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Abstract
The influence of the bond on grinding processes remains one uncertainty in the investigation of grinding tool behavior. Among
others, this is due to the lack of knowledge about the interactions between the grain/bond interface and the grinding process loads.
Understanding these interactions allows for further process development by adjusting the bond to the grinding application. The
interactions at the grain/bond interface during grinding depend on the single grain thermomechanical loads as well as the tool
properties. This paper presents an approach to provide the boundary conditions which are needed to model the interactions at the
grain/bond interface. The machining of tungsten carbide with a bronze-bonded diamond tool is considered as use case. For this
purpose, a novel kind of tool extracted from the grinding layer that serves to quantify the loads affecting the active grains and
consequently their grain/bond interfaces during grinding is developed. The results of different grain orientations are plotted in a
so-called Acu diagram, which gives an overview of the mechanical loads for different grain orientations and chip thickness values,
as they occur during grinding due to the stochastic orientation and distribution of the abrasive grains in the grinding tool. It is
shown that depending on the engagement conditions, the single grain-cutting force can reach up to 300 N by chip thickness
values of 20 μm, which implies different wear behavior of the active grains.
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1 Introduction

Bronze-bonded grinding tools are the most common type of
tools used among the sintered metal-bonded grinding tools [1,
2]. The properties of these tools can be varied in a wide range
during manufacturing by modifying the powder mixture and
the sintering parameters [3, 4]. Bronze bonds are often com-
bined with superabrasives, such as diamond and polycrystal-
line cubic boron nitride [1, 2, 5]. Due to the high strength of
this bond type in combination with the high ductility as well as
the high thermal conductivity, bronze-bonded grinding tools
are predestined for the machining of brittle and hard materials,
such as tungsten carbide, ceramics, and glass [1, 2]. During
machining, the bronze bond is subject to mechanical loads. If

these loads are beyond the bond strength, it will deform plas-
tically and therefore will affect the process and lead to grain
breakout [6].

Modeling the grinding process enables the understanding
of the grinding behavior and therefore improves the efficiency
of the process [7]. The grinding behavior of a grinding tool
summarizes the aspects of workpiece quality, process forces,
and tool wear [8]. In the literature, there are a large number of
models to explain and to predict the grinding process. Models
that consider whole grinding tools are defined as macroscopic
models. The macroscopic models are typically analytical or
numerical models based on microscopic models, chip thick-
ness models, and topography models [9–12]. Microscopic
models are built with analogy methods, such as single grain
cutting which provides basic knowledge about the interdepen-
dencies between the abrasive grain and the process behavior
on amicroscopic scale [9, 10, 13–20]. The single grain-cutting
tool consists of one abrasive grain which is glued or soldered
onto the tip of a stick-shaped metal body. Since the grain
bonding of single grain-cutting tools strongly simplifies the
bond matrix of grinding tools, the interactions at the grain/
bond interface are depicted insufficiently by single grain
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cutting [9–20]. As a result, there is a knowledge deficit about
the influence of the grain/bond interface on the grinding be-
havior. Reducing this knowledge deficit is of high scientific
relevance, as it allows better understanding of the grinding
process and the adjustment of the bond to the grinding
application.

The interactions at the grain/bond interface during grinding
depend on the interface properties as well as the single grain
thermomechanical loads. These loads, in turn, are defined by
the engagement conditions of the grain with the workpiece.
Therefore, the main objective of this research work is to de-
velop a method which allows the single grain loads during
grinding dependent on the engagement conditions to be de-
fined. This method is called single grain grinding. It represents
a further development of the single grain cutting by taking the
bond and the engagement conditions into consideration. In the
future, the single grain grinding will form the base for model-
ing the interactions at the grain bond interface.

2 Single grain tool with consideration
of the bond

To determine the single grain thermomechanical loads, the
single grain-cutting process is applied. However, the use of
conventional tools is avoided. Instead, a novel tool which
takes the bond into consideration is developed. The underly-
ing idea of this development is to use the actual grinding tool
bond for single grain cutting experiments. For this purpose,
pyramidal segments are produced from a bronze-bonded
grinding wheel in several steps (Fig. 1).

