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ABSTRACT 
Nowadays the use of gears has significantly increased due to new materials available and to the high 
variety of possible applications. The necessity to investigate the gears behavior in different conditions 
plays a pivotal role for the evolutionary process of this so widely used mechanical component. In 
addition, the miniaturization process that is still growing in most of the engineering fields brings the 
necessity to accurately analyze the material properties, and fatigue behavior of gears having reduced 
dimensions. In this framework, in this work an experimental analysis combined with theoretical 
calculation was used for describing the fatigue behavior of 2 mm module gears made of 39NiCrMo3. 
Single Tooth Bending Fatigue (STBF) tests were performed according on a tensile testing machine. 
Since the machine grippers were not suited for fatigue tests on gears, a dedicated test-tool was 
appositively manufactured to exploit the Wildhaber W5 property. Tests were performed at different 
loading levels following the stair-case approach. Test were performed with a ΔF of 100 N. The 
fatigue limit was computed using the statistic Dixon approach that allows a precise calculation of the 
fatigue limit also with a reduced number of experimental data. The results in terms of measured 
forces were converted into the corresponding stresses using the ISO 6336 approach. Thereafter, the 
results were compared with the one stated in the ISO standard for the same steel material. 
Keywords:  gears, STBF, 39NiCrMo3, fatigue. 

1  INTRODUCTION 
Nowadays, the use of miniaturized components is still growing in the mechanical sector. 
Hence, the use of 2 mm or less modules for the design of small gearboxes has significantly 
increased due to the various possible applications, like robotics, high power density 
transmission systems and all the applications related to the automotive sector. In this 
important field of mechanic, it was also demonstrated that the use of small sized gears can 
reduce pollution [1]. All these facts lead to the necessity to correct investigate the material 
behavior when used for manufacturing small gears. In particular, this work is aimed in 
highlighting the steps necessary to compute the material properties, namely the admissible 
root tooth bending stress 𝜎ி௟௜௠, and to report the results for a 39NiCrMo3 steel. In literature 
several standards are available for the design of gears, such as the EU ISO 6336 [2], the 
German DIN 3990 [3] and the US ANSI/AGMA 2001-D04 [4]. However, such standards 
are based on data obtained on 5 mm module gears. Several works on gears having a normal 
module mn ≥ 5 [5]–[9] have highlighted the inaccuracy of the actual standards in predicting 
the fatigue strength. In particular it was shown that the size of the gear significantly affects 
the resistance of the solution. A research made by Steutzger [10], showed that for what 
concern the tooth root bending load-carrying capacity, the adoption of gears with normal 
module mn > 5 is unfavorable. This evidence was confirmed by other scholars [11]–[13]. 
The tooth root bending behavior of big sized gears (nitrided and carburized) was already 
investigated by different scholars [14]–[16]. 

The gears behavior is influenced by several factors like the heat treatment, the surface 
finishing, temperature and the effective geometry of the gear, just to highlight some of the 
most important ones. Recently, some works in which small sized gears were investigated 
have been published [17], however this it is not still enough for having reliable data for the 
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design phase of gears that have a normal module mn < 5. The ISO 6336 method B provides 
an approach which relies on the comparison between the permissible stress 𝜎ி௉ and the 
effective stress acting on the tooth 𝜎ி. According to the standard, the two stress components 
are calculated according to eqns (1) and (2). 
 

𝜎ி଴ ൌ
ி೟

௕∙௠
∙  𝑌ி ∙  𝑌ௌ ∙  𝑌ఉ ∙  𝑌஻ ∙  𝑌஽்,    (1) 

 
𝜎ி ൌ  𝜎ி଴ ∙  𝐾஺ ∙  𝐾௏ ∙  𝐾ிఉ ∙  𝐾ிఈ.    (2) 

 
Considering the geometry specification and the application of the gear inspected 𝑌ఉ, 𝑌஽் and 
𝑌஻ were set equal to 1 reducing the formulation at eqn (3) 
 

𝜎ி ൌ
ி೟

௕∙௠
∙ 𝑌ி ∙  𝑌ௌ ∙  𝐾஺ ∙  𝐾௏ ∙  𝐾ிఉ ∙  𝐾ிఈ,   (3) 

 
where the form factor 𝑌ி is defined as eqn (4) and the stress correction factor 𝑌ௌ as eqn (5). 
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Figure 1:    Representation of geometrical tooth parameters necessary for the computation 
of the 𝑌ி factor. 
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With 𝐿 defined as eqn (6) and the notch sensitivity 𝑞௦ computed thanks to eqn (7) 
 

𝐿 ൌ
௦ಷ೙

௛೑೐
 ,     (6) 
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.     (7) 
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The application factor 𝐾஺ depends on the applications because it considers the external 
loading effects. 𝐾௏, also called, dynamic factor takes into account internal dynamics loads 
while the last two factors 𝐾ிఈ and 𝐾ிఉ are used to manage transvers and uneven loads 
acting on tooth during contacts. These phenomena can be caused by the deflection of the 
component during operation ore by manufacturing errors. 
     As stated, form ISO 6336 method B, the allowable stress of the material defined as  
𝜎ி௉ can be determined and compared with the one acting on tooth 𝜎ி. 𝜎ி௉ is described by 
eqn (8) 

