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Abstract. In this study, the process of tool plunging into the workpiece during external tooth
cutting will be modelled. Cut-in is one of the most dangerous stages not only in gear turning, but also
in any cutting process. The gear cutting process is analytically studied in terms of maximum chip
thickness and, on this basis, recommendations for process design are offered. The developed
simulation is able to calculate the appropriate cutting geometry for each revolution of the tool cut-in
to the workpiece. Using the designed cutter profile and transition surface, the depth of penetration of
the tool into the workpiece can be calculated for discrete time and space intervals. Finally, the
developed simulation was tested on a gear with an external gear crown.

This article describes the kinematics of gear cutting at the plunging stage and the algorithm for
its modelling. In the description of the gear cutting kinematics, a method for creating a gear cutting
simulation model was presented. In addition, an analytical method for calculating the maximum chip
thickness was applied and confirmed by simulation.

Key words: external gears; power skiving process; undeformed chip; simulation; maximum
chip thickness; cut-in.

Introduction

In recent years, the use of Power Skiving has become increasingly common in the production of gears.
Today, it is used in the world’s leading gear manufacturing facilities. Its popularity is primarily due to its high
productivity, flexibility, precision and versatility. It is also known as gear skiving in the scientific literature
and in gear manufacturing. It is increasingly being used to cut both external and internal gears, including spur
and helical gears. In some cases it is also used to cut bevel gears [1]. The technical capabilitics of CNC
machines and significant advances in the manufacture of specialised gear cutting tools have allowed the
application of this method to expand. Today, it is replacing more familiar methods such as gear milling, gear
shaping and broaching. Thanks to high cutting speeds and effective synchronisation of workpiece and cutter
movements, the power skiving method enables gear tecth to be cut quickly and precisely to an accuracy level
of 7 degrees and a high quality tooth surface to be produced in a short time [2].

These are defining characteristics for the application of gear skiving in any competitive company
engaged in mainstream production and mass production [3]. Currently, Japan, Germany and China are the
world leaders in the application and research of gear skiving. Given the relatively recent introduction of
this method of gear cutting, it is still in the process of refinement and development. This is evidenced by
numerous studies conducted by the world’s leading research institutes and laboratories. The main
challenge is to select the optimum technological parameters for cutting high quality gears with external or
internal crowns.
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Analysing the research results and considering the rapid development of this relatively new method
of gear cutting, it can be concluded that there are still many unresolved issues during machining. These are
primarily related to the complex kinematics of the process and the associated challenges in reproducing the
cut. In most of the research presented, modelling and computational software has been used to support the
research activities. One of the modelling possibilities is the finite element method [8].

Research Results

While finite element modelling provides results close to those obtained from experiments, it requires
high computational power and expertise for model tuning. More computationally efficient are results
obtained from analytical calculations. It is necessary to analytically describe the motion of two bodies
(workpiece-cutter), i.. to determine their positions at each instant of time. By superimposing the respec-
tive profiles of the gear and the cutter relative to each other, the cross-section of the chip formed can be
obtained for the position considered. The calculation of the geometric cut of the tool into the workpiece is a
set of two-dimensional superimpositions of linear planes of their profiles. The results of gear cutting
modelling using this method have been successfully confirmed in the past [9]. Evaluation of the modelling
results allows the cutting process to be understood. It is also possible to generate a digital design of the
final geometry of the gear [10] and the chip [11].

To perform the cutting calculation, it is necessary to describe the tool and the workpiece in
parametric form. We will use the method already described [12] for the power skiving process, but during
cutting. While a stable cutting regime has been considered for different cutting technological parameters
[12], the cutting stage is crucial and extremely important in the discussed gear skiving method. It can
influence the determination of the number of passes and change the recommended technological values.

The gear turning process is analysed from the point of view of maximum chip thickness and
recommendations for process design are proposed. The simulation developed is capable of calculating the
corresponding cutting geometry for each revolution of the tool engaging the workpiece. Chip thickness, chip
arca and the results obtained are calculated and recorded in a table. Using the designed cutter profile and
transition surface, the penetration depth of the tool into the workpiece can be calculated for discrete time and
space intervals. Finally, the developed simulation was tested on a gear with an external crown gear.

Example

Let’s consider the case of cutting a spur gear with the following parameters:

Involute spur gear.

Module 2.5 mm.

Number of teeth: gear 33, cutter 24.

