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SIMULATION OF A POWER SKIVING GEAR CUTTING PROCESS
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Abstract: The results of the computer simulation of the cutting process of gears by the power skiving method
are presented. Following the kinematics of the process, a method for generating 3D geometric models of
undeformed sheared layers were developed, and their parameters were analyzed. The influence of tool geometry
and technological parameters on cutting conditions is investigated. The simulation results and calculation of the
tangential force and torque on the tool axis and their influence on the error due to angular elastic deformation of
the tool are given.
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1 Introduction

Recently, the process of power skiving, also known as turning teeth lathing, has been
widely used to manufacture internal and external spur and helical gears. Thanks to the latest
technological developments, in particular, achievements in the field of machine tools, their
software, and tool production, this technology has become flexible and efficient, as well as an
alternative to traditional methods of gear with a module of up to 10 mm machining. The
equipment is both universal multi-purpose five-axis CNC machines and specialized gear
hobbing machines. The advantages of this process are high chip removal capacity, absence of
idle strokes, and short machining time, as well as the possibility of combining with other
methods of forming in one operation.

Features of the power skiving process are high cutting speed and significant forces and
moments on the axes of the tool and workpiece. To obtain high machining accuracy,
significant machine rigidity is required, as well as a high level of synchronization of tool and
workpiece rotation. Violation of these requirements leads to increased vibrations and profile
errors of the gears. During the operation of such a wheel in the transmission, these deviations
cause a kinematic error, that is, the instability of the transmission ratio, as well as the
occurrence of high-frequency oscillations in machine drives.

To avoid these negative phenomena, when developing the technological process, it is
necessary to choose in detail the combination of various factors: cutting condition - speed,
feed, depth, and the number of passes; machine tool in terms of power and rigidity, in
particular, the tool spindle, significantly when cutting planetary wheels; tool geometry and
type of protective coatings on its surfaces.
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To solve such problems, it is necessary to have a methodology that considers many initial
factors and describes their influence on the gearing process [1, 2]. There are numerous applied
studies of this process to solve such problems. The works [3-8] investigated the cutting
process and developed models and software for chip thickness and length calculation and tool
design for cutting involute gears. H.J. Stadtfeld develops the design of universal high-speed
assembly heads with insert blades and software for this process on a six-axis CNC machine
for bevel gears. The power skiving process with high-speed cutters using cemented carbide
inserts is performed on 6-axis CNC bevel gear cutting machines. High efficiency and stability
of tools with replaceable inserts of stick blade cutters are shown and it is proposed to use
skiving for machining both inner and outer wheels instead of hobbing.

The connection of tool geometry and technological parameters with cutting conditions is
studied in the work [9]. The influence of coatings and changes in the geometric parameters of
the cutting tool on the cutting process are analyzed in the article [10].

In [11] the power parameters of the cutting process are investigated. The works [12, 13]
are devoted to studying the design of tools and the influence of their geometric parameters on
the power parameters during the machining of gears.

The paper [14] analyzes the influence of process parameters on chip thickness and sliding
velocity, analyzes tool wear, and chips welding onto the tooth flanks in a gear-cutting process.

The paper [15] presents an approach for simulating the power skiving process to predict
the non-deformed chip geometry as well as the morphology of the produced gear using a
CAD system. Based on simulation analysis, a chip thickness can be calculated.

The following features characterize the noted works. Firstly, it is an inaccurate
reproduction of the process of kinematics. The cutting motion is formed by a combination of
two activities - axial feed and the speed of the main action, which is given to the tool and not
to the workpiece, as is customary in these works. Accordingly, the resulting velocity vector
will be directed at a different angle relative to the reference surfaces and axes. This is
important for correctly determining the tool's cutting forces, friction, and geometric
parameters.

Secondly, the shape and dimensions of the transition surface, which is formed in gear teeth
gaps in the previous axial position of the device along the feed movement, are not taken into
account. At the same time, the actual shape of this surface determines the inner surface of the
eliminated chips, shape, and dimensions.

Thirdly, the results of geometric modeling and quantitative parameters of the chips, in
particular, the thickness of the cuts, are not used as a basis for further and deeper study of this
process, although most of the various force, contact, tribological, and thermal phenomena
depend on their values and laws of change of their magnitude in a tool movement.

