreover, we will
enhance the macro-scale finite-element model by the implementation of material removal
which in turn allows us to predict thermoelastic process-scale production errors and to
develop compensation strategies accordingly.
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