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Abstract. The results of the study of the radial-circular method of gear cutting are presented.
The cutting and shaping of teeth is carried out by a thin disc cutter under conditions of continuous
generating, with a combination of axial feed of the cutter and its constructive radial movement due
to eccentric installation on the spindle axis. The value of the eccentricity is determined by the gear
module. A graph-analytical model was used to calculate the parameters of the cuts, and the cutting
force and torque on the cutter axis were modeled using these data. It was found that the cutting
process is characterized by significant load variations. The areas of maximum tool wear were
predicted. It is shown that for under the same initial conditions, the cutting time using this method is
two times less than the time of hobbing. Since a disc cutter can cut gears in a wide range of modules,
this process is one of the most versatile. This method opens up great possibilities for the restoration
and repair of gears and drives manufactured to standards other than those adopted in Europe.
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Introduction

Gears and gearing are integral components of modern machines. Given their importance and
widespread use, intensive research is underway to improve existing and create new technologies and
methods for manufacturing these parts. For example, in recent years, the machine building industry has
introduced Power Skiving technology and its variant Hard Scudding for cutting gears after surface
hardening of the teeth. This technology is gradually replacing traditional gear manufacturing methods such
as worm hobbing, inner crown hobbing, and broaching due to its significant advantages and high
efficiency. At the same time, there is another method of gear cutting that has all the signs of high
efficiency and versatility, which is called the “radial-circular method” (RCM). Its versatility lies in the
ability to cut gears of various parameters — modulus, number of teeth, type of engagement, shape, and
direction of teeth — with one simple tool, a thin disc cutter. The invention of this method [1] concerned
gears with a sinusoidal profile, but it was later adapted to gears of any type — involute, circular, arched, etc.
Its advantages, as well as the advantages of sinusoidal engagement, have been substantiated by previous
studies [2-4]. At the same time, several simplifications and assumptions have been made in well-known
studies, which lead to certain deviations and inaccuracies in the description of this process and its
implementation. Based on the advances in computer technology and the development of application
programs, it is possible to significantly clarify the theoretical foundations of RCM and practical
conclusions and recommendations for its optimal use.

The purpose of this paper is to develop the basics of modeling the process of gear cutting by the
radial-circular method and to analyze the factors that affect its efficiency.
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Research results

The sequence of studying this process is based on the following algorithm: creation of a refined
graph analytical model of the cut layers = analysis of the cutting force and its components = study of
clastic deformations and vibrations in the elastic system of the machine = study of friction and thermal
processes on contact surfaces = prediction of tool wear = selection and optimization of parameters that
determine the efficiency of the radial-circular method: minimizing time and achieving maximum
productivity In this formulation, the problem is formulated as a sequence of interrelated and
interdependent processes and phenomena that constitute the essence of the cutting process and accompany
it, ensuring systematic and comprehensive research.

Modeling the parameters of the cut layers

By the above algorithm, at the first stage, a graphical and analytical model was created that reflects
the cutting process with a disc cutter. The analysis of primary sources describing similar approaches in
traditional tooth processing methods showed that several simplifications and assumptions are made in
known studies that reduce the adequacy of the developed models.

Thus, due to the complexity of the described processes, some authors simplify the kinematics of a
particular method of tooth processing [5—15]. Often, the thickness of the cut layer is used instead of the
complex parameter of the cross-sectional area of the cuts [6, 16-20], although this is a partial indicator of
the actual shape and size of the chips. When modeling the cutting force, some researchers use the specific
cutting force [9-12], which is generally acceptable. However, the specific cutting force is a function of the
chip deposition rate, and in non-primary generating gearmaking methods, the slice thickness is
continuously changing, so the shear rate also changes. As a result, the static parameter of the specific force
does not correspond to the actual conditions of cutting and the formation of the cutting force. In some
works [7], to compensate for this deviation, the authors resort to introducing additional correction factors,
but this way also does not provide the required accuracy. In studies based on experimental data [22], the
analytical dependencies obtained are adequate, but they are tied to the conditions under which the
experiments were conducted.

The most appropriate methodology for use is the one developed for worm gear milling [23] and used
in studies on this problem [2-4]. However, these works also used simplifications when estimating the
cross-sectional area of the cuts, which was calculated by the thickness of the cut for a rectangular tooth and
its width. Improvement of this technique has become possible nowadays based on modern CAD systems
and the development of applied computer programs.