𝜎ி௉ ൌ  𝜎ி௟௜௠ ∙ 𝑌ௌ் ∙ 𝑌ே் ∙ 𝑌ఋ௥௘௟் ∙ 𝑌ோ௥௘௟் ∙ 𝑌௑.   (8) 

By comparing eqns (8) and (3) it is possible to compute 𝜎ி௟௜௠ with eqn (9) 

𝜎ி௟௜௠ ൌ
ி௧

௕∙௠
∙

௒ಷ∙௒ೄ

௒ೄ೅∙௒ಿ೅∙௒ഃೝ೐೗೅∙௒ೃೝ೐೗೅∙௒೉
     (9) 

𝑌ௌ் and 𝑌ே் that are respectively the stress correction factor and life factor for the single 
tooth root stress. 𝑌ఋ௥௘௧் considers the notch while 𝑌ோ௥௘௟் the surface of the component. The 
size factor 𝑌௑ considers the dimension of the single tooth for the tooth root bending stress. 
It takes into account how the presence of weak points into the material, stress gradients, the 
presence of defect etc. [2] are influenced by the size of the gear. By consulting the 
normative ISO 6336 method B, for gears that have a module 𝑚 ൏ 5 the size factor 𝑌௑ is 
always equal to 1. Since this fact can lead to an oversizing of the gear, Dobler et al. [18] 
proposed an alternative method for computing the size factor 𝑌௑ for gears having a fine 
module. The size factor proposed by Dobler is reported in eqn (10) 

𝑌௑஽௢௕௟ ൌ 1 െ  0.45 ∙ 𝑙𝑜𝑔 ቀ 
௠೙

ହ
 ቁ േ 0.075.   (10) 

Moreover, since in this work were performed following the STBF tests procedure and not 
with meshing gears, it was necessary to introduce an additional correction factor [19], [20] 
to take into account the slightly different loading condition. Since the objective of this work 
was to compute the STBF fatigue limit of the material and to evaluate its behavior under 
cycling loads, an inverse application of the ISO 6336 standard, including the model by 
Dobler et al. [18] for what concern the size factor, is applied to convert the experimental 
data into stresses. 

2  MATERIAL AND METHODS 
In order to calculate the tooth root limit value 𝜎ி௟௜௠, STBF test were performed on a fine 
module (𝑚௡ ൌ 2ሻ gear made of 39NiCrMo3. In Table 1 are resumed the relevant properties 
of the gear analyzed. For the computation of 𝑌ி, 𝑌ௌ and the different correction factors, 
dimension needed were directly extracted from the 2D cad drawings. 
     Tests were performed on a SETPlab UD 04 pulsatory machine capable to apply a 
maximum load of 5 KN. A dedicated machine tool was appositively manufactured for 
correctly applying the load on the inspected tooth pair. A schematic representation of the 
setup used is shown in Fig. 2. As it is possible to see the gear position is constrained, during 
the mounting phase, by a central pin. Before starting the test, a load was applied to the gear 
and the pin removed. Exploiting friction, it is possible to avoid slipping of the gears before 
and during the test. A stress ratio 𝑅 ൌ 0.1 was kept during the test. According to literature 
[15], [21], this value is enough for avoiding unwanted movement. 
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Table 1:  Tested gear geometry specification. 

Nominal module (𝑚௡) 2.00 (mm) 
N. of teeth (𝑧) 26 (–)
Normal pressure angle (𝛼௡) 20 (°) 
Face width (𝑏) 20.00 (mm) 
Profile shift coefficient (𝑥) 0.30 (–) 
Dedendum coefficient (ℎி௣

∗ ) 1.25 (–) 
Addendum coefficient (ℎ௔௣

∗ ) 1.00 (–) 
Root radius factor (𝜌ி௣

∗ ) 0.38 (–) 
Wildhaber (𝑤) 5 (–) 
Formal correction factor (𝑌ிሻ 2.02 
Stress correction factor (𝑌ௌሻ 1.90 

 
 

 

Figure 2:  Machine set up used for tests with the gear mounted in the middle. 

With this specific geometry the Wildhaber 𝑊5 was used. In other words, 𝑊5 means 
that there are five teeth within the anvils. The Wildhaber distance is strictly connected to 
the geometry of the gear since it must be chosen in order to apply a load which is normal to 
the gear tooth surfaces. To evaluate the STBF limit the short staircase approach was used. 
Specifically, several tests were performed at different load levels. This method predicts to 
define a constant force increment 𝛥𝐹. The choice of this value influences the accuracy of 
the final results. A low 𝛥𝐹 value will increase the accuracy but also the number of tests 
needed for reaching failure. The method works as follows. If a certain test reach fails or 
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reach the run-out condition (withstand 5 M cycles) with a force 𝐹௜, the next test is 
performed at a force level defined by 𝐹௜ାଵ ൌ 𝐹௜  േ  Δ𝐹 respectively. The fatigue limit at a 
50% probability is computed considering the first relevant force 𝐹ଵ observed that induces a 
failure (eqn (11)). 𝑘 is a statistic factor that depends on the Run-out/Failure (RO/F) test 
sequence. 
 

