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INVESTIGATION OF THE CONDITIONS FOR
GRINDING INVOLUTE PROFILES OF CYLINDRICAL
GEAR TEETH BY THE COPYING METHOD

Introduction. The sustainable development of modern society is directly
associated with the level of industrialization and the pace of scientific and
technological progress [1-5]. One of the main driving forces behind this
development 1is the mechanical engineering industry [6—10]. Mechanical
engineering is not limited to the production of various machines and mechanisms;
it also serves as the technological foundation for other industrial sectors by
providing them with modern equipment, tools, and manufacturing technologies [11—
15]. As a result, the level of technological development in transportation, energy,
agriculture, defense, shipbuilding, and other manufacturing industries is largely
determined by the quality of mechanical engineering products and the advanced
technologies employed in their production [16-20].

The operational performance of gears largely depends on the geometric
characteristics and quality parameters of their tooth flanks [21-25]. High profile
accuracy and low surface roughness of the tooth flanks contribute to reduced power
losses in gear transmissions, lower vibration and noise levels, improved wear
resistance, and extended service life of gear pairs [26—30]. Therefore, ensuring the
geometric accuracy of machine tools, improving the quality of abrasive tools, and
scientifically optimizing cutting conditions are of significant scientific and practical
importance in modern gear manufacturing [31-35].

The application of full-factorial and matrix models for investigating the
formation of dimensional accuracy and evaluating technological errors in multi-tool
machining processes has been extensively studied [36—40]. These studies have
focused on the mathematical modeling of the interactions among technological
factors affecting machining accuracy and have proposed effective analytical
approaches for predicting dimensional accuracy under various machining conditions
[41-45].

The working surfaces of gear teeth refer to the tooth flanks, which are the contact
surfaces responsible for transmitting motion and power [46—50]. The quality
characteristics of these surfaces, including surface roughness, waviness, profile form
deviations, and other geometric errors, significantly affect transmission noise, friction
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forces, heat generation, and, consequently, the service life of the gear mechanism [51—
55]. The consistency of the quality and dimensional accuracy over the entire
machined surface is ensured by maintaining stable cutting conditions and constant
parameters of the machining scheme throughout the machining zone [56—60].

During profile grinding of involute gear teeth by the copying method, the actual
depth of cut varies continuously along the involute tooth profile [61-65]. Since the
proposed mathematical model describing the actual depth of cut is relatively
complex, its practical application is rather difficult [66—70]. Furthermore, several
primary technological factors influencing the formation of the ground surface
assume different values at different regions of the tooth profile [71-75]. Variations
in the material removal conditions over different regions of the ground surface lead
to differences in the elastic and plastic deformation behavior, as well as in the
thermal phenomena occurring during the grinding process [76—80]. As a
consequence, the quality and dimensional accuracy of the tooth working surfaces
generated during the grinding process vary across different regions of the tooth
profile [81-85].

To clarify this issue, the grinding configuration of a tooth positioned in the
machining zone in a vertical orientation is analyzed (Figure). The tooth is located
on one side of the symmetry plane (OO;), which is perpendicular to the grinding
wheel axis, while the symmetry plane of two adjacent teeth coincides with the
vertical symmetry plane (OO;) of the gear.

The technological factors affecting different regions of the surface generated
during gear profile grinding by the copying method can be classified into three
groups.

Trajectory of the Abrasive Grain
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Fig. Schematic diagram of the variable factors in gear profile grinding by the
copying method
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1. Variable cutting-condition parameters: variation of the actual depth of cut
(t/# t:# t;) and the cutting speed (v/# vo# ;).

2. Variable elements of the grinding configuration: the tool-workpiece contact
area varies along the tooth width; the cutting path of each abrasive grain differs
along the involute profile (lo; # lp> # [ # I, # ly;). At the end of the grinding pass,
near the tooth tip, the abrasive grain—workpiece contact length (cutting path)
decreases both along the involute profile and toward the tooth tip. The abrasive
grain—workpiece contact lengths /y;, /; are determined by the depth of cut, the tooth
width, and the diameter at which the abrasive grain is located on the grinding wheel.
Therefore, when the depth of cut is small and the tooth width is short, /> = 0 whereas
/1> B may occur.

3. Dependent variable factors induced by the independent (initial) parameters
acting within the grinding zone: the variation of the above-mentioned input
parameters causes different physical, mechanical, and thermal phenomena to occur
in different regions of the ground surface. These factors can be divided into two
subgroups:

« Contact pressure forces acting with different magnitudes on different regions
of the surface (P;# P># Ps# Py), (Figure);

« Thermal conditions of the grinding process, characterized by the temperature
field (temperature gradient, 7;; 7,) which vary with the abrasive grain—workpiece
contact length and contact conditions, as well as along the tooth width and the
involute profile.

Consequently, depending on the size (and density) of the abrasive grains, the
number of abrasive grains participating in the cutting process within any cross-
sectional plane varies across different regions of the ground surface. In other words,
the contact pressure acting on different regions of the surface is non-uniform
(P#P:#P3#P,). As a result, the physical, mechanical, and thermal phenomena, as
well as the elastic-plastic deformation occurring on the surface, vary according to
these factors. Consequently, differences in the quality and dimensional accuracy of
the ground surface are likely to occur.

Furthermore, during profile grinding of involute gear teeth by the copying
method, both the actual depth of cut (#), and the cutting speed of the abrasive grains
vary along the involute tooth profile (Figure). Consequently, the lengths of the
cutting trajectories of the abrasive grains also vary along the involute profile over
the tooth width, 1.e., ly; # [y> # [;... On the other hand, within the tooth-width section
(I —1;), the cutting trajectories of all abrasive grains located in the same transverse
plane of the grinding wheel are identical, whereas in region /; the abrasive grain—
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workpiece contact trajectories gradually increase, while in region /, they gradually
decrease.

In summary, the analysis of the gear profile grinding scheme shows that when
l9>=0, the first half of the tooth surface is generated under the tool-entry condition,
whereas the second half is generated under the tool-exit condition. Therefore, when
grinding a short tooth with a large-diameter grinding wheel (for example,
[ =20 mm, D = 400 mm), it is impossible to identify two elementary surface regions
where the material removal conditions are identical. Similar regions appear only
partially near the tooth tip when /o, > 0.

It is well known that the cutting path lengths of the abrasive grains are different.
Moreover, since the actual depth of cut depends on the polar angle of the involute,
it can ultimately be determined along both the involute profile and the tooth width
by the following expression:

2

z
L= [(0,5d,)? - <0,5dx - t—)

X

Z Z
Cos(p — 6 — (tgh — ) <dx Cos(90 — ¢ — 0 — (tg0 — 9)))
Here, d. - is the diameter at which an arbitrary abrasive grain is located on the
involute profile of the grinding wheel.

Thus, during profile grinding of involute gear teeth by the copying method, the
material removal conditions differ over almost the entire ground surface. Therefore,
ensuring the stability of the cutting conditions along both the involute profile and
the tooth width is one of the fundamental technological requirements for improving
the quality of profile grinding by the copying method.

Conclusions. The material removal conditions during gear profile grinding by
the copying method were analyzed, and mathematical models describing the actual
depth of cut and the abrasive grain cutting path length varying along the involute
tooth profile were developed.
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