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Abstract The aim of this study is a theoretical substantiation of the possibilities 
for increasing accuracy and productivity in gear grinding and determining the 
optimal machining conditions based on the reduction of elastic displacements 
arising in the technological system.  The expediency of gear grinding using the 
profile copy method is shown on the basis of a theoretical analysis of the 
conditions for increasing the accuracy and productivity of gear grinding 
operations. Compared to the traditional milling, this method has more 
significant technological capabilities in terms of improving the accuracy and 
productivity of machining. This machining effect appears while implementing 
the dead-stop grinding, which provides a significant reduction in elastic 
displacements that occur in the technological system due to the uneven 
removed stock. In this case, the main part removal of the stock is carried out in 
terms of high-performance deep grinding. For implementation of gear grinding 
using the profile copy method, an analytical ratio has been obtained to 
determine the lateral feed elastic displacement that occurs after each wheel 
pass. Using this ratio allows to achieve high machining productivity with the 
required accuracy. It has been also found out that it is possible to increase 
machining accuracy and productivity while milling by increasing the 
refinement of the wheel pass by reducing the conditional cutting stress. This 
can be achieved by using high porosity grinding wheels, providing a decrease in 
the friction intensity in the cutting zone due to their high cutting ability. 
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1. Introduction 

Gear grinding is the final operation of the gear teeth machining, providing high 
accuracy and quality of the finished surfaces. Traditionally, gear grinding operations 
are carried out by the milling method in milling cutters. Using high porosity abrasive 
wheels can significantly reduce the power and thermal tension of gear grinding; 
eliminate the formation of thermal damage, microcracks and other temperature 
defects on the finished surfaces. However, the machining productivity is relatively 
low, and in practice that leads to forcing cutting conditions, and as a result, decreasing 
accuracy and quality of the machined surfaces. Therefore, instead of milling, gear 
grinding technology using the profile copy method is being used increasingly, 
implementing a scheme of high-performance deep grinding. In this case, the stock 
removal is carried out in one or several passes of the grinding wheel, which reduces 
the additional machining time for a rotary table in comparison with gear grinding in 
milling cutters. The main disadvantage of this gear grinding technology is the 
relatively low machining accuracy, which is mainly due to uneven removed stock on 
both sides of the grinding wheel. The reason for this is the occurrence of 
thermoelastic deformations of the teeth during its thermal or/and chemical treatment 
and improper wheel installation in the machined gear wheel space. As a result, elastic 
displacements occur in the technological system that cause machining errors. In 
addition, uneven removed stock leads to increased thermal tension while grinding and 
to the occurrence of temperature defects on the machined surfaces that requires a 
reduction in machining productivity. Regarding this, it is necessary to substantiate 
theoretically the conditions for increasing the efficiency of gear grinding technology 
using the profile copy method. 

2. Literature review 

The studies of gear grinding rules by the profile copy method have been paid less 
attention than milling method in the scientific and technical literature [1, 2]. 
Meanwhile, the published works [3–5] revealed significant technological capabilities 
of this progressive gear grinding technology, which are implemented most fully on 
modern CNC gear grinding machines. In the work [6] we can see that The specific 
examples show the feasibility of measuring the accuracy parameters of machined 
gears using a coordinate measuring machine, which provides more accurate 
adjustment of the gear grinding machine and thereby reduce processing errors. 
However, there is no theoretical analysis of the conditions for increasing the accuracy 
and machining parameters in these works, which does not allow providing 
scientifically substantiated selection of rational gear grinding parameters. There are 
no theoretical solutions defining ways to increase the accuracy and processing 
parameters to a level that exceeds the level achieved by gear grinding using the 
rolling method. 



Particularly valuable is the work [7] devoted to gear hobbing at finishing 
operations; however, it does not provide comparison of this technology with modern 
gear grinding technologies. 

The work [8] is devoted to the analytical determination of the cutting force during 
grinding and turbine blade machining. Nevertheless, it gives no calculation and 
analysis of elastic displacements that occur in the technological system under the 
influence of cutting forces, which, as a rule, predetermine the parameters of 
machining accuracy while gear grinding. The same conclusion can be made regarding 
the works [9, 10] devoted to the experimental determination of the cutting force when 
grinding and turbine blade machining. 

It should be outlined that much less attention is paid to the studies of the power 
tension parameters when gear grinding than to the studies of the heat tension 
parameters and the search for ways to reduce the cutting temperature [11 – 13]. This 
is due to the fact that gear grinding needs increased contact area of the wheel with the 
workpiece and it features increased cutting temperature. As a result, thermal damage 
and microcracks formation tends to increase in number on the machined surfaces, 
reducing the quality of machining. 

