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Abstract

To achieve a fundamental understanding of the physical mechanisms and the heat generation in the contact zone during
grinding, a large number of experimental and numerical investigations have been carried out to analyse the interaction of
single grain and workpiece. Existing numerical models of the interaction between grain and workpiece do not represent the
reality and especially the influence of the three-dimensional grain geometry on the temperatures during single grain scratch-
ing with sufficient accuracy. An experimental validation of the simulated temperatures has not been carried out yet as there
is no appropriate method to measure them in experimental investigations. In this study, a three-dimensional FE-model of
the interaction between CBN-grain and workpiece (100Cr6) in the grinding process is presented. The model predicts the
chip temperatures for real grain geometries to investigate the interactions between grain and workpiece. The experiments to
validate the model were carried out using a ratio pyrometer.

Keywords Grinding technology - CBN - Grain geometry - Single grain scratching - Numerical simulation - Thermo-

mechanical loads

1 Introduction

The mechanical and thermal loads occurring during machin-
ing processes have a decisive influence on the process result.
During grinding, the major part of mechanical energy is
transferred into heat due to friction [1]. Since the workpiece
material in many cases has the highest thermal conductiv-
ity in comparison to all other involved components, a large
amount of this heat flows into the workpiece, which leads
to high temperatures in the external zone. The high thermal
loads can cause tensile residual stresses which negatively
influences the mechanical behaviour under dynamic loads.
High temperatures in the contact zone, e. g. as a result of
high specific material removal rates Q',,, limit the process
performance. Thus, a precise prediction of the tempera-
tures is necessary for the knowledge based grinding pro-
cess design for optimized productivity. For a fundamental
understanding of the temperature in grinding, the physical
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mechanisms during the engagement of single grains must
be analysed. Besides analytical models for the prediction of
heat flows and temperatures, e. g. based on the temperature
models of Carslaw [2] and Jaeger [3], numerical simulations
can lead to a better understanding of the heat generation in
grinding [4]. In comparison to experimental investigations,
they offer the advantage of higher local and temporal solu-
tions. In particular, simulation models allow the calcula-
tion of the thermo-mechanical loads at any position of the
contact arc. In addition, it is possible to vary influencing
variables independantly of each other and thus to analyse
systematically the correlations between process parameters
and thermo-mechanical loads without cost intensive experi-
mental effort.

Ruttimann et al. [5] developed an approach for the mode-
ling of the chip formation in 90MnCrV8 with diamond grain
using the Smooth Particle Hydrodynamics (SPH) method. In
the SPH method, the workpiece is modelled by a large num-
ber of spheres. The material behaviour is modelled similar
to a fluid. Thus, chip formation processes are represented in
a simplified form with lower computational effort. In their
model, Ruttimann et al. analysed the effects of grain geom-
etry on the resulting forces and compared these results with
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experimental data. The grains were modelled as cubes or as
a combination of hexahedrons and octahedrons.

Rothlin et al. [6] also presented an approach of single and
multiple grain grinding simulation of Ti-6Al-4V using the
SPH-method. The simplified three-dimensional geometry of
the diamond grain was obtained by microscan measurement.
The simulation model of the grain-workpiece-interaction
was validated by a qualitative comparison of the chip forma-
tion. The validation of the simulated forces and temperatures
did not take place.

In a hybrid model, Holtermann et al. combined two-
dimensional FE-simulation and kinematic penetration calcu-
lation [7]. First, a kinematic simulation of the interaction of
the CBN grinding wheel topography and the 100Cr6 work-
piece was carried out on the basis of geometric penetration
calculation. The abrasive grains were composed of a random
combination of tetrahedron, octahedron and hexahedron. In
the second stage, the thermo-mechanical loads caused by
a single grain were determined using a two-dimensional
FE-model. Subsequently, the two individual models were
linked to a macro model for internal grinding. This enabled
an approximation of the thermo-mechanical loads and the
resulting surface roughness with high accuracy.

