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Abstract

Gear skiving is a high-performance machining process for gear manufacturing. Due to its complex kinematics, the local cutting conditions vary
during tool engagement. Particularly, the local rake angle can reach highly negative values, which have a significant effect on the cutting force.
In this paper, the Kienzle force model with additional coefficients was implemented in a numerical model to calculate local cutting forces
considering the influence of local rake angle. The experimental validation based on total cutting forces shows good results and indicates an

increase of model accuracy for a wide parameter range by considering the rake angle variation.
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1. Introduction

Gear skiving is a highly productive machining process for
the manufacture of internal and external gears. In comparison
to other established processes for internal gears, like gear
shaping and broaching, it offers advantages in flexibility and
productivity. Moreover, it is also largely used in the
manufacture of components with internal and external gearings.
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Fig. 1. Main process parameters of gear skiving.
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Gear skiving is especially attractive for the production of
gears with interfering contours, since the tool overrun can be
diminished by reducing the axis crossing angle. In this
particular case, higher spindle rotations are needed to
compensate the diminution of the cutting speed. Furthermore,
the local rake angle can reach large negative values due to the
unfavorable kinematics, which has a negative impact on the
cutting forces.

The gear skiving was patented in 1910 [1] but its industrial
establishment was only possible many years later with the
introduction of new technologies in the machine tool industry
and especially with the development of simulative approaches
to the process design. Jansen [2] first investigated the gear
skiving kinematics and Hiihsam [3] proposed a mathematical
model for tool and process design, providing an extensive
investigation of the influence of tool geometry and process
parameters on the local cutting conditions. The influence of the
different process parameters was investigated in other recent
works [4, 5, 6, 7, 8].
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Nomenclature
A Cross-sectional area of cut
b Width of cut

Cu Model fitting coefficient for cutting speed, chip
deformation and tool wear

da External diameter

F. Cutting force

h Uncut chip thickness

Pimax Maximum uncut chip thickness

me Exponent of cutting force

i Index for position along the cutting trajectory
j Index for points along the cutting edge
ke Specific cutting force

ke Nominal specific cutting force

Kehip Chip deformation coefficient

kve Cutting speed coefficient

kwear Tool wear coefficient

k, Rake angle coefficient

mp Normal module

7p Base diameter of workpiece

Sux Axial feed

Sax.t Axial translation between consecutive cuts
Ve Cutting speed

Vs Sliding speed

) Number of teeth of cutting tool

z2 Number of teeth of workpiece

a Clearance angle

Qtool Tool clearance angle

B Base helix angle

o) Helix angle of cutting tool

Jez) Helix angle of workpiece

Ao Angular increment between consecutive cuts
y Rake angle

Vmin Minimum rake angle

Vool Tool rake angle

Viocal Local rake angle

K Tilt angle

X Axis crossing angle

The skiving process is characterized by variable local cutting
conditions: cutting and sliding speeds, uncut chip thickness,
clearance and rake angles result from the complex gear skiving
kinematics and the process parameters vary along the cutting
edge and during the tool engagement as well. These do not vary
linearly with the process parameters and represent a great
challenge for the process design. In order to enhance the
efficiency of the skiving process design, the understanding of
cutting forces is needed.

The calculation of process forces provides a valuable tool for
improving the process and machine tool design, shortening
development times and setting a high level of process
reliability. However, there is still a lack of knowledge about the
influence of the local cutting conditions, especially the local
rake angle, on the cutting forces.

1.1. Modeling of cutting forces

Jansen [2] first investigated the skiving process in terms of
kinematics, proposing the first simulative approach for the
cutting force calculation based on empirical results for turning.
Also based on fundamentals of metal cutting, Spath and
Hithsam [9] proposed a model for calculating the cutting forces
by gear skiving using the Kienzle equation. The forces are
calculated from the specific cutting force and cross-sectional
area for discrete elements along the cutting edge and then
summed up without considering the influence of local cutting
conditions other than the uncut chip thickness. For instance, the
influence of the local rake angle is not considered in this model.
A more recent work of Kiihlewein [4] used a FEM-based
analysis of the skiving process focusing on the chip formation
mechanism to calculate temperature and the cutting forces.

Li et al. [10] proposed a method for calculating the cutting
forces by gear skiving using the energy method. Guo et al. [§]
developed a cutting model based on material mechanics and
investigated the influence of multiple-infeed strategies on the
skiving performance. Nevertheless, these models consider
many material properties, which cannot be easily determined.
This impairs their practical application in process design.