The first step consists of the manufacturing of a grinding
wheel (1). This step is carried out with a Dr. Fritsch DSP 510

sintering press. For this step, an initial mixture of bond powder
containing 90at% copper and 10at% tin from Dr. Fritsch as
well as cubo-octahedral diamond grains with the specification
FMD60 from Van Moppes is used. The grain size and the
grain concentration are D181 and C100, respectively.
Subsequent to the manufacturing, the grinding layer is cut
with a water jet into a geometry similar to a gearwheel (2).
Then, a triangular profile is generated on the layer with a
stationary dresser (3). Afterwards, the grinding layer is sepa-
rated from the wheel body with a water jet (4). Following this
step, the resulting ring is broken down manually into several
pyramidal segments, the so-called grinding pyramids. The
grinding pyramids are later glued to a steel body (5). A mod-
ified wheel body with balancing holes and a clamping system
is used to mount the novel tools. Finally, a grain is uncovered
by machining a sharpening stone using a surface-grinding
machine (6). The tools that can be used for single grain grind-
ing must have a single grain on the tip after sharpening. The
final inspection and sorting of the tools are carried out with the
aid of a light microscope fromKeyence. A total of 13 tools are
selected for the following investigations.

Figure 2 shows the experimental setup. For the experi-
ments, a Geibel+Hotz surface-grinding machine is used. The
axial kinematics on an inclined sample is selected. This kine-
matics corresponds to the circumferential surface grinding, to
which an axial feed motion is superimposed. Equidistant
scratches of different depths are produced via a suitable com-
bination of feed speed and cutting velocity. Each scratch is
analyzed by means of chip thickness hcu and corresponding
chip cross-sectional area Acu (Fig. 2). For this purpose, a laser
microscope μscan from NanoFocus AG is used. Furthermore,
the process forces in normal, tangential, and axial direction of
each scratch are measured with a MiniDyn 9256-C from

Fig. 1 Novel single grain-cutting tool
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Kistler. For the purpose of evaluation, the maximum forces are
assigned to the maximum scratch depths. To increase the data
quality, polished tungsten carbide (10% cobalt, 0.9 μm tung-
sten carbide grain size) samples are used in the experiments.
Prior to the tests, a lubricating oil film is spread on the sam-
ples’ surface to produce lubrication conditions similar to the
grinding process. To analyze tool topographies, a scanning
electron microscope (SEM) EVO60 from Carl Zeiss is used.

3 Tool wear in single grain grinding

The bond wear of the novel tool provides information on its
suitability for investigating the interactions at the grain/bond
interface. In this section, the wear of the novel tool during
single grain grinding is investigated and compared with the
wear of a grinding wheel during grinding. To achieve compa-
rable types of wear, the grinding tool is sintered with the same
specification as the tool used to manufacture the single grain
tools. Furthermore, the same workpiece specification is used
in both processes.

To emphasize the bond deformation of the single grain-
cutting tool, tool wear is provoked by cutting scratches with
chip thickness values higher than hcu = 20 μm, which are un-
usually high values in comparison with hcu values below
10 μm for grinding. Figure 3 shows a scanning electron mi-
croscope micrograph (SEM-micrograph) of a worn tool. Both
grain-related and bond-related wear types can be identified in
this image. The grain-related types of wear are adhesive wear
and grain splintering. The plastic deformation represents the
bond-related wear. This wear type was also reported by refer-
ence [6]. According to [6], progressive bond wear leads to a
penetration of the bond by the grain or to a complete grain
breakout.

