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BASED ON SYSTEM ANALYSIS

Introduction. The mechanical engineering industry is one of the principal
indicators determining the industrial potential of a country [1-5]. In particular, gear
transmissions used in the shipbuilding, railway, and defense industries are among
the key structural components requiring high reliability, precision, and long service
life [6-10]. In these sectors, the quality of gear tooth working surfaces and the
efficiency of manufacturing technology have a direct impact on the reliability and
economic performance of transport vehicles, power transmission systems, and
specialized equipment [11-15]. Therefore, improving the quality and productivity
of the gear profile grinding process by the copying method is considered one of the
important scientific and practical challenges in modern shipbuilding, railway
engineering, and military mechanical engineering [16-20].

High-quality equipment and advanced manufacturing technologies contribute
to increased productivity, reduced production costs, and enhanced international
competitiveness of manufacturing enterprises across various industrial sectors [21—
25]. The reliability of gears and splined surfaces depends not only on their geometric
accuracy but also, to a considerable extent, on the material properties, heat treatment
conditions, and the quality of the surface layer [26—30]. Taking into account the
interaction between the mechanical properties of the material and the technological
parameters of the grinding process is one of the fundamental prerequisites for
manufacturing high-precision and durable machine components [31-35].
Furthermore, the development of new machines and mechanisms stimulates the
advancement of engineering science [36—40]. In the context of sustainable societal
development, innovative materials and manufacturing technologies, automation,
robotics, and artificial intelligence-based control systems are predominantly
implemented through the mechanical engineering industry [41-45].
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During gear profile grinding, the instability of the actual grinding depth and
the geometric accuracy errors generated on the rotating workpiece surface by the
material removal mechanism have been investigated using various mathematical
and analytical models [46—50]. At the same time, the regularities governing the
formation of dimensional variation fields in multi-stage and multi-tool technological
adjustments, as well as the development of analytical matrix models of machining
errors, constitute one of the fundamental components of the systems approach [51—
55]. In double-support adjustment systems, the fundamental principles of the
dimensional variation mechanism, the application of segmented matrix models, and
the formation of geometric parameters under different machining methods directly
influence the output parameters of the process [56—59].

Every technological operation, including gear profile grinding by the copying
method and gear profile grinding by the generating method, together with the
specific elements involved in its execution, the related and preceding constructive
and technological elements, and the mechanisms and interactions among them,
forms a complex system [60—64]. Accordingly, in gear profile grinding by the
copying method, the gear material, the methods and means employed in
manufacturing the gear blank, the gear-cutting operation, and the preceding
operations directly associated with it-including the machining of rotational, keyway,
or spline surfaces-as well as all constructive, technological, static, kinematic, and
dynamic relationships, elements, and transformations associated with heat treatment
constitute an integrated and highly complex system. Thus, gear profile grinding by
the copying method may be regarded as the upper-level system, whereas the related
and preceding operations constitute its subsystems. Each output technological
parameter of the gear profile grinding process represents the manifestation of
transformations occurring in all constituent elements of the system directly
associated with the process. Therefore, in order to effectively solve problems related
to the quality and productivity of gear profile grinding, the operation should be
considered from a systems engineering perspective, taking into account the
influence of all relevant subsystems on the formation of the final machining results
[65].

System analysis shows that the direct improvement of the efficiency of tooth
grinding by the copying method (TGC) is achieved through the control of the main
and auxiliary technological operations inherent in the TGC process.
This improvement is realized in two principal directions: enhancing the quality
indicators of the grinding process and reducing the technological manufacturing cost
(Figure).
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Fig. Main Directions for the Direct Improvement of the Efficiency of TGC

The improvement of quality indicators, in turn, is achieved in three directions
that differ significantly in terms of their formation mechanisms: enhancement of
accuracy parameters, improvement of the surface layer quality, and improvement of
surface roughness characteristics. Likewise, the reduction of technological
manufacturing cost is achieved in three directions: increasing productivity,
mechanization of the technological operation, and automation of the technological
process. The improvement of the accuracy of gear tooth parameters, the
enhancement of surface roughness and surface layer quality, as well as the increase
in productivity during gear profile grinding, can be achieved through technical and
technological measures specific to the grinding process, together with the
mechanization and automation of the constituent elements of the technological
system.

The direct improvement of the efficiency of gear profile grinding through
quality enhancement is primarily aimed at improving the service performance of
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gear teeth and their working surfaces. On the other hand, reducing the technological
manufacturing cost increases the competitiveness of the manufactured gear [66—70].

In the TGC, the direct improvement of process efficiency, E(T), is achieved by
controlling the potential sources that enhance the quality of the technological output

parameters, the productivity of the process, or both simultaneously:

<M, M,,M;,..>
<5.,5,,8; ..>
<C(C,Cy,Ch .. >
< 04,0,,05..>

E(M) =>fM,;,5;,C,0;) =

it can be expressed as follows.