1.2. Influence of the rake angle on the cutting forces

In gear skiving, the rake angle can reach large negative
values due to its kinematics. Differently from profile milling
and gear hobbing, the workpiece rotation reaches high values
and the correspondent kinematics result, inter alia, in large
negative rake angles. Especially in skiving of external gears
and with reduced axis crossing angles, the local rake angles
become critical because of the unfavorable kinematics [3].

The friction coefficient on the rake face can double in
orthogonal cutting with negative rake angles smaller than
y <-55°[11]. Because of the increase of the tool-chip friction
factor 1/k, the ratio between deformed chip and uncut chip
thicknesses also increases [12]. The larger contact area and the
high chip volume lead to increased cutting forces [13].

The cutting forces can be calculated from the specific
cutting force k. and cross-sectional area of cut A.. However, the
specific cutting force k. depends not only on the workpiece
material, but also varies logarithmically with the uncut chip
thickness. Originally, the Kienzle equation correlates the
nominal specific cutting force k.;; and the correspondent
exponent m., which are material properties and can be found in
the literature or are experimentally determined, with the uncut
chip thickness /. Additionally, the influences of the cutting
speed, chip formation, material removal rate, tool wear and
rake angle can be also considered. Thus, the extended Kienzle
equation is given by:

ke = (kye " kenip * kwear *ky) "kera =A™ (1

Different approaches to quantify the influence of the rake
angle on the cutting force can be found in literature [13, 14, 15,
16]. The approach described by Apprich et al. [14] and Dietrich
[15] considers a linear variation of the cutting forces with the
rake angle, in which the cutting forces vary 1 % per degree rake
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angle change. The second approach, described by Saglam et al.
[13] and Giinay [16] considers that the cutting forces vary
1.5 % per degree rake angle change. These relations are
mathematically expressed by the following equations:

-6
kyap = 1" )
109-1.5-
kygs = 1———>F 3)

2. Numerical procedure

The local cutting conditions uncut chip thickness, cutting
and sliding speed, clearance and rake angle result from the gear
skiving kinematics and the process parameters. Those vary
along the cutting edge and during the tool engagement as well.

In order to calculate the local cutting conditions, an iterative
model of the skiving process based on Hithsam [3] was
implemented. The cutting tool tooth profile is modelled as a
point cloud and its movement relative to a fixed workpiece is
calculated. Furthermore, the tool angles (helix angle, tool rake
and clearance angles) and the data from cutting tool/workpiece
arrangement (axis crossing angle, center distance and tilt angle)
are also represented in the calculation of the cutting trajectory
and the correspondent local cutting conditions.

The gearing mechanism is represented through only one
moving body for each cutting tool pass, simplifying the
calculation by reducing the number of variables. Then the
cutting trajectories for two consecutive tooth engagements in
one gap between teeth are compared to determine the
penetration volume (figure 2a). For the same radial infeed and
constant axial feed, each cut performed by the tooth of the
cutting tool is identical. For that reason, the second cutting
trajectory corresponds to a combination of axial translation Sex;
and rotation Agy of the first one.

Sax,t = Suxj_z 4)

Ao = S LV 5)
bZ2

In case of a multiple radial infeed strategy, the surface
produced in the previous tool pass must also be considered in
the calculation (figure 2b), in order to properly describe the
material removal and determine the effective material removal.

The local cutting conditions are then calculated for all n
points on the cutting tool and all m angular positions along the
cutting trajectory and limited to the effective penetration
volume. First, the cutting velocity v.;; and sliding velocities vy;;
are calculated. Next, the process angles a;; and y;; are
calculated from the geometrical relationships between cutting
velocity v.;; and cutting tool geometry. Then, the uncut chip
thickness is calculated for each point on the cutting edge as the
orthogonal distance from this cutting point to the surface
generated by the previous tooth, which is then projected onto
the reference plane. The reference plane is defined as the plane
through the selected cutting point, perpendicular to the
assumed cutting direction [17].
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Fig. 2. Calculation of penetration volume: a) comparison of consecutive
cutting trajectories; b) surface from previous pass, set as boundary condition.

The specific cutting force is calculated for each local cross
section area A. ;; of the cut element, which is defined as the
product between the uncut chip thickness #;; and the width of
cut b;; (distance between two adjacent points on the cutting
edge).

F'Ci'j = kCi,j ' ACi']' (6)
where
Ac; = bjhy; (7

The specific cutting force k. is considered locally and
rewritten as a function of the local uncut chip thickness #;; and
the local rake angle coefficient k,;. The reference values of
specific cutting force for steels can be found in the literature
and vary between 1800 and 2100 N/mm? [14, 15]. The specific
cutting force k.;; = 1800 N/mm? and the exponent m.=0.26
are constant in all simulations. It is assumed that the
coefficients ke, kenp and kyear do not vary locally. These are
represented by a model fitting coefficient C,,.