The methodology used in this study is as follows. The continuous cutting process is divided into
discrete sequential positions of the tool’s cutting edge and its rake face relative to the surface to be
machined, 1. e., the surface of the insertion between the gear teeth. The radial and angular change in these
positions corresponds to the kinematics of a particular gearing method. In each position, the contour
position of the tooth that makes the cut and the position of this tooth in its previous positions are described
or defined graphically, according to the kinematics of the method. The superposition of these traces
provides an instantaneous cross-section of the layer to be cut quantifies the cross-sectional area and allows
you to determine other parameters of the cut — thickness, width, and length of contact between the tooth
and the workpiece.

The kinematics of the radial-circular method is that the tool is mounted eccentrically relative to its
kinematic axis, and during continuous rotation of the cutter and gear, a single tool rotation removes the
allowance in one gap. In the axial feed cycle, when the cutter moves over the full width of the gear, all the
gaps and tooth profiles of the workpiece are formed. The combination of uniform rotation of the workpiece
and an eccentrically mounted cutter forms a sinusoid on the tooth surface, but by changing the law of radial
movement of the disc cutter, teeth of any gear profile can be cut.
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the cutter of 75 mm, the tool rotation frequency is 90 min . The machining time of one gap is equal to the
time of one revolution, 1. €. 0.67 s, and the total time of gear cutting will be 14 minutes.

Let’s compare this time with worm gear milling. The diameter of a standard worm cutter with a
2.5-mm module is 80 mm, which means that the rotational speed will increase to 170 min'. At the same
time, the maximum permissible axial feed rate should not exceed 0.15 mm per revolution of the workpiece,
a limitation due to the high cutting force and unevenness of the worm cutter cutting process. Then, for the
same conditions, the time for complete machining of the gear with a worm cutter will be 31 minutes, i.¢., 2
times longer. Thus, in terms of productivity, RCM is significantly higher than worm hobbing, but inferior
to Power Skiving. On the other hand, compared to Power Skiving, RCM is much more economical due to
the use of universal gear milling machines instead of special expensive equipment, and an order of
magnitude lower costs for technological equipment.

One of the aspects of the versatility of the method studied in this article is the ability to cut gears of
any profile with a disc cutter. The significance of this feature is that nowadays, various sectors of the
domestic industry use Western equipment whose drives and gears are made according to standards other
than metric. This applies to products manufactured, in particular, in the United States and includes
equipment and machinery in the mining, fuel and energy, shipbuilding, automotive, and military industries.
In these conditions, the restoration and repair of gears of such drives, gearboxes and transmissions using
the radial-circular method eliminates the need for special cutting tools and can be carried out with simple
tools even outside specialized production facilities, in particular, in the field in mobile auto repair shops.

Conclusions

Based on behavioral research, the following has been established.

1. In the process of cutting gears using the radial-circular method with a disc cutter installed
eccentrically, teeth of a sinusoidal profile are formed. However, following the law of periodic radial
movement of the cutter, it is possible to produce teeth of any profile, including those not manufactured
according to ISO standards. This creates conditions for repairing and rebuilding gearboxes that use non-
modular gears, such as pitch gears. Thus, this method is suitable for the repair of equipment, in particular,
manufactured in the United States in non-specialized production facilities.

2. The bulk of the cutting work is performed by the top blades, which eliminate the allowance
mainly in the inlet part of the flute (in the area of increasing eccentricity). Only the outlet blade is loaded at
the outlet part of the gap. The thickness of the cuts on the exit blade and the apex blade at the base of the
gear tooth pedicle is minimal. In such conditions, the teeth located on the cutter in the area of maximum
eccentricity, in particular, near the initial tooth tips, will wear out.

3. The cutting force and torque on the circular cutter variate within a very wide range, with the force
and torque increasing to their maximum values from values close to zero. This indicates a high level of
unevenness in the cutting process.

4. Variations in force and torque lead to elastic circular deformations of the disc cutter, which
increases the actual cutting path and negatively affects its service life.

5. The cutting time of one gear by the radial-circular method is two times less than the time of its
cutting by a worm cutter due to a significantly higher axial feed. In turn, this increase in feed is possible
due to an increase in the number of teeth of the disc cutter and the possibility of reducing the feed per
tooth.

6. Taking into account the low cost of the cutting tool — a thin disc cutter compared to complex and
expensive worm cutters or cup cutters, as well as the ability to use the same cutter for the manufacture of
gears in a wide range of modules, this method, along with its versatility, requires significantly less cost for
its practical use.
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