To explore the extent of the plastic deformation at the grain/
bond interface, a cross-section of the worn tool is prepared. To
realize this, the worn tool is separated in the grinding direc-
tion, embedded in a synthetic resin mass, ground, and
polished. Figure 4 shows a SEM-micrograph of the cross-
section generated by this way. Deformed grain boundaries
and deformed pores can be detected on this graph. As a result
of the mechanical single grain loads transmitted to the inter-
face, the interface deforms plastically and the bond socket
expands. These deformations extend for up to 3 μm in the
considered area, which weakens the retention of the grain in
the bond. The deformations are supported by the pure form-fit
connection between the grain and the bond, as no chemical
reactions occur at the interface during manufacturing. These
results prove that the developed tool enables the investigation
of the grain/bond interface by correlating the deformations
with the boundary conditions of the single grain-grinding pro-
cess. In the following, the wear types during grinding are
considered to validate the suitability of the developed tool.

The initial topography of the cylindrical grinding tool used
for the validation is generated by profiling with a #70-SiC
form roll (qd = − 0.8; vcd = 9.3 m/s; vfad = 743 mm/min; a-

ed = 0.2 mm) and sharpening with a #60-corundum sharpening
stone (aes = 2 mm; vfs = 300 mm/min; vcs = 15 m/s). Both
dressing tools use a vitrified bond. Subsequent to the dressing
process, deep feed-grinding experiments of tungsten carbide
are carried out. To observe tool wear, a sufficiently high spe-
cific material removal of V’w = 1500 mm3/mm is machined.
The experiment is carried out with a depth of cut of ae =
0.5 mm, a cutting speed vc = 15 m/s, and a workpiece speed
vf = 100 mm/min. By this parameter combination, the single
grain chip thickness lies by hcu = 1.5 μm [21].

Figure 5 depicts SEM-micrographs of the tool surface after
sharpening and after grinding. After sharpening, the tool to-
pography shows intact abrasive grains with high protrusions

Fig. 2 Experimental setup of single grain grinding
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that are firmly embedded in the bond matrix. The grains have
bond backs, which are created by the flow of the sharpening
medium around the abrasive grain during conditioning. After
grinding, both grain and bond wear can be observed. The
grain wear types are adhesion, abrasion, and splintering.
Furthermore, the bond sockets have expanded due to plastic
deformations. Additionally, the plastic deformations have
caused a diamond grain to sink into the bond, so that the
protrusion is reduced and the bond back comes into contact
with the workpiece. This leads to increased friction in the
process and consequently to rising process temperatures.

Bond deformations, which occur during single grain grind-
ing, also occur during grinding. This fact confirms the suit-
ability of the novel tool to investigate the influence of the bond
on the process behavior at a microscopic scale. Nevertheless,
the wear types during single grain grinding are exclusively
mechanical wear types. This is attributed to the different ther-
mal boundary conditions of both processes regarding the con-
tact zone temperature and the tool temperature: During grind-
ing, the contact zone is pre-heated by the engagement of mul-
tiple grains. In addition, the structure of the single grain tool
allows better cooling during the cut interruption.

Fig. 3 Wear types during single
grain grinding

Fig. 4 Deformations at the grain/bond interface
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4 Modeling the engagement conditions
of single grains

The engagement conditions with the workpiece surface during
grinding define the thermomechanical loads of each single
grain. As the abrasive grains are randomly oriented and sto-
chastically distributed, a methodical evaluation of the different
engagement conditions of the abrasive grains is required. For
this purpose, chip cross-sectional area values resulting from
all possible grain orientations are determined and plotted
against different chip thickness values.

To create this model, a software tool, which determines the
possible engagement conditions on the basis of a geometric
grain model built according to the cubo-octahedral diamond
grain used for manufacturing (Fig. 6a), is developed. This is
achieved by tilting the grain model in one-degree steps along
the X, Y, and Z unit axes and characterizing the cutting edge by
means of the chip cross-sectional area Acu.

During grinding, the chip cross-sectional area depends on
the grain shape. Furthermore, it relies on the chip thickness
hcu, which is defined by the grinding parameters (cutting ve-
locity vc, depth of cut ae, workpiece speed vf), the grain pro-
trusion, and the grain distribution. Therefore, for each theoret-
ical grain orientation, the software tool increases the chip
thickness hcu in 1-μm increments and determines the chip
cross-sectional area Acu in each step. Thus, a chip cross-
sectional area curve is obtained as a function of the chip thick-
ness hcu. Due to the geometric constraints, an Acu curve can be
described by a second degree polynomial. The Acu curves of
all the grain orientations form an Acu diagram (Fig. 6b).

