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Abstract: In this paper, a comparative analysis of the service life of worm gear wheels for various 

failure criteria is carried out. Based on this analysis, a method is proposed for selecting the worm gear wheel 

material, the values of the modulus, on which the bending strength of the teeth depends. Research has shown 

that increasing the bending strength of teeth is of great practical importance, both for one-sided and two-sided 

loads. This also makes it possible to significantly increase the lifetime of one-side loaded gear wheels by 

replacing their working flanks with non-working ones. it was proposed to replace the working surfaces of the 

teeth of worm wheels after a certain service life. 
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Introduction. Worm gears are very widely used in the structure of many machines and 

equipment, because they have a large gear ratio, high kinematic accuracy, smooth and silent operation 

compared to other mechanical transmissions. One of the disadvantages of these gears is the high cost 

of their material and manufacture. Therefore, the implementation of preventive measures to prevent 

premature failures and increase the service life of the worm gear is very important. 

The reasons for the failure of worm gears are very various. The type of failure generally depends 

on many factors, such as operating conditions, material properties, geometric dimensions, 

manufacturing accuracy, etc. For timely elimination of possible failure to the worm gears, as well as 

increasing the service life, it is particularly important to choose the right materials and geometric 

dimensions at the design stage and conduct regular maintenance work during lifetime.  

In the considered literature [1–5], calculations of worm gears based on the main failure criteria 

are usually considered separately. And in this case, the corresponding designed life of worm gears 

for different failure criteria are not compared. Therefore, in most cases, it is not possible to judge 

which type of failure to the worm gears is more likely and may occur earlier than others. Some types 

of failure (for example, teeth breakage) are the most dangerous. And other types of worm gear's 

failure (for example, pitting on the teeth) do not always lead to complete destruction of the worm 

gear, and they can in some cases be prevented in various ways. Therefore, a comparative lifetime 

analysis for worm gears according to different failure criteria can be of great practical importance. 

In [6, 7], the bending strength of the teeth of various worm gears is studied by modern methods. 

However, the assessment of the strength and service life of worm gears by other failure criteria is not 

considered. And in works [8-11], studies of worm gears are carried out according to the criteria for 

failure of the working flanks of the teeth. A comparative analysis of the service life of worm gears 

for various failure criteria in these works is also not considered. 

An analysis of the literature on worm gears has shown that a comparative analysis of their 

service life for various failure criteria has not yet been considered. Such an analysis can be of great 

practical significance, and therefore, this paper is devoted to this important task. 

Formulation of problem. The types of damage occurring on the worm gear tooth (Fig. 1) can 

be divided into two groups. The first group includes flank damage such as pitting, wear, scuffing and 

grooving, which basically occur on the working flank of the teeth of the worm gear as a result of 

contact stresses σH (Fig. 2). The second group includes damage to the tooth root (overload breakage 

or fatigue breakage), which occur as a result of the bending stresses (τF) occurring there, which are 
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manifested on the working flank as tensile stresses, on the non-working flank as compressive stresses. 

Since worm gear wheel is one of the weakest elements of the worm gearing, these damages determine 

the service life of the entire gearing in the majority of applications. 

 

 
Fig. 1. Tooth damage to worm gear wheel [11, 12, 13] 

 

 

Fig 2. Operating stresses and types of worm gear teeth damage 

 

If the worm gear wheel direction of rotation does not change during the entire operating time, 

the flank damage occurs only on the working flanks of the teeth. The non-working flanks are not 

loaded and remain without damage, regardless of the operating time. In [14], the question of 

increasing the service life of spur gearboxes by activating the non-working flank was considered. Due 

to the fact that worm gearboxes are characterized by increased sliding wear compared to spur 

gearboxes, an investigation is carried out in the present work on increasing the service life of worm 

gearboxes by changing the flank of the worm gear wheel teeth. The flank change of the teeth can be 

realized either by changing the direction of rotation or by inversion the worm gear wheel. Since tooth 

breakage can occur both on the tooth root of the working flank and the non-working flank, a 

comparative life assessment according to failure criteria tooth breakage and pitting (or wear) is 

required. An increase in service life by changing the tooth flank is only possible if the durability up 

to the occurrence of the tooth breakage is significantly greater than the service life up to the maximum 

(permissible) pitting (or wear). 