Li and Axinte [8] developed a temperature model in
which the three phases of chip formation were integrated.
The thermal impact caused by the individual grains on the
workpiece (AISI 1055) was simulated. The abrasive grains
were approximated as spheres, whereas the grinding wheel
topography was modelled with a stochastic method. Spheres
were placed in the middle of individual unit cubes and
moved randomly. Subsequent simulations of the temperature
in the contact zone between grinding wheel and workpiece
could be validated experimentally.

Forysiewicz et al. [9] focused on the detailed grain geom-
etry in single grain scratching tests. Using an optical micro-
scope, the silicon carbide grain used was recorded from sev-
eral sides. The interpolation of the data points provided the
hollow profile of the abrasive grain. In the three-dimensional
simulation, the grain was modelled as a rigid body and the
workpiece made of unhardened steel as an elasto-plastic
cuboid. Cutting speeds of v.=40 m/s to v,=60 m/s and an
infeed of a,=75 um were set as process parameters both
in the simulation and in experimental tests. Subsequently, a
comparison of the resulting scratch geometry was carried out.

The three-dimensional model according to Guerrini
et al. considers the normal and tangential forces during
single grain scratching of 20MnCr5 with Al,O; [10]. They
also modelled the abrasive grain with a realistic geometry.
For this purpose, the surface profile of the grain geometry
was determined tactilely. In the simulation, the workpiece
was implemented as a plastically deformable fixed cuboid
and the abrasive grain as a movable solid. The infeed
was varied between a, =20 pm and a,=100 um. During
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the investigations, the normal and tangential forces were
detected and compared with simulation results.

Chen et al. [11] focused on the material removal mecha-
nisms during single grain scratching and developed a three-
dimensional model with simplified CBN grain geometry to
investigate the influencing parameters on the scratch geom-
etry during rubbing, ploughing and cutting of EN8 steel.
They showed that the grain geometry is one of the most
influencing parameters on the material removal mecha-
nisms. A qualitative validation of the model with regard to
the thermo-mechanical loads did not take place.

Klocke et al. [12] simulated the temperatures during sin-
gle grain scratching in a two-dimensional FE-model of C45
with a grinding wheel circumferential speed of v,=45 m/s
and a workpiece speed of v,, =180 mm/min and calculated
maximum temperatures of ¢, =1700 °C. This was in good
accordance with former analytical results.

The research on the current state of the art clarifies that
there is no validated simulation model for the prediction of
the temperatures during single grain scratching in depend-
ance of the real grain geometry. Thus, in this paper a three-
dimensional simulation model for the prediction of the chip
temperatures during single grain scratching with real grain
geometries is presented. To validate the model a methodol-
ogy for the measurement of the chip temperatures during
single grain scratching by means of a ratio pyrometer was
developed.

2 Simulation model

The grain-workpiece-interaction was modelled with real
grain geometry in the simulation software FORGE NXT of
TransvaLor. The software has robust remeshing algorithms,
which is particularly advantageous for chip-forming manu-
facturing processes with high strain rates and high degrees
of deformation such as grinding. The model consists of the
components abrasive grain and workpiece. In addition to
the material behaviour of the workpiece, the kinematics of
the components and the friction conditions at the contact
between abrasive grain and workpiece according to the
movement of the grain are defined in the model.

As explained in the state of the art, the grain geometry
significantly influences the material removal mechanisms
during single grain contact. In order to represent the real
contact conditions between abrasive grain and workpiece
realistically in numerical models, it is necessary to use a
detailed image of the real grain geometry. The abrasive
grain geometry was measured with a KEyence VK-X150
Laser Scanning Microscope (LSM). For the use in the sim-
ulation model, the digital three-dimensional LSM image
of the abrasive grain, which was available as a CAD file,
was prepared in a first step by removing the surface data
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of the surrounding bonding material. Subsequently, the
three-dimensional CAD file was converted into STEP for-
mat as a solid state model. The surface of the grain was
described by triangles. The STEP file was then imported
into a CAD software to create a closed surface for the
simulation model. The data was then exported as standard
tessellation language files (STL file) and imported into the
simulation model. The abrasive grain was modelled as a
rigid body without a material model because the wear of
the CBN grain during scratching was neglected.