3. Research methodology 

The analysis of literature showed no analytical ratio for determining the accuracy 
parameters of gear grinding connected to the occurrence of elastic displacements in 
the technological system. Thus, the distinctive features of machining errors formation 
are not substantiated theoretically when gear grinding by the profile copy and milling 
methods. This does not allow revealing the potential technological capabilities of 
these gear grinding methods and determine theoretically the optimal machining 
conditions that provide a significant increase in accuracy and productivity. Therefore, 
our task is to describe mathematically the patterns of elastic displacements formation 
that occur in the technological system when gear grinding using the profile copy and 
milling methods. It is necessary to establish the analytical relationship between the 
magnitude of the elastic displacement and the main processing time and determine the 
most productive gear grinding method, taking into account limitations on processing 
accuracy further. Also there is a need to justify the optimal processing conditions on 
this basis, including the parameters of the grinding mode and the number of passes of 
the wheel. In this case, the processing accuracy is determined by the amount of elastic 
displacement: when it is smaller then the processing accuracy is higher.  

In work [14], a theoretical approach to optimizing gear grinding parameters by the 
profile copy method was proposed. Based on it, the optimal machining route is 
determined, consisting of 4 wheel passes when removing stock P = 0.4 mm per side. 
The first pass is supposed to remove the main part of the stock (0.37 mm), and 
subsequent passes remove 0.01 mm per each pass. It was found out experimentally 
that such a route provides high machining productivity, but reduces machining 
accuracy. This takes place because with each subsequent wheel pass due to a decrease 
in elastic displacements, the width of the space between the machined teeth increases, 



exceeding the permissible value. In fact, the gear space is broken down that reduces 
machining accuracy. Under these conditions, the resulting machining errors can be 
eliminated by feeding the grinding wheel after each pass to the appropriate value. 

To determine this feed value, it is advisable to study initially the change nature in 
the elastic displacement y that occurs in the technological system in multi-pass 
grinding (for n passes of the grinding wheel) according to the dead-stop grinding 
scheme based on analytical dependencies [15]: y = Py / c = Pz / (c·К), where c is a 
given rigidity of the technological system, N/m; К=Pz / Py is a grinding coefficient; 
Pz, Py are tangential and radial components of the cutting force, N.   

Reporting in terms of Pz= σ·F, the relationship between the elastic displacements 
yn and yn-1 arising on the n-th and (n-1)-th passes of the grinding wheel is established 
by the formula (1): 
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where σ is the conditional cutting stress, N/m2;  F=Q / Vс  is the total instantaneous 
cross-sectional area of a slice ganged grains of a grinding wheel, m2; Q=B1·t·Vdet is the 
processing performance, m3/s; B1 is grinding width, m;  t is the grinding depth, m;     

Vc, Vdet are the speed of a wheel and a workpiece, m/s;  
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  is the 

refinement of a wheel pass.    
The total refinement of ε0  is equal to: 
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The larger the values of t and ε, the smaller the number of passes of the wheel n, 
the given value yn can be achieved, which determines the machining error. 
Nevertheless, the main condition for increasing the refinement in the wheel pass ε is a 
decrease of the workpiece speed Vdet. However, this leads to an increase in the main 
machining time τ. Therefore, it is necessary to determine the optimal values of n and 
Vdet at which the main machining time τ takes the smallest value. Representing             

τ = n·L/Vdet and resolving the ratio 
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  to the workpiece speed Vdet, we 

obtain: 
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where L is the stroke length of the machine table, m. 
It follows according to the ratio (3) that there is an extremum of the function τ on 

n. Subordinating the ratio (3) to the necessary condition for the extremum ( 0n ), 

we obtained ne0 , 0lnn   respectively. The second derivative n   at the 



extremum of the function τ is positive. Therefore, the minimum of the function τ is 
realized at which the refinement of the wheel pass ε is equal to the number e≈2.72. 

The optimal workpiece speed Vdet  is determined by the ratio as follows: 
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It is possible to increase the workpiece speed Vdet and, accordingly, reduce the main 
machining time τ by decreasing the parameters σ, B1 and increasing c, K, Vc. This is 
achieved mainly when using high porosity, impregnated and intermittent grinding 
wheels [15 - 19], featuring high cutting ability and providing a decrease in the friction 
intensity in the cutting zone. 

