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ABSTRACT 
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Gears  are  among  the  most  widespread  mechanical  component.  Thanks  to  new Accepted: 12 April 2023 

technologies, new production methods and new  materials on the market, the use of this component is constantly increasing. This fact outlines the need to understand properly the functioning  of  such  component  into  different  load  cases.  Nowadays  the  trend  of 

 Keywords: 

miniaturization is growing in the mechanical sector and gears that have reduced its size are gears, STBF, 39NiCrMo3, fatigue 

already used in several fields. This fact brings the necessity to correct analyze and study material  properties  and  the  fatigue  behavior  of  this  mechanical  component.  Failures resulting from cyclic stress, thus due to fatigue, must be correctly analyzed. This important aspect  reduces  the  life  of  a  generic  component  by  causing  unexpected  breaks.  For  this purpose,  in  the present  manuscript,  a  combined  approach  of  theoretical  calculation  and experimental analysis is presented, the aim was to investigate the fatigue comportment of a  gear  made  by  39NiCrMo3  with  a  fine  module 𝑚𝑛 equal  to  2.  Single  Tooth  Bending Fatigue (STBF) tests were realized with the support of a universal tensile testing machine. 

New grips have been developed for performing fatigue tests on the tensile test machine and,  moreover,  dimensions  of  the  new  grippers  were  chosen  in  order  to  exploit  the Wildhaber  W5  property.  The  fatigue  limit  was  approximated  thanks  to  two  different statistic approaches, the classic and the shortest stair-case method proposed by Dixon. Both analyses allow to compute the fatigue limit by performing tests at different loads. The step load used in this research was set at Δ𝐹 = 100𝑁. The Dixon approach allows to use few tests with respect to the classic method, reducing time and material needed for the analyses. 

Furthermore, by using the standard ISO 6336 it is possible to translate the applied forces into  stress  values.  Afterward,  results  of  the  combined  theoretical/experimental  analyses were related to the one proposed by the ISO standard of the same steel constituent. 

1. INTRODUCTION

component. More deeply, it was highlighted that the solution is hugely influenced by the size of the gear. In regard to the Miniaturization  is  a  trend  is  in  a  steep  rise  in  every tooth root bending capacity, in a study carried out by Steutzger engineering  field,  so  as  the  use  of  small  mechanical 

[10],  it  was  reported  that  if  gears  having  a  nominal  module components. In fact, the use of small gears that have a module mn≥5  are  used,  it  is  possible  to  observe  an  incorrect mn equal or less than 2 is always more present. Gears have a computation of gears parameters. This fact was also confirmed lot  of  different  applications  i.e.,  power  transmission, by  other  researchers  [11-13].  Big  module  nitrited  and automation,  and  manufacturing  processes,  only  to  mention carburized gears and their tooth root bending behavior was the some  of  the  most  relevant.  It  was  also  studied  that  if  small objective of past researches [14-16]. 

sized  gears  are  used  it  is  possible  to  reduce  the  pollutant The comportment of gears during operation is affected by constituents emitted in the atmosphere [1]. This brings to the numerous aspects i.e., the surface obtained during machining necessity to properly study and analyze gears constituents, in operation, the heat treatment applied on the final component, particular  their  mechanical  behavior.  The  objective  of  this the  effective  geometry  of  the  gear  and  the  temperature  in framework was to give importance to the phases that are used which it is working, just to mention the most important. In the for  calculating  constituent’s  characteristic,  precisely,  the past years some researches on gears with normal module  mn<5 

admissible  root  tooth  bending  stress   σFlim,  and  to  evaluate have been carried out by the study [17, 18]. Nevertheless, in results  for  the  tested  steel  (39NiCrMo3).  Commonly,  the order  to  have  more  reliable  data  for  designing  gears,  more procedure  for  the  design  phase  of  gears  is  governed  by  the efforts should be put in the study of small sized gears. In this following standards, ANSI/AGMA 2001-D04 [2], the EU ISO 

work the ISO 6336 method B was followed. This standard is 6336 [3] and the DIN 3990 [4]. Nevertheless, these approaches based  on  the  evaluation  of  two  key  parameters,  specifically are founded on studies performed on gears with a module 𝑚𝑛

two stresses are compared. The first is called permissible stress equal  to  5.  In  fact,  big  sized  gears  ( mn≥5)  were  already σFP, that is computed according to Eq. (1), and the second one investigated by the study [5-9] and moreover, these researches is called effective stress  σF that is the stress that is acting on have brought out that the actual standards developed for gears the tooth computed as Eq. (2). 

have  the  trend  to  overestimate  the  fatigue  strength  of  the 73
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 YST and  YNT are respectively the stress and the life factors. 