Grain orientations that imply triangular-shaped cutting
edges exhibit smaller chip cross-sectional area values than grain
orientations resulting in flat or spherical cutting edges and are

therefore located at the bottom of the Acu diagram, whereas the
latter are located in the upper part (Fig. 6b). Each position in the
Acu diagram can be interpreted as a single grain-operating point
covering a variety of different grain geometries.

5 Operating points

During the experimental investigations, each tool is used in
three test series at the cutting speeds vc = 10, 15 and 20 m/s.
After each test series, the tools are evaluated regarding wear
with the light microscope and, if necessary, rejected if grain
breakouts or bond wears lead to bond friction, whereby the
process forces are falsified.

Due to the used kinematics, each tool spans several oper-
ating points in the Acu diagram during the experiments. To
characterize these experimentally determined operating points
of each tool, they are set against the theoretical Acu curve that
result from the grain orientation of the considered tool. As
shown in Fig. 6, an Acu curve can be depicted as a quadratic
function of the chip thickness. Therefore, to obtain the theo-
retical Acu curve of a given tool, all its operating points are
interpolated with a second degree polynomial:

Acu ¼ p1h
2
cu þ p2hcu ð1Þ

Another method to determine the theoretical Acu curve is to
create a CAD model of the tool from a laser microscope mea-
surement. This CAD model can then be used to determine the
chip cross-sectional area values for variable chip thickness
values. However, it has been found that the method of inter-
polation of the experimental operating points is more accurate
and less complex than the measurement method.

Fig. 5 Wear types during grinding
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Table 1 in the appendix lists the interpolation data p1 and p2
as well as the quadratic error R2 and the number of operating
points per cutting speed and tool. The smallest quadratic error
of the theoretical Acu curves is R

2 = 0.89, which indicates a
high interpolation quality. In total, there are 298 operating
points. While 129 operating points are obtained by the cutting
speed vc = 10 m/s, the numbers of operating points at vc =
15 m/s and vc = 20 m/s correspond to 89 and 80, respectively.
This decreasing tendency is due to the elimination of some
tools because of wear.

A reference tool is defined for the purpose of further anal-
yses. Figure 7 shows the reference tool’s operating points at
different cutting speeds. In addition, the theoretical Acu curve
is shown. The operating points deviate slightly from the the-
oretical Acu curve. Irrespective of the cutting speed, they are
located above or below the theoretical Acu curve. These devi-
ations are more noticeable with higher chip thicknesses.

The existing deviations between operating points and the
theoretical Acu curve can be attributed to material separation
mechanisms and dynamic loads. The tool is most likely subject
to a high dynamic load with increasing chip thickness, which is
reflected in a deflection and therefore a deviation of the chip
cross-sectional area. Furthermore, from the SEM-micrographs
of the scratches at the chip thickness values hcu = 1.4 μm and
hcu = 11.7 μm in Fig. 8, smooth areas as well as breakouts can
be identified. These phenomena indicate ductile and brittle ma-
terial separation, which are typical for tungsten carbide machin-
ing [13]. The breakouts occur more frequently with higher chip
thickness and lead to an increase of the effective chip cross-
sectional area against the theoretical value.

Due to the material separation mode and the dynamic loads
during single grain grinding, slight displacements of the oper-
ating points may occur. At the same time, the theoretical Acu

curves describe the theoretical position of the operating points
if there are no deviations. Figure 9 shows the experimental Acu

values of all the operating points plotted against the theoretical
Acu values obtained from calculating the chip cross-sectional
area with the corresponding interpolation data at each exper-
imental chip thickness. With this representation, it is possible
to evaluate the deviation of all the experimental operating
points from the theoretical operating points by calculating
the quadratic error R2. This calculation result in a value of
R2 = 0.95 indicates a high interpolation quality.