It is known from practice that the main tooth damage of the worm gear wheel made of bronze, 

such as pitting, wear and tooth breakage, have mutual interactions [1]. When a critical pitting growth 

is reached, on the one hand, the abrasive sliding wear increases, on the other hand, increased wear 

can lead to a standstill in pitting development. Due to continuous wear, the pitting can even disappear 

again in many cases. Due to increased wear, the tooth thickness of the worm gear wheel is gradually 

reduced, as a result of which the probability of tooth breakage increases significantly. In [8], based 

on extensive studies, the service life of worm gear wheels was divided into three phases (Fig. 3). In 

phase I (pitting formation phase with load cycle number NLI), only a small pitting value (AP10≤2%) 

and low mass removal (wear value Δm) are recorded. In the pitting growth phase II (load cycle 

number NLII), the wear value increases insignificantly, although the pitting increases towards the end 

of this phase to the maximum value. In the wear phase III (load cycle number NLIII), the pitting 

decreases and stagnates at a low value. But the wear value increases rapidly and leads to a significant 
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weakening of the tooth root. This phase usually ends with the total failure of the worm gear set due 

to tooth breakage or a disturbed torque transmission behavior. 

 

              
Fig. 3. The stages of failure on worm-gear wheel 

 

Comparative analysis of service life. The activation of the non-working flank at the end of 

the pitting growth phase can lead to a significant increase in the service life, since at this point the 

wear value is still low and the teeth are little damaged. The stages of occurrence of failures in the 

teeth of a worm gearwheel are reflected in Fig. 4, a. As can be seen from the figure, damage to the 

tooth surface occurs, as a rule, in its working profiles. And non-working opposite profiles is 

practically not susceptible to damage after prolonged operation. Therefore, at the end of the second 

stage of operation, it is possible to increase the durability of the worm gear drive by replacing the 

working profiles with non-working ones. As can be seen from Fig. 4, b, with this method, the resource 

increase will be approximately in the amount of NLI + NLII. 

To assess how much the worm gear resource can be increased by the above proposed method, 

it is of particular importance to conduct a comparative analysis of service life according to the criteria 

of pitting and wear, as well as according to the criteria of pitting and tooth breakage. Considering that 

the first two stages of the worm wheel service life are associated with pitting, the following empirical 

expression was proposed in [1] to determine the maximum limit of the total duration of these two 

stages: 

                    
63 10 exp 24,924 4,047 ln 520
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Where vgm is sliding speed on the center circle in the flank direction; vref is sliding speed in the test 

sample (vref=3 m/s); σHm medium contact stress on the flank of worm wheel teeth; σHlim is the 

endurance limit.  

Sliding speed on the center circle in the flank direction can be determined on the basis of [1] as 

follows: 
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Where dm1 is the reference circle diameter of the worm; n1 is speed of rotation on the worm shaft; γm 

is pitch angle at the center circle of the worm. 

According to [3] the current calculated stresses σHm can be determined as follows: 
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Fig. 4. The stages of failure on worm-gear wheel without replacing (a) 

and with replacing (b) of the working flanks of the teeth 

 

Where T2 is the moment on the worm wheel; KA is the application factor; ZE is the elasticity factor; 

Z0 is coefficient that takes into account the increase in the contact line in the worm gear; a is centre 

distance of worm gear. 