In Eq. (3) it is possible to see the simplified formulation for YδretT takes into account the notch while  YRrelT the surface of the effective stress  σ

the  component.  Another  important  factor  that  needs  to  be F. According to the use and the geometry of the inspected gear to the correction coefficients  Y

under  review  is  the  size  factor   YX.  This  coefficient,  besides β,  YDT and 

 Y

considering the effective dimension of the gear, evaluates how B were assigned a unitary value. 



stress gradients, weak points, presence of defects etc. [3] are 𝐹

influenced  by  the  size  of  the  gear.  The  standard  ISO  6336 

𝜎

𝑡

𝐹 =

∙ 𝑌

𝑏∙𝑚

𝐹 ∙ 𝑌𝑆 ∙ 𝐾𝐴 ∙ 𝐾𝑉 ∙ 𝐾𝐹𝛽 ∙ 𝐾𝐹𝛼   

(3) 

method B states that the coefficient  YX is unity if a gear with module  mn<5 is considered. This assumption may lead to an In  Eqns.  (4)  and  (5)  are  described  respectively  the  form overestimation of the size of the gear. In this regard another factor  YF (Figure 1) and the stress correction factor  YS. 

approach for evaluating the size factor  YX has been proposed by Dobler et al. [19], this method is suited for gears that have 6ℎ𝐹𝑒 ∙ 𝑐𝑜𝑠𝛼

a  fine  module.  The  Dobler  equation  representing  the  size 𝐹𝑒𝑛
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factor is shown in Eq. (10):  
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According  to  literatures  [20,  21],  an  additional  correction factor must be used for translating results of the STBF tests into results that can be compared with the one obtained with classic  meshing  gear  test.  This  factor  takes  into  account  the different load history between the two types of tests. As main objective this work wants to calculate the fatigue limit (STBF) of  the  material  and  to  evaluate  its  comportment  when subjected to cyclic loads. Above all, the International standard ISO  6336  method  B  in  combination  with  the  Dobler  et  al. 

Figure 1.  Schematic representation of data needed for approach  for  computing  the  size  factor  were  used.  For  the computing the form factor  Y

computation  of  the  fatigue  limit  two  similar  statistic F 



approaches  were  used.  Both  of  them  relies  on  statistics,  the 1

main  difference  is  the  number  of  samples  needed  for  the 2.3

1.21+

(5) 

𝑌

𝐿

correct computation of the fatigue limit. For the first approach, 𝑠 = (1.2 + 0.13 ∙ 𝐿) ∙ 𝑞



𝑠



the  classic  one,  a  big  amount  of  specimen  is  required.  This With  L described through Eq. (6) and the notch sensitivity method can lead to more reasonable results at the expense of q

the time and cost required to carry out the tests. The short stair s defined following Eq. (7): 



case  approach  developed  for  small  samples  [22]  permits  to 𝑠

calculate the fatigue limit by means of less than six tests. The 𝐿 = 𝐹𝑛 

(6) 

ℎ

use  of  the  last-mentioned  method  permits  to  accelerate  the 𝑓𝑒



testing procedure. Both methods are commonly used for the 𝑠

computation of the fatigue limit for different materials [23, 24]. 

𝑞

𝐹𝑛

𝑠 =



(7) 

The  secondary  purpose  of  the  work  was  to  evaluate  and 2 ∙ 𝜌𝐹



compare  the  results  achieved  with  two  different  statistic The  application  factor   K

methods. 

 A  is  strongly  dependent  on  the application  in  which  the  gear  is  used  because  it  takes  into account effects caused by external loads. The dynamic factor K

2. MATERIAL AND METHODS 

 V has a high dependency on internal dynamics loads. Moving to  K



 Fα and  KFβ it is possible to say that they are necessary to manage uneven and transverse loads that act on gears while Table 1.  Geometrical data of the tested gear contact occurs. The deflection of the component and defects arising  from  machining  operation  can  determine  the  above-Nominal Module ( mn) 

2.00 [mm] 

mentioned phenomena. 