In these conditions, the task of research and development of adequate models of chip
formation, quantification of cut parameters, and calculations of cutting force and torque in the
process of power skiving are relevant.

2 Process kinematics

In the process of power skiving, the main cutting motion is achieved by the rotation of the
tool in combination with the movement of the cutter along the axis of the workpiece, which
occurs due to the inclination of its axis (for spur gears). Auxiliary motions are the tool's axial
feed f and the workpiece's circular feed. The vectors of these movements are shown in Fig.1:
Veut IS the speed of rotational movement of the cutter; Vz is the speed of the tool in the axial
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feed, which coincides with the speed of the tooth reduction along the axis of the gear due to
the intersection of the axes; Vgear IS the speed of the gear rotation; Vs is the speed of the
resulting cutting motion.

Fig.1. Kinematic scheme of the power skiving process

According to this scheme, the trajectory of the tooth is the geometric sum of the rotational
motion vector around the tool's axis and the rectilinear motion along the wheel's axis in axial
feed.

Let us establish the relationship between the parameters Vet and Vi If we bring these
values to a standard dimension, then m/min. Based on elementary calculations, we can obtain
the following expression for the angle & between these vectors:

f-n,-cosm

o ~act )
g 1000-V,, (1)

Taking into account the values of the parameters in this formula, which are used in
practice, it can be argued that the angle & between the vectors of the linear speed of rotational
movement of the cutter Vet and the total cutting speed Vz lies in the range of 1-5°, that is, for
practical calculations, it can be assumed that they practically coincide. This means that the
cutting process, i.e., oblique shear, occurs in the direction of the vector Ve and not in the
direction of axial feed, as follows from the schemes presented in the above works. This
conclusion change approaches to calculating the cutting force and its components in the
power skiving method. Also, it has implications for the determination of the kinematic angles
of the tool.

3. Methods of computer simulation of undeformed sheared layers

The following methods were used to form a 3D model of undeformed chips [16-18]. This
technique, developed for hobbing, involves representing a continuous generating gear-cutting
process in the rolling process by a sequence of discrete cuts. Spatial geometric 3D models of
chips were created for all teeth of the active helical surface of the hob, each of which works in
a particular zone and eliminates only its inherent chips. These models determine all the
necessary parameters of cross-sections of sections and patterns of their change in different
phases of hobbing following the kinematics of the process.

A comprehensive research approach is that these parameters serve as the basis for
modeling and calculating the magnitude of cutting forces, friction, heat, temperature, and tool
wear, modeling oscillations and dynamic processes based on the basic principles of the theory

Volume 73, No. 1, (2023) 105



of metal cutting, as well as for improving the geometry of the tool and choosing the
appropriate protective coatings.

Based on this approach and the kinematics described above, an undeformed chip to be cut
by a single tooth was simulated. The shape and size of this chip on all cutter teeth for certain
cutting conditions will be the same, which is the difference from hobbing.

Given article presents the results of the study for the following initial data: module m = 2.5
- 5 mm; axial feed f = 0.25 - 0.75 mm/rev; the number of wheel teeth Zq = 40 - 80, number of
cutter teeth Zcyt = 22-40; angle of rising of the helical line of the cutter ® = 20°; tool speed n¢
= 1150 min; workpiece material - steel AISI 1040, shear strength [t] = 300 MPa. Cutting to
the full depth of the profile.

Fig. 2 shows the partially formed gaps (a), the contour of the transition surface (b), and the
3D geometric model of the undeformed chip (c). Cutting the allowance with one tooth begins
in point 1 and point 2 after the appropriate rotation of the wheel and cutter and displacement
of the tool by the axial feed rate. The shape of the chip cross-section is determined by the
cross-section of the transition surface (inner chip contour) and the outline of the cutter tooth
(outer chip contour).
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trace of transitive

surface axial feed
in workpiece face l
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gear blank —

c

Fig. 2. The partially formed gaps (a), the contour of the transition surface (b), and the 3D
geometric model of the undeformed chip (c, d, e). Initial data: m = 2.5 mm; f = 0.5 min; Zy =
60, Zcut = 22; central angle of end overlap of tool and workpiece is 28.6°

4, Parameters of slices

The simulation results for the above data are shown in Fig.2 ¢, d. The number of discrete
tooth positions is 10; the teeth on the leading part are marked as -5...0, and on the trailing part
as - 0...+5.