As it was noted, the third and at the same time the last stage of service life of the worm wheel 

may end as a result of two different reasons. First, let's consider the first case when the worm wheel 

loses its operability as a result of exceeding the permissible wear limit of the teeth. To determine the 

resource of the worm wheel by the permissible wear of the teeth, in [6] the following expression was 

proposed: 
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Where δWD is limit value of flank wear, mm; Eg is the modulus of elasticity in worm gear, N/mm2; 

JW is the wear intensity; sm
* is the medium glide path, mm. 

The limit value of flank wear at the normal cross-section of the worm wheel tooth is determined 

on the basis of various criteria depending on the field of application of the transmission and operating 

conditions. In most literature, this measure is taken equal to the thickness of the tooth head δWD=sa2 

(Fig.5). Within the framework of this condition, the permissible wear limit for a normal cross-section 

of a worm wheel tooth can be determined by the following expression [1]:       

                                                           0cos 2
2

WD mm tg


  
 

   
 

        

Where m is module, mm; α0 is the gearing angle along the dividing circle of the worm wheel, in 

standard gears is assumed a0 = 200. 

The wear intensity of the working flanks of the worm wheel tooth can be determined by the 

following expression [1]: 

                                                                W OT ML NSJ J W W                                                   

Where J0T is basic value of wear intensity; WML is the material-lubricant factor; WNS is the starting 

factor. (In long-term operation, WNS=1,0 is accepted). 

The medium glide path on the tooth of the worm wheel sm
* is determined depending on the 

shape of the worm profile and transmission parameters. 

A comparative analysis of the predicted service life of the worm wheel according to the criteria 

of pitting and wear is of great practical importance. For the purpose of comparative analysis, a 
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dimensionless coefficient KWH =NWL/NHL was applied. At the end of the second stage of operation, 

i.e., at the moment when the pitting effect gets the maximum value, it is possible to increase the 

transmission life by the value ΔNL=NLI+NLII by replacing the working flanks of the worm wheel teeth 

with non-working flanks (Fig. 4). 

 
Fig. 5. Worm wheel tooth wear parameters 

At this time, the following expression can be used to estimate the relative increase in service 

life: 
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Using the equations (1) and (2) in (3), calculations were performed on various values of the 

gear ratio (u) and the number of cycles (n1) of the worm gear with an center distance a=160 mm, the 

torque on the shaft of the worm wheel T2= 4900 Nm. The material of the worm was adopted hardened 

steel grade 16MnCr5 (surface hardness 58÷62 HRC), and the material of the worm wheel 

CuSn12Ni2-C-GZ (σHlim=520 N/mm2), obtained as a result of casting by centrifugal method. 

The values of other parameters required for calculations are set according to the [1]. The results 

of the calculations are shown in Fig. 6. As can be seen from the figure, as the number of worm shaft 

cycles increases, the values of the relative increase in service life time also increases. This is due to 

the fact that at low worm speeds, the stages of formation and intensive pitting increase (NLI and NLII) 

are short, and the process of intensive wear (NLIII) begins quickly. Calculations show that by replacing 

the working profiles of the wheel teeth with non-working profiles, when the rotation speed of the 

worm shaft n1=3000 min-1, it becomes possible to increase the transmission life by 40÷55%. 

Obviously, the gear ratio also has a significant impact on the relative increase in service life. With a 

large gear ratio, the possibility of increasing the resource becomes greater. At u=20.5, it is possible 

to increase the resource by 25-45% depending on the rotation speed, and at u=50 - by 30-55%. 

One of the main conditions that with the proposed method it is possible to increase the life of 

the worm gear is the absence of the possibility of tooth breakage under the influence of bending 

stresses. Intensive wear of the working surface of the tooth at the third stage can lead to a decrease in 

its thickness and, consequently, breakage as a result of loss of bending strength. For this reason, a 

comparative analysis of service life according to the criteria of bending and contact stresses of the 

worm wheel tooth is of particular importance. 