N. of teeth ( z) 

26 [-] 

Normal pressure angle ( α

Following  the  international  standard  [3],  it  is  possible  to 

 n) 

20 [°] 

Face width ( b) 

20.00 [mm] 

compute and connect  σFP with  σF. In other words, following Profile shift coefficient ( x) 0.30 [-] 

the  method  B  of  the  standard  it  is  possible  to  relate  the Dedendum coefficient (𝒉∗𝑭𝒑) 

1.25 [-] 

allowable stress with the effective one, this relation is written Addendum coefficient (𝒉∗𝒂𝒑) 

1.00 [-] 

as Eq. (8): 

Root radius factor (𝝆∗𝑭𝒑) 

0.38 [-] 



Wildhaber ( w) 

5 [-] 

𝜎𝐹𝑃 =   𝜎𝐹𝑙𝑖𝑚 ∙ 𝑌𝑆𝑇 ∙ 𝑌𝑁𝑇 ∙ 𝑌𝛿𝑟𝑒𝑙𝑇 ∙ 𝑌𝑅𝑟𝑒𝑙𝑇 ∙ 𝑌𝑋 

(8) 

Formal correction factor ( YF) 2.02 



Stress correction factor ( YS) 1.90 

By comparing Eq. (8) and Eq. (3) it is possible to compute σFlim with Eq. (9). 

For calculating the limit stress value  σFlim associated to the 74
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tooth  root  experimental  tests  were  performed.  Specifically, This machine was able to apply a maximum load of 5KN and, STBF test were performed on a fine module ( mn=2) gear made moreover, it features that permits to apply pulsatory loads at a of  39NiCrMo3.  In  this  analysis  the  tested  gears  were  not 35Hz rate was used. In order to mount the gear on the machine, thermally  treated,  the  measured  hardness  was  369  HV.  The custom  attachments  have  been  specifically  designed  (see main characteristic of the gear inspected are shown in Table 1. 

Figure  2).  Thanks  to  these  new  grippers  it  was  possible  to Data necessary for the calculation of coefficients mentioned in perform more than one test on a single gear sample by simply the above paragraph were extrapolated from 2D cad drawings rotating the gear for the different load levels. They are rated to of the inspected geometry. 

withstand  the  maximum  forces  that  the  machine  can  output Single tooth bending fatigue Tests were done on a universal and can be directly clamped on the machine. 

tensile  test  machine,  specifically  the  STEPlab  UD  04  [25]. 

 

 

 

Figure 2. On the left 3D drawing of the custom gripper developed by authors. On the right a 2D sketch of the mounted gear In  Figure  3  it  is  shown  the  experimental  setup  used.  The Starting  from  the  short  staircase  procedure,  it  can  be correct gear positioning was ensured thanks to a  central  pin described by 𝐹𝑖+1 = 𝐹𝑖  ±  Δ𝐹. The first test is done at a force that  was  used  during  the  placement  of  the  specimen  and level of  Fi. The second test  F 1+ i is done at a new force level removed before the test. How demonstrated in [15, 26, 27], to that depends on the outcome of the previous test. It has to be reduce movements of the gear and to keep the specimen in the noticed that the RO (Run-Out) condition was set at five million correct position during the test, a constant load ratio of  R=0.1 

cycles. For the estimation of the fatigue limit the first failure was  applied.  Once  the  initial  load  was  applied,  and  the  pin is considered (short staircase approach), or in other words, the removed it was possible to proceed with the real test. 

force value associated at that rupture is considered (Eq. (11)). 



The parameter  k can be defined through statistic following the tests  history.  In  particular,  the  Run  out  (RO)  –  Failure  (F) sequence is taken into account. 



𝐹𝐹𝑃

= 𝐹

𝑆𝑇𝐵𝐹50%

1 + 𝑘 ∙ Δ𝐹 

(11) 



The classic method follows the same test procedure of the above mentioned one, namely tests are performed at different levels of load according to their fail-run out condition. In this case the fatigue limit is computed considering equation 12.  FFP 

is the force associated to the fatigue limit,  n is the number of total tests performed,  l is the number of force levels used,  vj is the number of times in which a defined stress level is repeated 

 

and  Fj is the associated force to that level. 

Figure 3. Dedicated machine tool with the gear positioned between anvils 

1
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∑
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(12) 

𝑗=1 𝑗𝐹𝑗



𝑛



Considering the geometry of the inspected gear a Wildhaber W 5 was set. It is possible to describe the Wildhaber distance 3. RESULTS 

as how many teeth are within anvils during tests. This property depends on the geometrical  characteristic of the tested gear. 

Results  of  the  experimental  STBF  tests  with  the  short The  correct  definition  of  this  distance  ensures  the  correct staircase  and  classic  approaches  are  shown  in  Table  2  and application of forces during test run. For the estimation of the Table  3  respectively.  For  computing  all  the  correction single  tooth  bending  fatigue  limit,  two  different  stair-case coefficient,  dimensions  were  taken  from  the  related  CAD 

approaches were  used, the  classic  and the  shorter one. Both model.  The  standard  deviation  of  the  distribution  is rely  on  statistics  and  permit,  through  different  methods,  to approximatively   σ=64

compute the fatigue limit. Commonly, a diverse load is applied N  for  the  shorter  method,  thus  lower than the increment applied. 

to each experimental test. More precisely, a load step 𝛥𝐹 was The  first  step  to  calculate  the  tangential  force set, the  choice  of this force increment may lead to different Ft  is  to 

multiply the used forces by the pressure angle  α

results, in fact it must be chosen considering several aspects. 