A material model according to HENSEL-SPITTEL was cho-
sen for the workpiece material (100Cr6). In the HENSEL-
SpitTEL-model the influence of the strain &, the strain rate
€'and the temperature T on the yield stresses o; is consid-
ered [13]. The coefficients of the equation are empirically
determined coefficients, see Fig. 1 [14].

The friction behavior between grain and workpiece was
modelled according to the viscoplastic law of NorToN. The
shear stress 7 is given as a function of the relative veloc-
ity v,;. For 100Cr6 and CBN the coefficient of friction
a;=0.3 and the coefficient p;=0.15 was used for the sen-
sitivity to the relative velocity [14].
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Fig. 1 Material and friction model [13]

The scratching kinematic of the simulated grain engage-
ment was chosen in accordance with a surface grinding pro-
cess. ABN900O CBN grains with a diameter of d; =251 um
were used. A grinding wheel circumferential speed of
v¢=20 and v,=40 m/s and a depth of cut of a,=1.5 mm
was used. The workpiece speed was chosen as v, =100 and

v, =200 mm/min. The prepared workpieces had a concave
radius corresponding to the diameter of the grinding wheel,
as shown in Fig. 2. Thus, in combination with the workpiece
speed v,, a similar engagement situation as in the creep feed
grinding process is analysed.

3 Experimental setup

To ensure the prediction accuracy of the simulation, the
simulated temperatures have to be compared with the tem-
peratures in the actual scratching process. For the valida-
tion of the simulation model single grain scratching tests
were carried out with the same process parameters used in
the simulation. The short contact times during single grain
scratching complicates the detection of the temperatures.
For the experimental determination of temperatures dur-
ing single grain scratching, a two-colour pyrometer of type
FIRE 3 from EN2AIX-ENERGY ENGINEERING AACHEN GMBH was
used (see Fig. 3). The pyrometer allows non-contact tem-
perature measurements for temperatures above 7, =250 °C
with a sampling rate of up to f, ... =500 kHz. The two-color
pyrometer, also called ratio pyrometer, determines the sur-
face temperature at the measuring point based on the ratio
of two intensity signals from different wavelength ranges.
The detected intensity / depends among other things on the
temperature 7" and the emissivity € of the measuring point.
This can be neglected as the ratio of two intensity signals for
different wavelength is formed. Two-color pyrometers, there-
fore, do not need to be calibrated dependant on the surface to
be measured. The directional dependance of the emissivity €
does not influence the measurement result, which is particu-
larly advantageous for determining the temperature of chips
with different geometries and orientations [15]. For the exact
positioning, a lens system with a focal length of =80 mm
was coupled to the optical fiber (core diameter d,=0.4 mm).
This made it possible to increase the distance to the meas-
ured object and to reduce the spot diameter. With the aid of
a projected laser point through the optical fiber and the lens
system, the measuring point was positioned exactly along
the scratch path, so that the contact temperature of the chip
formed in front of the grain cutting edge was determined.
In order to ensure the functionality of the measuring
system, preliminary tests with a variation of the process
parameters were carried out. Every parameter combina-
tion was repeated twice. Blocky CBN-grains with a similar
grain geometry have been chosen for each test point. The
correlations are shown in Fig. 4. It was observed that the
temperature 7 rises with increasing grinding wheel circum-
ferential speed v,. The lowest temperatures were measured
for a grinding wheel circumferential speed of v,=10 m/s
and workpiece speed v, =200 mm/min. An increase in the
workpiece speed to v, =400 mm/min lead to an increase in
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Fig.2 Engagement kinematics