To determine the predicted service life by the criterion of bending stress, it is necessary to 

calculate these stresses. Based on [1], the bending stresses arising in the tooth of the worm wheel can 

be determined by the following expression: 
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Fig. 6. The relative increase in service life time for worm gear with a=160 mm and T2= 4900 Nm  

 

Where Ft2 is tangential force on the worm gear wheel; b2 is width of worm gear wheel; Yε is the 

contact ratio factor for tooth root stress; Yγ is the  Helix angle factor for tooth root stress; Yk is wheel 

rim thickness factor. 

As can be seen from equation (4), the bending stress gradually increases from τF1 to τF2 

depending on the wear of the tooth (Fig. 7). Where τF1 is the bending stress, in the absence of wear 

(ΔS=0). Since the wear of the tooth at the first and second stages of operation is insignificant, we can 

assume that the value of the bending stress at these stages is equal to τF1. At the third stage of operation 

(the stage of intensive wear), the bending stress can gradually increase to a value of τF2, causing tooth 

breakage (if the wear values before tooth breakage do not exceed the permissible limit). Therefore, 

to simplify the calculations, we assume that the value of the bending stress at the last stage is equal 

to τF2. At the same time, it is also ensured that a certain margin of safety is obtained for bending stress. 

In the case when the third stage of operation end due to the breakage of the worm wheel tooth 

under the influence of bending stresses τF2, the length of this stage can be approximately determined 

by the following equations: 
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Where τFlim is the endurance limit; NFD is the number of cycles, corresponding to fracture of fatigue 

curve; k is the fatigue curve indicator. For worm wheels made of bronze, k=6 is accepted [6]. 

The Mayer-Haibach hypothesis [15] was used in equation (6) above when τF2<τFlim. 

Thus, taking into account the recommendations in [16], depending on the values of the bending 

stress acting at all stages of operation τF1 and τF2, it is possible to determine on the basis of graph in 

Fig. 7 the predicted service life of the worm wheel, as follows: 
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In the latter equations, the value of the NLI+NLII should be determined by the formula (1), and 

the values of the NLIII should be determined by the formulas (5) and (6). 

 
Fig. 7 Bending stress fatigue curves for worm wheel 

 

To increase the service life by replacing the working flanks of the worm wheel teeth with non-

working flanks after a certain period of operation, the estimated resource of the teeth according to the 

bending criterion should be sufficiently large than the predicted resource according to other criteria. 

Therefore, a comparative analysis of the worm wheel service life by the criterion of bending and 

contact stresses, as well as by the criterion of bending and wear is of particular importance. Let's 

consider a comparative analysis of tooth resources by strength conditions by bending stress and by 

contact stresses. To this end, it becomes necessary to study the dependence of the dimensionless 

parameter KFH=NFL/NHL on various factors. 

 

 
Fig. 8. Service life ratio KFH for worm gear wheel made  

of CuSn12-Ni2-C-GZ for different modules 

 

For a worm gear with an axial distance aw=160 mm, a gear ratio u=20.5, the values of the KFH 

parameter are set for various values of the torque (T2), module (m) and the number of cycles (n1) of 

the worm shaft. The material of the worm was adopted hardened steel grade 16MnCr5 (surface 

hardness 58÷62 HRC), and the material of the worm wheel CuSn12Ni2-C-GZ (σHlim=520 N/mm2, 

τFlim=100 N/mm2, NFD=5·106), obtained as a result of casting by centrifugal method. The calculation 
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results are shown in Fig. 8 and 9. As can be seen from the graphs, with an increase in the load on the 

worm wheel, the value of the service life ratio decreases. But at nominal load limits, the value of this 

parameter is greater than 2 with a module m=4,77 mm. At large values of the module (m=6,37 mm 

and m=7,64 mm), the KFH parameter becomes quite high. And at values of the modulus m<4,77 mm, 

bending stresses become quite dangerous and the probability of tooth breakage from the effects of 

these stresses becomes higher. The rotation speed of the worm shaft (n1) also has a fairly large effect 

on the service life ratio KFH. Under heavy loads, the KFH parameter decreases when n1 increases. 
 