Where:

[ - the index of the efficiency improvement sources, which may vary depending on
the specific source;

My, M,, M, ... - improvement of efficiency through the control of material quality;
S1,S2,83, .- improvement of efficiency through the control of static technological

relationships;

Ci,Cy, Cs, ... - improvement of efficiency through the control of relationships
associated with modifications of geometry, dimensions, and other design
parameters;

04, 0,, 03, ... - improvement of efficiency through the control of auxiliary motions

responsible for shape generation.

For the experimental investigations, patented methods developed at Azerbaijan
Technical University (AzTU) for improving the efficiency of profile grinding of
shaped surfaces, including gear tooth working profiles, by the copying method were
employed [71-75]. The specimens manufactured using the proposed gear profile
grinding method by the copying approach were compared with similar specimens
machined using the conventional technology applied in industry, and the results
were evaluated in terms of technological performance indicators. In order to perform
a comparative assessment of the proposed approach with conventional methods,
gear profile grinding by the copying method was carried out on gear specimens. The
experiments were conducted on specimens manufactured using both the proposed
method and the conventional gear machining technology currently employed in
industrial practice.

The planning of the experiments, measurement of the specimens, and
processing of the obtained results were performed in accordance with the
fundamental principles of statistical data analysis. In addition, established practical
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experience in the field of mechanical engineering and existing methodologies for
processing experimental results were applied [76—80]. During the selection of
specimen materials, the operating conditions of the gears, the nature of the applied
loads, and the materials recommended by the relevant standards and technical
specifications were taken into consideration [81-85].

Comparative investigations of the microhardness of gear teeth ground under
two processing variants four-pass and three-pass grinding were carried out on spur
involute gears with 34 teeth, a module of 5 mm, a gear face width of 25 mm,
manufactured from /2XH3A steel and heat-treated to a hardness of HRC, 57-63. The
results demonstrated the advantages of the three-pass grinding method [86—90]. The
present study reports the comparative results obtained from these experiments
regarding the pitch accuracy of the gear teeth. In the conventional four-pass grinding
process, the grinding depth was 0.10 mm during the first and second passes, 0.06
mm during the third pass, and 0.04 mm during the fourth pass. In the proposed three-
pass grinding process, the grinding depth was 0.18 mm in the first pass, 0.09 mm in
the second pass, and 0.03 mm in the third pass. For both grinding methods, the
grinding speed was maintained at V = 36 m/s. The feed rate during the final two
reciprocal passes was 1800 mm/min, whereas for the remaining passes it was 3000
mm/min.

For each machining variant, the gear tooth pitch parameters of teeth taken from
three gears were measured sequentially over all teeth by independent specialists.
Based on the measurement results, the required number of parallel experiments was
confirmed to be statistically sufficient [90]. The variation of microhardness along
the longitudinal section of the tooth on the pitch cylinder is presented in the
corresponding graph.

The experimental results demonstrate that, although the number of working
passes was reduced from the conventional four passes to three due to the reduction
in the actual grinding depth, the proposed grinding scheme for machining inclined
teeth within the grinding zone produced a surface layer quality and microhardness
that were practically equivalent to those achieved by the conventional grinding
method. In particular, at the middle of the tooth and at a depth of 15 pum, the
microhardness was 7804 HV for the conventional method and 7485 HV for the
proposed method. At the tooth ends, the corresponding microhardness values were
6155 HV and 6062 HV, and 6703 HV and 6490 HYV, respectively. As can be seen,
the highest microhardness is observed at the middle of the tooth for the conventional
grinding method, whereas for the proposed grinding scheme it is observed at the
tooth ends (Graph.).
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Graph. Variation of the surface layer microhardness along the tooth length on
the pitch cylinder

At the tooth tip, on the side corresponding to the end of the reciprocating passes
(Va) the microhardness is slightly higher. This can be explained by the possibility
of a relatively higher temperature being generated in this region during grinding.

Thus, when the proposed grinding scheme is applied, the machining allowance
(Z) 1s maintained while the grinding depth in the feed direction is reduced. Despite
reducing the number of working passes from four to three, the required quality
characteristics of the gear teeth (z = 34, module m= 5 mm) are fully achieved. In
addition, the machine time required for gear profile grinding is reduced by
approximately 20%, thereby increasing the efficiency of the tooth grinding by the
copying method through more effective utilization of its technological capabilities.

Conclusions. For gears manufactured from /2XH3A4 steel, having 34 teeth, a
module of 5 mm, and a face width of 25 mm, the direct improvement in the
efficiency of the grinding process was achieved by replacing the conventional four-
pass grinding process with a three-pass process, while maintaining the
recommended machining allowance and actual grinding depth through appropriate
technological measures. Under these conditions, the required quality characteristics
of the gears were fully ensured.

Grinding involute gear teeth by the copying method with an inclined
arrangement of the involute profile significantly reduces the actual grinding depth,
improves its uniformity along the profile, enables a reduction in the number of
grinding passes, and maintains machining quality comparable to that of the
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conventional process. As a result, the machine time is reduced by up to 20%, leading
to a substantial increase in the efficiency of the gear profile grinding process.
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