𝐹ி௉ೄ೅ಳಷఱబ%
ൌ 𝐹ଵ ൅ 𝑘 ∙ Δ𝐹    (11) 

 

3  RESULTS 
In Table 2 are resumed STBF tests performed on specimen gears. All dimensions necessary 
for the computation of correction factors were extrapolated directly from 2D drawings of 
the gear. 

Table 2:  Staircase results on the 2 mm module gear. 

Test 𝐹𝑛௠௜௡ሾ𝑁ሿ 𝐹𝑛௠௔௫ሾ𝑁ሿ 𝑁 ሾെሿ Status 
1 െ395 െ 3,950 3,330,753 F 
2 െ385 െ 3,850 5𝑒10଺ RO 
3 െ395 െ 3,950 5𝑒10଺ RO 
4 െ405 െ 4,050 417,250 F 
5 െ395 െ 3,950 5𝑒10଺ RO 
6 െ405 െ 4,050 5𝑒10଺ RO 

 
     Firstly, the force must by multiplied by the angle 𝛼ி௘௡ (see Fig. 1) to compute the acting 
tangential force 𝐹௧. According to the staircase approach for a RO/F sequence (F-RO-RO-F-
RO-RO), the value of the constant results 𝑘 ൌ െ0.296. The application of eqn (9) leads to 
the calculation of the force associated to the 50% probability of failure, 𝐹ி௉ೄ೅ಳಷఱబ%

ൌ

 3,071.6 𝑁. In Fig. 3 the result of the short staircase is plotted. 
 

 

Figure 3:  Staircase of the tested specimens. 
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     According to the equations mentioned in the first section 𝜎ிଶ௠௠ ൌ 658.47 𝑀𝑃𝑎. This 
value must now be multiplied by 0.9 to consider the fact that tests were performed on a 
pulsatory machine and not on meshing gears [19], [20]. With the introduction of this 
parameter now the effective bending stress present reduces to 𝜎ிଶ௠௠ ൌ 592.63 𝑀𝑃𝑎. The 
correction factors necessary for the computation of 𝜎ி௉ were chosen as follow. For our 
tested gear 𝑌ௌ் is equal to 2 and 𝑌ே் was equal to 1. 𝑌ோ௥௘௟் depends on the gear surface 
roughness 𝑅௭. The measured roughness 𝑅௔ of the specimen was 6.3 𝜇𝑚, it is possible to 
translate the value of 𝑅௔ into 𝑅௭ using the DIN 4778 [22]. According to ISO 6336 the 
associated value to of the relative surface factor with 𝑅௭ ൌ 38.3 𝜇𝑚 is 𝑌ோ௥௘௟் ൌ 0.9458. 
Considering the geometry, the notch sensitivity factor computed thanks to eqn (12) was 
𝑌ఋ௥௘௟் ൌ 0.9475, were 𝑋∗ is the relative stress gradient and 𝜌′ the slip-layer thickness. (for 
the computation of these value please refer to [2] and [23].) 
 

𝑌ఋ௥௘௟் ൌ
ଵାඥఘᇲ∙௑∗

ଵା ටఘᇲ ∙௑೅
∗
 .    (12) 

 
The size factor 𝑌௑ was calculated with the new formulation proposed by Dobler et al. [18] 
(eqn (8)) with a resulting value of 𝑌௑ ൌ 1.18 instead of the unit value proposed by the 
standard. Finally, the admissible root tooth bending stress computed with eqn (9) was found 
out at 𝜎ி௟௜௠ ൌ 280.44. Moreover, thanks to the STBF tests performed it was also possible 
to reconstruct the characteristic S–N curve for the component. Data are plotted in Fig. 4. 
 

 

Figure 4:  S–N curve of the component. 

4  CONCLUSION 
According to literature the admissible stress for the material 39NiCrMo3 is 𝜎ி௟௜௠ ൌ
280.92 𝑀𝑃𝑎. The experimental evidence 280.44 𝑀𝑃𝑎 confirms the increased load 
carrying capacity of small gears observed by Dobler et al. [18] In other words, gears made 
by the same 39NiCrMo3 steel show a 18% increased load carrying capacity with respect to 
the performances of the same materials when used on standard 5 mm module gears. The 
experimental tests performed in this framework, fully confirm the findings of Dobler et al. 
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[18]. For completeness, it should be mentioned that other formulations for the size factor 
are available in literature [17]. 

On the other hand, if standards were strictly followed, and an unitary value for the size 
factor is used, the present tests will lead to a 𝜎ி௟௜௠ equal to 330.65 𝑀𝑃𝑎 which results 
about 17.7% higher than the one expected for this material. This fact highlights that there is 
the necessity to increase efforts to study also small gears that are and will become even 
more in the future, fundamental components for the mechanical industry. 
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