In Fig. 3, a - graphs characterizing the thickness of the slices when changing the feed (a)
(module 4.5 mm, number of wheel teeth 60, cutter - 22). The analysis of the obtained results
shows that the thickness of the slices depends most of all on the axial feed, less on the number
of teeth of the gear and cutter, and insignificantly depends on the module.
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To ensure normal cutting conditions, the radius of rounding of the edges must be less than
the thickness of the cut. Otherwise, the allowance will be crumpled, not cut. Based on this,
from the graphs in Fig. 3, b - can be found the minimum permissible radius of the rounding of
the edges for the following initial data: feed 0.5 mm/rev, module 1 - 5 mm, the number of
cutter's teeth is 40, the number of wheel's teeth is from 25 to 100. The criterion for the
minimum radius is the average slice thickness.
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Fig.3. Thickness of slices depending on the feed (a); the maximum allowable radius of the
tool edge rounding (b)

Fig.4, a shows the dependence of the cross-sectional area of the sections on the module,
and Fig.6, b - on the axial feed.
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Fig. 4. Cross-sectional area of chips
Zg=160, Zct = 22; @ f=0.5mm/rev; b: m=45mm
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5.  Kinematic angles of the cutting tool

Due to the inclined positioning of the tool relative to the workpiece, the actual geometry of
the cutter is realized. But this change is not constant but occurs by the angle of rotation of the
tool. The maximum difference in the value of kinematic (absolute) angles on the blades of the
cutter compared to the initial ("basic,” "tool" angles) takes place at the entrance and exit and
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in the central plane (plane of the centerline perpendicular) these angles correspond to the tool
angles that the tool has during its manufacture.

When the tooth starts to contact the workpiece on the leading edge, the actual rake angle is
smaller than the base angle, and the flank angle is larger than the base angle. On the trailing
edge at this moment of cutting, the opposite change occurs a decrease in the kinematic flank
angle and an increase in the kinematic rake angle. It follows from this that at the beginning of
cutting on the trailing edge, the cutting force (chip formation force) decreases due to the
positive kinematic rake angle, but the friction on the rake surface increases; the cutting force
increases, especially after the appearance of traces of wear of this edge. The cutting force is
higher near the leading side of the edge, but the friction on the rake face is reduced. The
active length of both side edges and the direction of the cutting force in the tooth movement
change continuously.

The following dependence was obtained to determine the value of the change in kinematic
angles at the initial moment of tooth cutting:

L
A = art ¢’
gD -COSw (2)

a_cut

where: Lcnord IS the length of the chord corresponding to the central angle of overlap of the
cutter with the workpiece at the workpiece face; Da cut is the outer diameter of the tool; ® is
the angle of inclination of the cutter axis relative to the work gear axis.

For example, for the above data (m = 4.5 mm; f = 0.5 mm/rev, Zg = 60, Zcut = 22, ® = 20°,
the change in angles is 3.8°. That is if the tool face rake angle on the side blades is zero, and
the back angles are positive and equal to 3°, then the actual rake angle on the leading edge
will be -3.8°, on the trailing edge +3.8°; the actual trailing edge on the leading edge is +4.6°,
and on the trailing edge -0.8°

The information about the change of kinematic angles makes it possible to form basic
angles on their side edges during the manufacture of cutting inserts, which compensate for
their change due to the installation of the tool on the gear machine tool, and thus reduce the
cutting force and power, as well as increase the tool life.

6.  Cutting force and torque on the tool

The diagram of forces in the process of power skiving acting on the rake face of a tooth
with a carbide insert is shown in Fig. 5; the rake angle of the insert is zero. F is the friction
force on the tool face; P: is the shear force; N is the normal force to the face rake; Py is a
component of the cutting force; R is the resultant cutting force.

