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ISSUES OF INCREASING THE EFFICIENCY
OF GEAR GRINDING BY COPYING METHOD

Introduction. The continuous depletion of natural resources on Earth
necessitates improving the quality of manufactured equipment and its constituent
elements [1-5]. In other words, enhancing the production quality of technical
objects provides a basis for improving their operational performance and creates
conditions for conserving natural resources [6—10]. Therefore, improving the
production quality of products and their components manufactured in machine-
building enterprises, as well as ensuring the efficiency of the production process, is
a highly relevant issue [11-15].

A wide range of technical and technological measures are employed to enhance
the manufacturing quality of various functional parts [16-20]. Purposeful
management of the technological relationships active during mechanical processing
yields more positive results [21-25]. Consequently, these types of measures, which
are typically based on expanding the technological capabilities of an operation,
involve the management of kinematic and dynamic technological relationships [26-
30]. To achieve this, functional mathematical relationships between the input and
output parameters of the operation are derived, technological relationships are
modeled, and by optimizing the objective function, high manufacturing quality,
productivity, and minimum technological cost are ensured [31-35]. Analogous
measures are also utilized to improve surface roughness indicators [36-39]. Various
single-factor and complex quality indicators are used to evaluate such measures
[40-44].

The main working surfaces of a number of machine parts are shaped surfaces
of various forms and gear surfaces [45-48]. To improve the production quality of
shaped rotational surfaces and gear profiles, grinding by the copying method is
employed [49-53]. In order to increase the efficiency of grinding shaped surfaces by
the copying method, a system analysis of the technological operation has been
carried out; technological factors reducing its efficiency have been identified, and
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directions for improving efficiency have been determined [54-58]. By controlling
hierarchical relationships, including static relationships, through direct and indirect
methods, researchers have achieved effective improvements in machining accuracy
and surface quality [59-63].

Unfortunately, during the grinding of shaped surfaces by the copying method
using existing techniques, variations in the actual cutting depth along the profile,
due to the effect of changes in the cutting regime, lead to corresponding dimensional
and form errors on the working surfaces of the teeth, and also result in a deterioration
of surface roughness parameters [64-67]. Under variable and aggravated conditions
of physico-mechanical and thermal processes, as well as due to inherited cutting
effects, various cause-and-effect technological problems arise [68-71]. In addition,
when forming the surface, a more detailed consideration is required to account for
the signs of non-manufacturability and their influence on the grinding result:

« the thickness of the material layer removed by each abrasive grain-i.e., the
cutting depth-is large relative to the machining allowance and varies over a wide
range;

o the working width of the abrasive wheel is small compared to the length of
the shaped surface (profile);

o the difference between the limiting diameters of the elementary working
cross-sections of the abrasive wheel is large;

« since tool wear along the working profile is proportional to the volume of
material removed by elementary sections, its non-uniformity is high, similarly to the
actual cutting depth;

« the wear intensity of the tool along the working profile exhibits sharp
variability;

o the thickness of the abrasive material layer removed during each dressing
generally corresponds to the region with the maximum cutting depth and is therefore
characterized by high values; thus, despite minimal wear of the abrasive wheel in
regions with relatively small cutting depth, a larger abrasive layer is removed from
those regions during dressing;

« the dressing frequency of the tool is high, while its service life is short;

« high temperatures are observed in the local region of the cutting zone, and the
removal of the generated heat from this zone presents significant difficulties.

It has been determined by research that the patterns of variation in the slope of
the profile in the grinding zone cause a change in the regularity of variation of the
actual cutting depth, while the allowance along the profile remains constant. Thus,
by arranging the position of the shaped profile, including the involute gear tooth
profile, at an inclination, it is possible to ensure a uniform distribution of the cutting
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depth along the profile [72-74].

In this context, measures to improve the efficiency of grinding surfaces by the
copying method have been developed at Azerbaijan Technical University in two
directions: grinding of the involute profile of gear teeth and grinding of shaped
surfaces.