It should be outlined that the patterns of change in elastic displacement that occur 
under the conditions of an optimal dead-stop grinding scheme (ε = e) are described by 

an analytical ratio: 
  L

V
n

n

det

etety . 

Therefore, over the machining time τ, the value of yn decreases exponentially, 
which corresponds to the known experimental data [15]. Thus, the dead-stop grinding 
scheme, due to the presence of an elastic system of the grinding machine, 
automatically implements the optimal grinding cycle with a refinement of ε = e≈2.72. 
This explains the high efficiency of applying the dead-stop grinding scheme in 
grinding to solve practical problems of ensuring high accuracy and machining 
productivity. 

The drawn theoretical solutions were used to justify the technological possibilities 
of increasing accuracy and productivity during gear grinding, as well as when 
choosing the most productive gear grinding method and determining optimal 
processing conditions. 

4. Results 

 
When gear grinding by the profile copy method, the ratio for determining the 

amount of elastic displacement for various grinding wheel passes is as follows: 
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where Δ0 is the displacement of the axis of the cone wheel relative to the axis of the 

gear space, m; 
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  is the refinement of a wheel pass; B1 is 

grinding width, m; α is the angle at the apex of the cone wheel; S0 is the longitudinal 
feed rate made by the grinding wheel along the tooth being machined, m/s. 

The optimal longitudinal feed rate S0 is determined by: 
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In this case, as with grinding according to dead-stop grinding scheme, the optimal 
refinement value is ε = e≈2.72. Therefore, the technology of gear grinding by the 
profile copy method allows implementing dead-stop grinding scheme, which is the 
most effective from the viewpoint of ensuring high accuracy machining. In this 
instance, increasing the longitudinal feed rate S0, according to ratio (6), and reducing 
the main machining time τ is possible due to decreasing σ, B, α and increasing с, К, 
Vc. 

To achieve the specified machining accuracy by eliminating the breakdown of the 
gear wheel space, it is necessary to feed the grinding wheel S1 after each double pass 
by a certain value S1.n (Fig. 1). When calculating it, it is necessary to take into account 
the elastic displacement yn-1 that occurs in the technological system at the previous 
pass of the grinding wheel (in section A – A, Fig. 1): 
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where B0 = S1.n / tg(α/2) is the width of the grinding wheel cone portion at section 
level A – A, m; B is the width of the wheel peripheral part, m. 

We get as follows: 
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It follows according to the ratio (8) that the transverse feed S1.n is less than the elastic 
displacement yn-1, since B0 = S1.n / tg(α/2). Therefore, in grinding, it is necessary to 
finely adjust the transverse feed S1.n at each double pass of the grinding wheel, since it 
will vary within a few microns at the given machining error, for example, 10 μm. 
Failing to follow this condition will not ensure the required machining accuracy. As a 
result, there will be a breakdown of the gear wheel machined space, which is 
observed when using the gear grinding technology by the profile copy method. 
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Fig. 1. The calculation scheme of gear grinding parameters by the profile copy 
method: 1 – gear; 2, 3 – grinding wheel positions at (n-1) and n passes. 

When using gear grinding technology by the milling method, the stock on each side of 
the tooth being machined is removed separately by the end of the cup wheel 
according to the rigid multi-pass grinding scheme. So, the patterns of the elastic 
displacements formation that occur in the technological system by wheel passes are 
described as follows: 
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where t=SR/n – is the grinding depth, m; SR – is the stock removed, m; 
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  is the refinement of a wheel pass. 

With an increase in the number of wheel passes n, the value of the elastic 
displacement yn increases according to the law of geometric progression. Therefore, to 
ensure the given machining accuracy, it is necessary to make additional dead-stop 
wheel passes, which reduces productivity. From this viewpoint, the use of gear 
grinding by the profile copy method is more effective, because after several wheel 
passes, a dead-stop grinding scheme is implemented that allows maximum 
productivity with the given machining accuracy. 

Based on ratio (9), the elastic displacement change nature follows a more complex 
pattern than when grinding by the dead-stop grinding scheme, which is realized under 
gear grinding using the profile copy method, where ε0=εn=en. The elastic 
displacement yn can be reduced by increasing n and ε values. However, the increase in 
n decreases machining productivity. The increase in refinement of a wheel pass ε by 
reducing the longitudinal feed rate S0 also reduces the machining productivity. 
Therefore, the main way to reduce yn is to increase the refinement of a wheel pass ε 
by reducing the σ/K ratio and increasing the parameters c and Vc, which do not affect 
the machining productivity directly. For the practical implementation of these 



conditions, it is advisable to use grinding wheels with high cutting ability, as well as 
effective methods of grinding. 