6 Mechanical single grain loads

In the following, the force components in the normal, axial,
and tangential direction at the operating points of the reference
tool are examined (see Section 2 and Fig. 2). Figure 10 dis-
plays these force components at different cutting speeds de-
pendent on the chip cross-sectional area Acu.

All measured force values in Fig. 10 lie beneath 40 N and
are comparable with values from the literature dealing with
single grain cutting of tungsten carbide with diamond grains
[13]. Regardless of the cutting speed, the normal, tangential,
and axial forces increase linearly as the chip cross-sectional
area increases. This effect is due to the increased material
removal and the resulting increase in friction and material
deformation energy.

In addition, it can be observed that the forces decrease as
the cutting speed increases. While the normal force at the
highest chip cross-sectional area and the lowest cutting speed
has a value of Fn,10 = 29 N, it decreases to Fn,20 = 19 N at the
highest cutting speed vc = 20 m/s. Furthermore, the tangential
force decreases from Ft,10 = 38 N to Ft,20 = 21 N and the axial

Fig. 6 Model of the engagement conditions
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force from Fa,10 = 5.4 N to Ft,10 = 5.3 N. By raising the cutting
speed, the frictional power in the grain/workpiece contact
zone increases which leads to higher temperatures.
According to reference [13], in case of higher process temper-
atures, the fracture toughness and hardness of tungsten carbide
and consequently the forces decrease.

The single grain-cutting force Fc is suitable for the evalua-
tion of mechanical loads which affect the grain/bond interface.
It summarizes all force components and is defined by magni-
tude and direction:

Fc
�! ¼ Fn

�!þ Ft
!þ Fa

�! ð2Þ

As shown in Fig. 11, the single grain-cutting force in-
creases linearly as the chip cross-sectional area increases and
the cutting speed decreases, which is attributed to the devel-
opment of the force components. Each test series is described
by a regression line with a quadratic error over R2 = 0.98:

Fc ¼ a:Acu þ b ð3Þ

where a and b represent a force coefficient and a force con-
stant, respectively. The force coefficient describes the slope of
the single grain-cutting force development dependent on the
chip cross-sectional area. According to the regression line, the
force constant corresponds to the single grain-cutting force at
the chip cross-sectional area Acu = 0. Regarding the machin-
ing process, this parameter can be interpreted as a plowing
force acting on the grain by penetrating the workpiece surface.
When the cutting speed increases from vc = 10 m/s to vc =
20 m/s, the force coefficient is reduced from a10 = 0.052 N/
μm2 by 39%. In addition, the force constant decreases from
b = 7 N at vc = 10 m/s to c = 2.1 N at vc = 20 m/s. This cutting
speed dependency of the force coefficient and the force con-
stant is explained analogous to the correlation of the cutting
speed and the resulting force components with the impact on
tungsten carbide properties by higher cutting speeds.

Fig. 8 Material separation
mechanisms by various chip
thickness values

Fig. 7 Operating points of the
reference tool
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In addition to the force magnitude, the force direction also
determines the wear behavior of the abrasive grain. To char-
acterize the force direction, the effective cutting speed angle η
is determined analogous to cutting with a geometrically deter-
mined cutting edge. Due to the three-dimensional characteris-
tic of the single grain-cutting force, the tangential effective
cutting speed angle ηt and the axial effective cutting speed
angle ηa are defined as follows:

ηt ¼ tan−1
Ft

Fn

� �
ð4Þ

ηa ¼ tan−1
Fa

Ft

� �
ð5Þ

The tangential effective cutting speed angle is located in the
tool orthogonal plane. It describes the angle between the sin-
gle grain-cutting force and the normal force (Fig. 12). For the
grinding process, this parameter is proportional to the cutting
force ratio μ. Furthermore, the axial effective cutting speed
angle is situated in the cutting edge plane and corresponds to
the angle between the single grain-cutting force and the tan-
gential force (Fig. 12). Figure 12 depicts the development of
these two parameters dependent on the chip cross-sectional
area at different cutting speeds for the reference tool.