Pt
N, Po P
@
R
F

Fig.5. Diagram of loads on the rake face of the cutter
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We describe the shear force P; as a function of the shear area Ssn, mm?, the shear strength
of the gear material [z], MPa, and the chip compression ratio & (Fig. 5) as follows:

P.=[r]S4-¢ . N. (3)
The main component of the cutting force Po, which coincides with the cutting speed will be
equal to: where P, =P .cos® is the shear angle. Taking into account that S, = S“q) ,
cos
where S is the cross-sectional area of the chip, we receive the expression for the force Po:
I:>0 :[T]'Scr'g’ N. (4)

To determine if the chip compression ratio is a parameter of the intensity of plastic
deformation, a simulation of the cutting process with variable cutting depth in the Deforms
2D was used (Fig. 6, a). With the simulation by this technique, the dependence of the
parameter on the thickness of the cut was also established (Fig. 6, b).

y =-2,2107x° +12,514x* - 26,863x° + 27,167x?
- 13,179x + 4,3815. R?=0,9814

o9 N
1,7 N@‘
010203040506070809 1 1,11213141516]1,
Depth of cutting, mm

a b

Fig.6. Simulation of the cutting process (a) and the graph of the intensity of the chip
compression ratio along the slice cut (b)

According to the third theory of strength, the parameter [z] is equal to half the tensile
strength of the workpiece material.

According to the maximum shear stress third theory, the ultimate shear strength is
calculated as half the ultimate tensile strength: For gear wheels made from carbon steels o =
600 — 650 MPa, 7 = 300 — 330 MPa; for alloyed steels & = 900 - 1000 MPa, 7 = 450 - 500
MPa.

The cutting in this process is oblique, with a shallow angle of inclination of the cutting
edge relative to the cutting speed, and the shear, as shown above, occurs in the direction Ve,
close to the resulting total velocity vector V.

The peripheral component of the cutting force, which acts tangentially to the outer
diameter of the cup cutter, creates a torque on the tool axis:
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where Da_cut is the outer diameter of the cutter. According to the diagram of the forces acting
on the tool and the workpiece (Fig. 7), the peripheral or tangential force acting on the cup
cutter and creating a torque will be equal to from which we obtain:

(6)

Fig. 7. Forces and torque acting on the tool

Taking into account the above dependences (3) - (6) and obtained based on simulation of
the cross-sectional area, chip thickness, and chip compression ratio (Fig. 8, a), typical graphs
of changes in cutting force when changing the number of teeth of the gear being cut are
shown. Fig. 8, b shows specific torque graphs for different feed rates.
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Fig. 8. The main component of cutting force P, (a) (f = 0.5; m = 6 mm; Zg = 60) and torque at
feed rate change (b) (m = 2.5 mm; Zg = 40; Zcy = 22)
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This process is multi-toothed since several cutter teeth are simultaneously engaged with the
work gear, and the system is loaded by the total cutting force, which for each cutting moment
can be defined as the instantaneous sum of all forces on the active teeth of the tool. The
results show that the cutting power is unevenly distributed along the rotation angle. According
to the pattern of energy in single-tooth cutting (Fig. 8, a), Fig. 9 shows a continuous periodic
change in the total tangential force, taking into account the multi-tooth contact of the cutter
with the workpiece.
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Fig.10. Torques on the tool axis for the different number of wheel teeth (a) and at the various
feeds (b): a -f=0.5;m=45mm; Zy=60;b-m=45mm; Zg=60; Zex = 22
In Fig.10 graphs of changes in total torque magnitude on the tool axis for the different
numbers of gear teeth (a) and at different feed rates (b) are given.

7.  Elastic deformations during cutting.

Due to the multi-tooth engagement in the pair "tool-workpiece," the flexible system of the
machine tool is under the influence of conditionally constant (quasi-static) torque and torque
fluctuations relative to this average value with a specific amplitude and frequency.

Loading with the average torque on the cutter axis leads to a constant angular error of the
cut wheel Ag. This error characterizes the deviation of the profile, which is equivalent to a
change in the meshing angle and leads to a violation of the transmission ratio when such gears
and pinions are in transmission operating. Its value is determined by the average torque Tay
(kN) and depends on the torsional rigidity of the tool spindle of the machine tool J (kN/rad):

T
Ad =2 rad.
= W)

Periodic changes in the value of the torque within the range of oscillations T, = Tmax - Trmin
leads to fluctuations in the elastic system and the formation of micro-irregularities on the
surfaces of the teeth surface, which, together with the traces of the feed, worsen their
roughness. The frequency of these oscillations depends on the coefficient of face overlap and
tool rotation speed:

60 7

where ¢ is the central angle of overlap of the part with the tool in a gear face, and 7 is the
angular pitch of the wheel. In the range of speeds and parameters of medium-modular wheels
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of external engagement, this frequency is 25 - 100 Hz, and the oscillations belong to low-
frequency.