Cn = kye kchip *Kyear (¥

Finally, the resulting force on each tooth of the cutting tool
can be calculated for every cutting tool position i along the
cutting trajectory through vectorial addition of the local cutting
forces F.;j along the cutting edge (see figure 3).
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Fig. 3. Graphic representation of the cutting force calculation.
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The local cutting force vectors are defined with the same
direction as the cutting speed.

j:nk

Fi = j=1 Ci,j ’ A"i,j (9)

The equation (9) can be rewritten as:

Fy=Cykein Zji? b; - kyi,]- “hyj

1-me

(10)

In order to evaluate the most suitable rake angle coefficient,
the two methods described in section 1.2 are tested and
compared to each other and to the force calculation without
considering the influence of the rake angle (k, = 1). For each of
the three cases, the correspondent coefficient Cy, is adjusted to
fit the model.

3. Experimental procedure

The experiments are divided into two sets comprising
different parameter windows for skiving of an external gear of
non-hardened AISI 5115 Steel (16MnCr5 — 1.7131), with
module m, = 1.75 mm, external diameter d>, = 50.245 mm and
helix angle £, = 28.5°.

The process windows for both sets of experiments are listed
in table 1. It can be observed, that two different ranges of axis
crossing angle are chosen, in order to variate the kinematics
characteristics, leading to different ranges of local rake angle.
The minimum local rake angles in the first set of experiments
are approximately 50 % than in the second set.

Table 1. Process parameters for the series of experiment.

Set of experiments Set 1 Set 2
2[°] 5-15 28.5
Bol°] -235--135 0
Yiool [°] 0-12 0
oot [°] 0 7
K[°] 33-11 0
Dinax [um] 40-80 40— 160
Ve [m/min] 50 50
Cutting strategy [passes] 5-10 2-10
Ymin [°] -77--36 -50--20

In the first set of experiments, tests were performed using a
single-toothed tool designed for an involute geometry. The
cutting tool represents a one tooth segment from a cylindrical
skiving tool and one single gap is manufactured in each test.
The single-toothed tool and the workpiece geometry are shown
in figure 4. Since the cutting tool geometry has no tool
clearance angle (a0 = 0°), a tilt angle K must be used to create
a clearance angle in the process to avoid collision of the tool
flank with the workpiece. For every axis crossing angle
investigated, a corresponding cutting tool profile and helix
angle must be used in order to produce the same desired gear
geometry. The cutting tools used are made of powder
metallurgical HSS with AlCrN-based coating.

Tool holder

Cutting tool
(single tooth)

Gap between teeth

Fig. 4. Experimental setup: a) single-toothed tool and b) gear geometry.

In the second set of experiments, the tests were conducted
on the same workpiece geometry using a single-toothed tool
with carbide inserts DCMW11T308-RK6 WKKI10S. Unlike
the cutting tools used in the first set of experiments, the ISO-
geometry used does not allow producing an involute profile.
Furthermore, this tool has a clearance angle of awo=7°,
representing a tooth of a conical skiving tool. Therefore, no tilt
angle K is needed for this set of experiments.

All the tests were conducted in a skiving machine INDEX
V300 Sonder with computer numerical control Siemens
Sinumerik 840D. The forces were continuously measured on
the workpiece spindle in three directions fixed to the rotating
workpiece coordinate system using a custom piezo-based
Kistler force measuring platform.

A set of raw force measurement data for the second set of
experiments is shown in figure 5. Here, the axial feed
corresponding to a maximum uncut chip thickness of
hmax =80 um is constant for all tool passes. The arithmetic
mean of the maximum cutting forces of all single cuts during a
tool pass is used as reference to validate the cutting force
calculation. Thus, stochastic effects are minimized and each
tool pass from a single manufactured tooth gap is a valid data
point.
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Fig. 5. Exemplary force measurement for 7 tool passes (set of experiments 2).

It can be observed in figure 5, that the cutting forces increase
with the cumulated radial infeed, although the maximum uncut
chip thickness remains constant. This can be explained by the
longer tooth engagement and the following increase of the
active contour of the tool profile (analogous to cutting width).
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4. Results

In order to compare the different rake angle coefficients k,
for properly describing the influence of the local rake angle on
the cutting forces in gear skiving, the models are fitted to the
measured forces in each set of experiments. The two
experimental setups are fitted independently, since factors
aggregated in the force parameter Cy like tool microgeometry
cannot be compared.