Axial feed 0.75 mm/rev.

Cutting speed 190 m/min.

Four passes.

Cutter material — hard titanium-tantalum alloy.

Angle of rake and intersection of cutter teeth 25 degrees.

Crown height 22 mm.

Cocfficient of friction on the face for the given speed 0.63.

Total depth evenly distributed over the passes: 1.25 mm each.

In order to obtain a correct chip cut and a realistic reproduction of the gear cutting process, it is
necessary to calculate analytically the position of the cutter blade and the resulting recess in the gear
obtained on the previous revolution. Such calculations were carried out using the system of equations of
intersection of an oval (cutter) and a circle (gear), formulated for the practical example mentioned and
confirmed by 3D modelling (Fig. 2).

This ensured computer-aided design (CAD) environments, solid models involved in the process
reproduce the cutting process with the best accuracy available. For each of these positions, the exact position of
the cutter and the intermediate position of the workpiece at that moment have been determined. Simulations also
allow the cutting process to be visualised and improve the understanding of the turning process.
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To better understand the operation of the cutter blade, let’s divide its blades into parts: entry, tip and
exit. Analysing the cut from each part of the tool will allow us to adequately see the work of each part and
draw conclusions to further improve the tool. The influence of the perception of the type of change in chip
thickness and its area according to the position of the cutter blade is shown in these results (Fig. 6).

Such investigations can also be carried out for different axial tool feeds, at different tilt angles, for
cutting gears with different modules and tooth numbers.

Conclusions

As can be seen in the figure, the cutting edge of the cutter has the highest values, both in terms of
area and thickness. It therefore places the greatest load on the cutting table. In all cases, the cutting process
starts from the leading edge (except for the first cut at a depth of 1.25 mm). In the next rotation, the cutter
works with all the knives. From the plot (arcas) it can be seen that the area of the undeformed chip
gradually increases for the exit and top blades, but decreases after the third rotation of the cutter. The
nature of the change in the area of the chip cross section for the exit and top knives is similar, but the top
knife is loaded 3—4 times more than the exit knife (depending on the cutting depth). The work of the entry
blade, on the other hand, increases gradually with each successive revolution of the tool and reaches its
maximum value in the last revolutions of the cut, but the cuts on this blade are the smallest at the beginning
of the cut and correspondingly increase to their maximum values in the final positions.

As expected, the chip area and chip thickness values increase significantly with each subsequent
pass, and at such depths and feeds, the tool and equipment are subjected to significant loads and
temperatures that adversely affect the tool’s performance. It is obvious that such regimes are unsuitable for
cutting. Even under steady-state cutting conditions with a feed of 0.5 mm/rev for 4 passes, it is possible to
achieve cutting [2]. However, for cutting regimes, these working conditions are extremely detrimental.

In the case under consideration, it can be seen that the swarf area only on the upper blade exceeds
2 mm? and the total swarf area is more than 3 mm? which is absolutely unacceptable for the operation of
the tool. In this case, it is essential to reduce the depth of cut (increase the number of passes and reduce the
feed rate). Depending on the characteristics of the equipment and its performance parameters, it is possible
to select the optimum technological values and to determine the final cutting indicators.

This article describes the kinematics of gear cutting and the simulation algorithm. The description of the
gear cutting kinematics includes methods for creating a simulation model and the coordinate systems required to
transform the tool profile coordinate system to the workpiece profile coordinate system and vice versa. Based on
the algorithm, profiles of undeformed chip cuts were constructed for external spur gears.

In addition, an analytical method for calculating the maximum chip thickness was applied and
confirmed by simulation. A comparison between the analytically calculated maximum chip thickness and
the simulated maximum chip thickness shows good agreement in the results. The obtained chip thickness
and chip cut areas can be used as indicators to control and optimise the cutting process. With full
information on the geometric dimensions of the undeformed chip, surface roughness and qualitative
characteristics of the process can also be determined.

In gear cutting, there are various strategies and approaches for controlling the cutting process.
Possible options include adjusting the feed rate according to the selected number of passes, ensuring that it
remains within the force and power limits of the machine. The number of passes can be varied for a given
axial feed and, in any case, it is necessary to consider the cutting speed that will allow an acceptable tooth
surface quality and precision to be achieved. As can be seen from the initial data, the given task requires
multifactorial research to find the optimum choice of technological parameters, the main objective of
which is the machining time.
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