the temperature 7. Higher temperatures were measured for
higher grinding wheel circumferential speeds v,=20 m/s.
The highest temperatures were measured for a grinding
wheel circumferential speed v;=40 m/s. For a grinding
wheel circumferential speed v, =40 m/s, the influence of the
workpiece speed v,, on the chip temperatures was neglecta-
ble. The small variation in the results for every parameter
setting, which can be explained by micro wear, verified the
functionality of the measuring system. The system will be
used in further investigations to analyse the correlations
between the real grain geometry and the process parame-
ters on the thermo-mechanical loads in detail. The relevant
physical mechanisms that influence the heat generation will
be analysed by means of the simulation model.

4 Results

To evaluate the general suitability of the model to predict
the chip temperatures, the simulated temperatures were
compared with experimental results. As an example, three

pyrometer lenses - |
fibre d

multi component |

dynamometer

‘Workpiece
100Cr6

BLOHM PROFIMAT

Fig.3 Experimental setup for temperature measurement with ratio
pyrometer
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different parameter settings with three different grains are
presented in Fig. 5. The maximum of the average chip
temperature in the simulation was compared with the
maximum of the smoothed measured temperature in the
experiment and are in good agreement. For grain (a) with
the highest opening angle a temperatures of T;,, = 1320 °C
have been simulated. The experimental temperatures are
Ty, = 1315 °C. For grain (b) with the same process param-
eters, the temperatures were lower due to the smaller open-
ing angle of the grain (see Fig. 5). Grain (b) and (c) posses
a similar geometry. The higher grinding wheel circumfer-
ential speed v, lead to higher temperatures 7. In this case,
more kinematic energy is transferred into heat during the
scratching process, whereas the largest amount flows into
chip and workpiece. All these correlations, which have also
been proved in former experimental and analytical investiga-
tions [16], are correctly represented in the simulation model.
This verifies that the chosen methodology for the simulation
of the chip temperatures is suitable. Due to the high compu-
tational times of ca. 100 h further investigations for varying
input variables are in progress to evaluate the prediction
accuracy of the model in more detail. As it is difficult to use
the grains for test replications because of wear mechanisms,
a large number of grains with varying geometry will be used
in experiment and simulation. By characterizing their geom-
etry, groups of grains with similar geometries will be formed
to identify valid correlations between grain geometry and
chip temperatures.

5 Summary

The presented numerical model allows the simulation of
single grain scratching under consideration of the real grain
geometry. For this purpose, a procedure was developed which
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Fig.4 Influence of the workpiece speed and the grinding wheel cir-
cumferential speed on the temperatures
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Fig.5 Comparison of simulated and measured temperatures

allows the integration of real, optical measured grain geom-
etries into a FEM simulation. The model is able to predict
the chip temperatures in good accordance with experimental
results, which was proofed by means of a ratio pyrometer.

In the experimental investigations, temperatures during
single grain scratching were recorded which are above the
usual processing temperatures in metal forming processes.
To allow a precise prediction of the scratching forces in the
simulation model, the material model is extended for such
high temperatures in combination with the high strain rates
occurring during grain engagement. For this purpose SpLiT-
Hoprxinson-PRESSURE-BAR-Test have already been carried
out. Laser flash analysis of the thermal conductivity of CBN
grains will help to describe the thermal behaviour of CBN
in dependance of the temperature.

In further steps, the simulation model will be used to
anlyse systematically the influence of the grain geometry
on the thermo-mechanical loads. The gained knowledge
contributes to an extended process understanding and gives
information for the optimization of grain geometries and
grinding tools. For this purpose, an extension of the model to
the multi-grain-engagement and other materials is planned.
In another current research project, grain wear will be mod-
elled based on the investigation results from this project. By
means of these results, the model will be extended to take
grain wear into account.
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