For example, for the following data: m = 4.5 mm; Zeut = 2; Zg = 60; n =1135 mint's, = 0.5
mm/rev; according to the simulation results we obtain Tay = 63 Nm; T, = 20 Nm; ¢ = 26.8°;
7=16.4°,v=31 Hz.

Suppose the torsional stiffness of the tool spindle is 25 kN/rad, then from relation (7). In
that case, the static angular error of machining on the outer diameter of the workpiece
(corresponding to the diameter of the cutter depressions) will be 2.52-103 rad, or 0.14°, and
the error due to elastic vibrations will be 0.05°.

Using the results of torque modeling, it is possible to set the requirements for torsional
stiffness of the tool spindle of the gear hobbing machine tool depending on the permissible
angular error of the equipment in the form of a graph shown in Fig. 11. For example, when
cutting a workpiece of alloyed chrome steel with a cutter with a module of 4.5 mm and
several teeth 22 with an axial feed of 0.5 mm/rev, so that on a gear of several teeth from 40 to
80 the maximum permissible angular error does not exceed 0.05 radians, the torsional rigidity
of the tool spindle should be at least 24 - 28 kN/rad.

140
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20
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Fig. 11. The boundary zone of minimum rigidity of the tool spindle depending on the
permissible angular deviation of the gear profile

CONCLUSIONS

1. The thickness of the cuts on the apex edges is small, so the radius of rounding of the
edges of the cutter teeth should be selected, taking into account this thickness for certain
initial conditions to reduce the proportion of the process of crushing the allowance by the
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rounded top of the edges. The value of the minimum radius, depending on the cutting
condition can be established by the method developed in this article.

2. As a result of the intersection of the axes of the tool and the workpiece, the initial
geometric parameters of the tool change: the kinematic angles on the edges change along the
angle of a tool rotation; such a change adversely affects a cutting force, power, and tool life.
To eliminate this negative phenomenon, it is recommended to give the tool angles that
compensate for their loss during hobbing according to the method shown in this article.

3. Because the rake face of the teeth is located at a tiny angle to the direction of the cutting
speed, the friction conditions between the chips and this surface change: on the leading edges,
the friction vector coincides with the cutting speed vector, and on the trailing edges these
vectors are opposite, which increases the friction near the side trailing edges and increases the
cutting force and power.

4. The creation of a sharp cutting wedge on the teeth reduces their strength, and the
increased hardness required for machining wheels of high strength and hardness leads to an
increase in the fragility of tool teeth. Increasing teeth strength is possible by choosing the
appropriate protective coatings.

5. Due to the uneven removal of the allowance, cutting force and torque fluctuations occur.
The frequency of these oscillations lies in the low-frequency range, depending on the cutting
speed and the gear ratio in the machine tool engagement of the tool and the workpiece can be
from 25 to 100 Hz. Transferred to the workpiece, these vibrations create errors in the gears -
static macro deviations of the profile and microroughness. When working in the drive of
machines, such variations will make a periodic change in the transmission ratio and increase
the friction in the meshing. The developed methodology allows for establishing the
requirements for the torsional rigidity of the machine tool from the conditions of a given
machining accuracy

6. For wheels with a module of more than 4.5 mm, which are cut in several passes, it is
recommended to use different tools for roughing and finishing passes to reduce tooling costs
and improve machining accuracy and teeth surface quality. For roughing passes, a tool with
straight side edges and sharp apex edges with a positive rake is sufficient since the shape of
the tooth face does not affect the accuracy at this stage. Such inserts can be machined on
conventional surface grinding machines, reducing tooling costs. The finishing pass must be
performed with a precision cutter with the appropriate tooth profile and zero rake angle to
obtain the specified gear tooth profile. The problem that arises when changing the tool is the
need for precise alignment of the second cutter on the formed gap can be solved thanks to the
capabilities of modern machine tool control software systems and precise cutting tool
positioning.
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