The influence of technological factors on the depth of cutting during the
grinding of the teeth of gears by the method of copying was studied, with the
stability of the allowance for processing. It was revealed that the unevenness of the
cutting depth along the profile of the teeth is generated by the positions of the teeth
in the processing zone and the positions of their elementary sections. For specific
conditions for grinding teeth by copying, the above factor is a systematically
constant factor affecting the depth of cutting. Theoretical identification of the
relationship between such a factor-argument and the objective function is most
convenient, and its management in the process of processing is effective.

It has been determined that, an increase in the inclination of the grinded tooth
in the grinding zone leads to a decrease in the actual depth of cutting, an increase in
the working width of the abrasive wheel, a decrease in the volume of the material
taken by each elementary width, and so on. The grinding conditions are facilitated,
including the thermal regime in the cutting zone.

A mathematical model for determining the ordinal (optimal) number n,,, of the
obliquely located tooth is derived relative to the plane of symmetry, which ensures
the efficiency of grinding the teeth along the entire profile:
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Where, d., d;, d; and dy, - diameters of external, internal, dividing and basic
circles, accordingly, t., t; and t - pitch of the teeth along the outer, inner and
divisional circles, respectively, ¢ - minimum clearance between the end face of the
circle and the tooth.

This objective is achieved as follows: in the grinding zone, the teeth to be
ground are assigned the maximum inclination angle permitted by the technological
capabilities of the process. Accordingly, the maximum working width of the
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grinding wheel and the minimum value of the actual cutting depth are ensured. The
grinding of the teeth is carried out by means of two profiled grinding wheels
mounted on the spindle and positioned opposite each other, with the distance
between them equal to the inter-tooth spacing corresponding to the maximum
inclination angle of the teeth being ground [75-77]. In this case, each grinding wheel
machines different (right or left) involute profiles of the teeth arranged
symmetrically with respect to the vertical symmetry plane of the gear.

Such an approach makes it possible, within the technological capabilities of the
operation, to eliminate the drawbacks inherent in the conventional grinding of teeth
performed by the copying method with the profile positioned vertically, namely:
high non-uniformity of cutting depth along the profile, small working width of the
grinding wheel, severe thermal conditions, rapid tool wear, and low productivity.
As a result, the uniformity of cutting depth distribution along the profile increases,
the working width of the grinding wheel expands, heat removal conditions from the
cutting zone improve, tool wear intensity decreases, and both productivity and
grinding quality are enhanced. These factors indicate that the proposed technical
solution has significant constructive and technological importance.

The proposed grinding process has been tested under conventional and
comparative conditions based on the stated principles. The test results have shown
that even with a reduction in the number of passes by one, it is possible to ensure
the grinding accuracy and surface quality of gear teeth (z=32; m =5 mm) at a level
comparable to that of conventional grinding.

It has been established that, as a result of grinding with the teeth positioned at
an inclination, the maximum value of the actual cutting depth is significantly
reduced [78-80]. Even when gear grinding is performed in three passes instead of
the four passes commonly used in production, the maximum value of the actual
cutting depth remains lower than that obtained in conventional practice. Therefore,
for comparison, gear grinding was carried out on gears of identical design using both
four-pass and three-pass methods.

After grinding, the parameters of tooth accuracy and surface quality of the
gears were measured and compared. One of these, namely the polar plot of the radial
runout of the teeth F,, is presented in Figure 1.

As can be seen from the graph, in gear grinding performed in three passes, the
radial runout accuracy of the teeth does not lag behind that achieved by four-pass
machining; moreover, it exhibits a more systematic character (Fig. 1). This is due to
the fact that, in the three-pass process, the range of variation of the material layer
removed by the grinding wheel along the profile in each pass is smaller compared
to the existing four-pass method. As a result, the uniformity of the actual cutting
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depth along the profile is relatively improved.
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Fig. 1. Comparative polar plot of radial runout parameters

A comparison of the quality indicators of teeth ground by the copying method
using both variants has shown that, in both cases, the quality of the ground teeth
corresponds to the same accuracy grade specified in the standard [81-83].