Figure 12 shows that the effective cutting speed angles are
nearly constant over the chip cross-sectional area. The highest
deviations of the measurements from the mean values occur at

Fig. 10 Force components during
single gain cutting

Fig. 9 Comparison of experimental and theoretical Acu values
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small chip cross-sectional area values. This is due to the tran-
sition from ductile to brittle material separation. Comparably
with these deviations, the deviations at higher chip cross-
sectional area values are relatively small. These deviations
are attributed to the fact that the ratio between frictional work
and cutting work changes depending on the chip cross-
sectional area. According to Table 2 in the appendix, which
shows the mean values of the effective cutting speed angles
and the standard deviations of all the tools, the standard devi-
ations are relatively small compared with the mean values for
different grain orientations. Therefore, in the following, it is
assumed that these parameters represent a characteristic of the

cutting edge geometry which remains constant for different
chip cross-sectional area values.

Additionally, Fig. 12 demonstrates that the tangential effec-
tive cutting speed angle decreases and the axial effective cut-
ting speed angle increases by higher cutting speed values. As a
result, the effect of the cutting speed on the axial effective
cutting speed angle is greater than the effect on the tangential
effective cutting speed angle. When the cutting speed in-
creases from vc = 10 m/s to vc = 20 m/s, the tangential effec-
tive cutting speed angle decreases from ηt = 52° by 8%. In
contrast, the axial effective cutting speed angle increases from
ηa = 9° by 90%. For the grinding tool, this cutting speed-

Fig. 12 Effective cutting speed
angle

Fig. 11 Single grain-cutting force
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dependent development of the effective cutting speed angle
causes more pressure in normal and lateral direction, which
can affect the wear behavior of the grain. As shown in Table 2
in the appendix, the development of the cutting speed angles
depends on the cutting edge geometry, since the tangential
cutting speed angle increases and the axial effective cutting
speed angle decreases by higher cutting speed values (tool 12
and tool 13).

On the basis of this exemplary consideration of the refer-
ence tool’s forces, it is possible to assign a force coefficient
and a force constant as well as a tangential effective cutting
speed angle and an axial effective cutting speed angle to each
cutting speed/tool combination. The results of these linear
interpolations as well as the quadratic error and the standard
deviations are shown in Table 2 in the appendix. While the
quadratic error of 66% of all interpolated data is above R2 =
0.9, it is above 0.7 for the remaining data.

The deviations of the measured values from the regression
line can be attributed to several effects. Microscopic wear of
the abrasive grain or the bond can occur. Local deviations of
the workpiece material properties or the lubrication conditions
may also occur. In addition, the tool heats up at high chip
thickness values, so that the material separation behavior is
influenced.

The interpolation data shows that the findings regarding the
influence of the cutting speed on the force coefficients and the
force constants can be transferred to the other tools. However,
the development of the effective cutting speed angle as a func-
tion of the cutting speed is geometry-dependent, since for
some tools, such as tool 11 and tool 13, increasing the cutting
speed leads to an increase in the tangential effective cutting
speed angle and a reduction in the axial effective cutting speed
angle. This difference is due to the different components of the
cutting edge geometry, such as the rake angle, which are not
considered in this work.

In conclusion, the effective cutting speed angles, the force
coefficients, and the force constants are obtained from single
grain grinding. This data can be used to define the single grain
force of each tool for any chip cross-sectional area. On the
other hand, interpolation results available from the previous
section describe the development of the chip cross-sectional

area as a function of the chip thickness (theoretical Acu

curves). The combination of these results makes it possible
to complement the theoretical Acu curves with the calculated
single grain forces (Fig. 13). At the cutting speed vc = 15 m/s,
the highest single grain-cutting force of 300 N results at the
highest chip thickness for flat-cutting edges. This case proba-
bly does not occur in reality because the grain would break
out. However, the advantage of this diagram is that a large
field in the Acu diagram can be considered, which gives an
overview of the mechanical loads for different grain orienta-
tions and chip thickness values, as they occur during grinding.