A linear regression is used to evaluate the model accuracy
for the three cases. The correspondent model fitting coefficient
Cu, the maximum error and the coefficient of determination are
listed in table 2. The coefficients of determination show good
agreement between measured and calculated forces. However,
the variation of this parameter is not sufficient to provide a
satisfactory comparison between the three models to consider
the rake angle. On the other hand, the range of offsets of
calculated and measured forces decreases drastically when
considering the rake angle through coefficients from literature
compared to ignoring it by k, = 1.

Table 2. Model fit for different rake angle coefficients.

Model parameter Rake Angle coefficient

i ks k=1
Cy (set of experiments 1) 0.832 0.736 1.119
Cy (set of experiments 2) 1.654 1.523 1.900
Maximum error 22.6-32.0 23.5-25.2 24.8-47.6
R-squared 0.97 0.96 0.96

For the first set of experiments, the model fitting coefficient
Cy 18 35 to 50 % higher with &, = 1 than with both rake angle
coefficients. For the second set of experiments, the relation
between the model fitting coefficients Cy for k, =1 and the
calculated rake angle coefficients is smaller. The model fitting
coefficient Cy is 15 to 25 % higher with k, =1 than with the
two rake angle coefficients.

The similar coefficients of determination and the higher
error for the force calculations with &, = 1 may suggest that the
effect of the rake angle is indirectly compensated by the model
fitting coefficient. However, considering the rake angle by a
given coefficient increases the accuracy of the force model.

In order to compare the different methods to calculate the
rake angle coefficient, the maximum error is evaluated. For the
first set of experiments, the best results are achieved with &, gs.
According to this method, the influence of the rake angle on the
cutting forces results in 1.5 % force increase per degree rake
angle decrease. For the second set of experiments, the best
results are achieved using &, 4p. Here, the influence of the rake
angle on the cutting forces is moderate, where each degree rake
angle change results by a 1 % force increase. The results for
both k,,Gs and &, «p are shown in figure 6.
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Fig. 6. Comparison of calculated and measured forces for: a) k,.4p , b) & gs.

As can be observed in figure 6, the rake angle coefficient
k, s (right) is more suitable for the cutting forces calculation
concerning the first set of experiments, where the axis crossing
angles investigated are smaller and the local rake angles
inherent to the unfavorable kinematics reach lower values. On
the other hand, the rake angle coefficient k,p (left) shows a
slightly better model accuracy for the parameters investigated
in the second set of experiments.

5. Conclusion

A numerical model was developed to calculate the cutting
forces by gear skiving. This model considers the variation of
the local cutting conditions inherent to the skiving kinematics
and especially includes the influence of the local rake angle
based on an extended Kienzle equation of cutting forces.

In order to validate the model, two sets of experiments with
different parameter ranges were tried. Two different
approaches for the calculation of the rake angle coefficient [13,
14, 15, 16] were implemented in the numerical model and
tested. The calculation results are also compared to results
without a rake angle coefficient.

A linear regression is used to evaluate the model accuracy.
In all three variants of the force calculation, the high coefficient
of determination of the linear regression indicates a good
agreement between measured and calculated data. The
differences of coefficient of determination is not sufficient to
provide a satisfactory comparison between the different
modelling approaches. On the other hand, the comparison
between measured and calculated forces show a reduction of
the maximum error from 47 % to 32 % by considering the rake
angle coefficient.

Both tested methods to consider the influence of the rake
angle lead to more accurate results compared to the results
achieved with the standard force model. Thus, the results show
that considering the effect of the local rake angle in the cutting
force calculation reduces the maximum error and enhances the
model accuracy. This is especially relevant for machining
processes with a high variation of the rake angle during tool
engagement like gear skiving.

The comparison of the two calculation methods of the rake
angle coefficients shows slight differences. The first one,
described by Apprich et al. [14] and Dietrich [15], considers an
increase of 1 % of the cutting force for each degree change of



460 Bruno Vargas et al. / Procedia CIRP 82 (2019) 455-460

the rake angle and shows the best results for the second set of
experiments. The second one, described by Saglam et al. [13]
and Giinay [16], considers an increase of 1.5 %. This is better
suited to calculate forces for the first set of experiments. This
can be explained by the overall less negative values of rake
angle in the second set of experiments, indicating that a non-
linear rake angle coefficient may be more suitable for
calculating the cutting forces by gear skiving. In further
investigations, the influence of rake angles - 80° <y < -20° on
the cutting forces should be investigated in greater detail.
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