In another innovative copying-based gear grinding method, the profile of the
shaped gear tooth is a one-sided convex flat shaped profile. Regardless of the nature
of their modification, the involute profiles of the teeth are ground by copying as one-
sided flat shaped surfaces. Thus, in general, the analysis of the dependence of actual
cutting depths in the regions around points B and C of the shaped surface on the
position of the workpiece (i.e., the shaped surface) shows that, as a result of
changing the position of the shaped surface relative to the axis of the abrasive wheel,
the variation of actual cutting depths across the regions of the shaped profile occurs
(Fig. 2).

Therefore, the actual cutting depths in different regions of the shaped surface
are functionally dependent on its position relative to the tool axis. By controlling the
position of the involute profile and the shaped surface, it is possible to ensure the
minimization of the maximum actual cutting depth, which constitutes the basis for
achieving high grinding quality and efficiency.

The stated problem is solved by ensuring that grinding of the curvilinear profile
is performed, under conditions that provide generally minimal values of the actual
cutting depth, and a minimal range of its variation permitted by the flat shaped
profile, using a grinding wheel that is a copy of the machined surface, with a
minimum difference between working diameters and a maximum working width.
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The process is carried out with the workpiece positioned relative to the tool in such
a way that equal thicknesses of material are removed from the regions of the shaped
surface having the greatest and smallest inclination angles (Fig. 2). In particular, to
achieve this, the workpiece is positioned in the grinding zone so that the reference
surface A—A, tangent to the surface to be ground, is parallel to the spindle axis. That
1s, the workpiece is oriented by rotating its technological base surface by a certain
angle relative to the axis of the abrasive wheel.

A
3

Fig. 2. Grinding scheme ensuring equality of cutting depth in regions of the
flat shaped surface with the greatest and smallest inclination

In this case, the angle between the spindle axis and the normal drawn to the
surface at the region of the smallest inclination (point B) becomes equal to the
corresponding angle at the region of the greatest inclination (point C). At the same
time, equality of the actual cutting depths in these regions is ensured #; = ¢,, and the
distances from the tangent surface A—A to the extreme points of the profile (B and
C) are minimized 4; = 4> — min. In addition, the difference between the maximum
and minimum diameters of the grinding wheel (Dux — Dpin) — min is minimized
(Fig. 2). In the figure, #;., t2x, #1yand #,, represent the thicknesses of the material layer
removed-i.e., the cutting depths-corresponding to the machining allowance Z in the
indicated directions: ¢, # o, t1, # t2y. Thus, the required mutual static initial positions
of the elements of the technological system-the tool and the prismatic workpiece-
are established to effectively ensure the required grinding quality.

In grinding a flat shaped surface by the copying method, the grinding wheel 3
is mounted on the spindle 4 of a flat or copying grinding machine, while the
workpiece 1 is positioned on the machine table using a special fixture 2.

The grinding process is carried out as follows:

As in conventional grinding, the grinding wheel 3 is imparted a rotational
motion ny, while the workpiece 1 is given a reciprocating motion in a direction
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perpendicular to the plane of the figure via the machine table. In addition, after each
double stroke, the workpiece 1 is fed in the vertical direction by the cutting depth f,
using the table. After the required material layer has been removed, the grinding
process is stopped.

Conclusions. The shortcomings inherent in conventional gear grinding by the
copying method are eliminated within the technological capabilities of the grinding
process by controlling the position of the profile as proposed: the working width of
the tool increases; the difference between the diameters of its working profile
decreases; the uniformity of cutting depth along the profile improves; the wear
intensity of the abrasive wheel decreases; heat transfer conditions from the cutting
zone improve; grinding quality increases; machine time is reduced, and productivity
increases.
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