7 Conclusions

In this paper, the single grain grinding under consideration of
bond properties is developed. This method is used to define
the boundary conditions at the grain/bond interface during
grinding by using a single grain tool extracted from the grind-
ing layer. The experimental investigations show that bond
wear, which occurs during grinding, is formed by single grain
grinding. This fact proves the suitability of the novel tool to
depict the grinding process at a microscopic scale in a more
realistic way than conventional single grain-cutting tools. Due
to the random orientation and distribution of the abrasive
grains in the grinding tool, a methodical characterization of
the engagement conditions during single grain grinding is car-
ried out. For this purpose, the chip cross-sectional area is
correlated with the grain orientation. This characterization en-
ables the creation of an Acu diagram, in which all the possible
grain orientation are considered. In this diagram, an active
grain during grinding is represented as an operating point.
The single grain forces and the generated scratches measured
in single grain grinding serve to assign forces to the operating
points. These experimental findings along with the geometri-
cal and physical tool properties will serve as input parameters
to build numerical simulations to model the deformations at
the grain/bond interface due to an engagement with the work-
piece depending on the grain orientation and the chip
thickness.

Fig. 13 Measured and calculated single grain-cutting forces
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Appendix

Table 1 Interpolation data of Acu curves and operating points

Tool Interpolation data Acu course operating points per vc

p1 (−) p2 (μm) R2 (−) 10 m/s 15 m/s 20 m/s

Reference 4.315 27.279 0.98 5 8 10
2 3.514 5.808 0.95 14 10 9
3 8.321 25.084 0.92 8 4 8
4 1.304 26.226 1 5 11 0
5 0.281 32.495 0.89 7 5 8
6 0.891 27.672 0.98 18 8 2
7 1.351 33.092 0.91 6 0 0
8 1.667 51.12 0.93 16 11 11
9 0.57 31.32 0.91 11 5 3
10 0.841 14.069 0.99 0 3 4
11 2.489 25.114 0.96 10 5 9
12 2.175 22.448 0.96 17 8 5
13 1.881 9.006 0.95 12 11 11

Table 2 Interpolation data of
single grain forces and effective
cutting speed angles

vc (m/s) Tool Single grain force Tangential effective
cutting speed angle

Axial effective
cutting speed angle

a (N/μm2) b (N) R2 ηt (°) stb. (°) ηa (°) stb. (°)

10 Ref. 0.06 4. 5 0.99 52 0.9 9 0.7
2 0.08 2 0.89 21 6 28 4
4 0.04 0.6 0.97 27 1 11 1.3
6 0.09 4.9 0.88 10 0.6 51 2.8
7 0.03 19.9 0.78 25 0.3 27 1.1
11 0.13 1.7 0.90 20 1.2 34 2.2
12 0.05 8. 9 0.7 34 1.3 22 2
13 0.04 0.9 0.99 22 2.4 24 6.4

15 Ref. 0.04 1.6 0.99 49 3.7 16 4.5
2 0.04 2.3 0.98 17 4 44 3.6
3 0.1 0.6 0.99 29 4 16 0.3
4 0.03 1.1 0.93 27 4 29 14
5 0.17 4.7 0.8 18 3.8 46 13.1
6 0.14 2.8 0.94 18 4.2 48 14
9 0.32 9.1 0.87 63 1.6 9 2.2
10 0.03 0.7 0.82 14 0.3 37 18
11 0.08 0.1 0.98 27 3.4 31 8
12 0.03 0.6 0.98 45 1.8 12 3.4
13 0.03 0.7 0.99 24 2.2 30 6.2

20 Ref. 0.03 1.2 0.98 48 2.4 17 2.5
2 0.03 1.7 0.94 13 1.9 50 8.9
3 0.07 0.7 0.99 24 3 25 14
5 0.16 1.4 0.96 24 2.7 33 7.9
9 0.16 1.5 0.87 60 1.8 8 1.2
10 0.01 0.1 0.88 24 1.6 44 15
11 0.06 0.6 0.97 13 2.4 50 10.3
12 0.03 0.03 0.99 42 2.8 18 1
13 0.02 0.03 0.99 28 2.2 32 7.4
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