 
Fig. 9. Service life ratio KFH for worm gear wheel made  

of CuSn12-Ni2-C-GZ for different drive speeds 

 

In [8] reflects the results of a large number of experimental tests conducted at different values 

of the output shaft torque (T2) and the rotation speed of the worm shaft (n1) at different values of 

geometric and kinematic parameters (Table 1). The tests were carried out on a specially designed 

testing facility in the laboratory of the Institute “Machine Elements” of the Technical University of 

Munich. These experiments were carried out on worm gears consisting of a cylindrical worm with an 

involute profile made of steel grade 16MnCr5 and a worm wheel made of bronze grade CuSn12Ni-

GZ, obtained by centrifugal casting. The analysis of the obtained results shown that in the worm gear 

tested, the value of the coefficient KFH is greater than 1. 

 

Table 1. The main parameters and indexes of service life of the tested worm gears 
Basic 

transmission 

parameters 

Rotation speed 

of the worm 

shaft n1, min-1 

Output shaft 

torque T2, 

Nm 

Amount of 

wear Δm, q 

Service life, 106 

number of cycles 

Service life 

ratio, KWH 

(KFH) NHL NWL 

(NFL) 

a=65 mm; 

u=20,5; 

m=2,5 mm 

1470 210 12,36 13,96 27 1,94 

1470 290 47,9 1,99 26,46 13,3 

a=100 mm; 

u=10,3; 

 m=5 mm 

500 1180 71,5 0,58 7,3 12,6 

500 1696 124,4 0,29 0,85 2,93 

1500 750 95,5 6,7 42,4 6,33 

1500 750 88,4 4,96 40,68 8,2 

1500 1180 108,8 2,94 10,71 3,64 

1500 1180 118 2,13 12,81 6 

1500 1180 83,98 2,51 6,49 2,6 

1500 1180 159 2,24 12,41 5,54 
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1500 1696 88,6 1,31 3,05 2,33 

1500 1696 105,5 1,31 2,61 2 

2800 1180 174,9 5,26 22,26 4,23 

2900 1180 124,7 5,95 13,82 2,32 

a=100 mm; 

u=20,5; m=4 

mm 

1500 700 81,7 6,06 19,48 3,21 

1500 700 140,2 2,73 13,04 4,77 

1500 700 89,7 5,27 17,93 3,4 

a=160 mm; 

u=20; 

m=6,25 mm 

2900 1470 396,3 2,51 12,54 5 

2900 1470 121 6,64 12,6 1,9 

 

In general, the change in the tooth flanks of the worm gear wheel can be realized with the 

following procedures:  

1. Change in direction of rotation of the electric motor. This very simple method can 

only be used in the same cases if the direction of rotation of the motor does not affect the operation 

of the machine. 

2. Inversion of the gear wheels. This process can only be realized for worm gear wheels 

in general mechanical engineering, if the wheels are not made with shaft from one piece. In this 

procedure, the necessary maintenance work (disassembly, inversion and installation of the 

gearwheels) is to be implemented, and the direction of rotation of the electric motor is not required. 

Conclusions. Based on the research conducted, the following conclusions can be made: 

1. The service life ratio of worm gear wheels according to the criteria of bending and contact 

stresses depends on the geometric and kinematic parameters of transmission, mechanical 

characteristics of materials. Increasing the module and wheel width allows you to increase the service 

life ratio; 

2. Replacing the working profiles of the teeth with non-working ones after a certain period of 

operation, ensuring the necessary strength for bending stresses by the correct choice of geometric 

parameters and materials, increases the lifetime of the worm wheel gears; 

3. It has been proved by calculations that due to this procedure, the service life of the worm 

gear can be increased up to 60%. For this, the flank change must be realized at the end of the pitting 

growth phase. 
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