It should be emphasized that when gear grinding by the milling method, i.e. when 
using multi-pass grinding, the grinding depth t has to be reduced and the longitudinal 
feed rate S0 has to be increased. This leads to a decrease in the refinement ε, however, 
it is not so efficient for reducing the elastic displacement yn and machining errors. 

When gear grinding according to the profile copy method that implements the 
deep grinding conditions, on the contrary, it is necessary to increase the grinding 
depth t and reduce the longitudinal feed rate S0. This leads automatically to an 
increase in the refinement of a wheel pass ε, to a decrease in the elastic displacement 
yn and machining errors. Therefore, it is more efficient to use gear grinding by the 
profile copy method, which provides increased accuracy and machining productivity. 

The calculated values of the ratio yn / SR are represented in Tab. 1 and Tab. 2, 
based on the ratio (9) and the ratio ε0=εn (for gear grinding by the profile copy 
method). It is shown that the values yn / SR (Tab. 2) are much less than the similar 
values given in Tab. 1.  

Table 1. The calculated values of the ratio yn / SR  

ε 
n 

2 3 4 5 
1.5 0.555 0.490 0.400 0.347 

2 0.375 0.292 0.234 0.193 

3 0.222 0.160 0.123 0.100 

4 0.156 0.109 0.083 0.066 

5 0.120 0.083 0.062 0.050 

6 0.097 0.066 0.050 0.040 

7 0.081 0.055 0.041 0.033 

8 0.070 0.047 0.036 0.029 

9 0.062 0.042 0.031 0.025 

Table 2. The calculated values of the ratio yn / SR  

ε 
n 

2 3 4 5 
1.5 0.44400 0.29600 0.19800 0.13200 

2 0.25000 0.12500 0.06250 0.03100 

3 0.11100 0.03700 0.01230 0.00410 

4 0.06250 0.01560 0.03900 0.00098 

5 0.04000 0.00800 0.00160 0.00032 
 
So, when gear grinding according to the method of profile copying with n = 5 and  

ε = е≈3 (Tab. 2), the ratio yn / SR = 0.0041, and when gear grinding is doing by the 
rolling method for the same values of n and ε the ratio yn / SR = 0.1, i.e. it is 24.4 
times less. Therefore, the required machining accuracy in gear grinding by the profile 



copy method can be ensured at lower n and ε values, which allows increasing 
machining productivity. 

The experimental studies of gear grinding, carried out at PJSC “Svet Shakhtyora” 
using the profile copy and milling methods confirmed the theoretical solutions 
obtained. It has been found out that gear grinding using profile copy method is more 
productive; it allows increasing productivity up to 5 times while ensuring a given 
machining accuracy. There are no thermal damage, microcracks on the finished 
surfaces, and it improves the machining quality. Gear grinding was performed using a 
high porosity abrasive wheel TIESP 400x32x127 93A60F15VPMF 601 W – 50 m/s 
from Winterthur (Austria) in a modern CNC gear grinding machine HOFLER RAPID 
1250 (Germany). The initial rotation speed was S0 = 0,5 m/min, and further one was 
S0 = 3 m/min. Wheel fixing was carried out after machining four teeth. The roughness 
of the finished surface is Ra = 0,63 – 1,25 μm. 

Conclusion 

The theoretical analysis of the conditions for increasing the accuracy and productivity 
of gear machining in gear grinding operations is carried out. The expediency of gear 
grinding using the profile copy method is shown. Compared to milling, this method 
has more technological capabilities. It provides increased accuracy and machining 
productivity due to the implementation of the dead-stop grinding scheme, which 
reduces the elastic displacements that occur in the technological system due to uneven 
removed stock. In this case, the main part removal of the stock is carried out in terms 
of high-performance deep grinding. For implementation of gear grinding using the 
profile copy method, an analytical ratio has been obtained to determine the lateral 
feed elastic displacement that occurs after each pass. Using this ratio allows to 
achieve high machining productivity with the required accuracy. It has been also 
found out that it is possible to increase machining accuracy and productivity while 
milling by increasing the refinement of the wheel pass by reducing the conditional 
cutting stress. This can be achieved by using high porosity grinding wheels, providing 
a decrease in the friction intensity in the cutting zone due to their high cutting ability. 
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