 Fen (see Figure 

1). The factor 

A reduced increment of 

𝑘 was set equal to  k=-0.296. Thus, thanks to Eq. 

𝛥𝐹 is going to improve the precision, 

but  on  the  other  hand,  it  requires  a  high  number  of  tests. 

(9) the value of force with a 50% failure likelihood was set as Generally,  the  increment  should  not  exceed  the  standard 𝐹𝐹𝑃

= 3071.6 𝑁 .  The  results  of  the  short  staircase 𝑆𝑇𝐵𝐹50%

deviation of the data distribution. 

method are shown in Figure 4. 
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Table 2. Results of the short staircase approach By  following  the  equations  in  the  previous  paragraphs,  it was possible to compute the related stresses acting on the root Test 

𝑭𝒏

∗

𝒎𝒊𝒏[𝑵] 

𝑭𝒏𝒎𝒂𝒙[𝑵] 

𝑵 [−] 

Status 

tooth flank  σF 2 mm=658.47  MPa for the short case and 𝜎𝐹2𝑚𝑚 =

1 

−395 

−3950 

3330753 

F 

676.25 𝑀𝑃𝑎 for the classic approach. According to literature 2 

−385 

−3850 

5𝑒106 

RO 

[20, 21] this value needs to be modified since tests were not 3 

−395 

−3950 

5𝑒106 

RO 

done on real meshing gears, therefore another correction factor 4 

−405 

−4050 

417250 

F 

equal  to  0.9  was  used.  At  this  point  the  effective  root  tooth 5 

−395 

−3950 

5𝑒106 

RO 

bending  stress  was  calculated  at   σF 2 mm=592.63   MPa  and 6 

−405 

−4050 

5𝑒106 

RO 

𝜎∗

= 608.62𝑀𝑃𝑎 respectively  for  the  short  and  classic 

 

𝐹2𝑚𝑚

methods.  For  the  computation  of  all  the  other  correction Table 3. Results of the classic staircase approach coefficients, needed for the calculation of  σ



 FP,  the  following 

considerations were taken. In this specific case the stress factor Test  𝑭𝒏𝒎𝒊𝒏[𝑵]  𝑭𝒏𝒎𝒂𝒙[𝑵] 

𝑵 [−] 

Status 

of the tested gear  Y

1 

−385 

−3850 

900234 

F 

 ST was set  YST=2 and the life factor  YNT equal 2 

to  1.  A  roughness   R

−375 

−3750 

1345870 

F 

 a=6.3 μm  was  measured  experimentally. 

3 

This  value  can now  be  translated  into   R

−365 

−3650 

5𝑒106 

RO 

 z  thanks  to  the  DIN 

4 

−375 

−3750 

1243564 

F 

4778 [28]. Following the standard ISO 6336 the value of  YRrelT 

5 

−365 

−3650 

1856020 

F 

related to this roughness value  Rz =38.3 μm is 𝑌𝑅𝑟𝑒𝑙𝑇 = 0.9458. 

6 

−355 

−3550 

2456823 

F 

Considering Eq. (13) it was also possible to calculate the notch 7 

−345 

−3450 

5𝑒106 

RO 

sensitivity factor  YδrelT, obtaining a value of  YδrelT =0.9475.  X* 

8 

−355 

−3550 

2014538 

F 

is the relative stress gradient and  ρ'  the slip-layer thickness (the 9 

−345 

−3450 

5𝑒106 

RO 

method  for  calculating  those  values  is  described  in  [3,  29] 

10 

−355 

−3550 

2245683 

F 

respectively). 

11 

−345 

−3450 

2956327 

F 



12 

−335 

−3350 

5𝑒106 

RO 

1+√𝜌′∙𝑋∗

13 

−345 

−3450 

3156740 

F 

𝑌𝛿𝑟𝑒𝑙𝑇 =



(13) 

14 

∗

−335 

−3350 

5𝑒106 

RO 

1+ √𝜌′ ∙𝑋𝑇

15 

−345 

−3450 

3456724 

F 



16 

−335 

−3350 

5𝑒106 

RO 





 

Figure 4. Short stair-case results 





 

Figure 6. Short staircase S-N curve 





 

Figure 5. Classic staircase results By  applying  the  standard  staircase,  16  specimens  were tested at different load levels. Results are presented in Figure 5. In this case the standard deviation was found at  σ=154 N that is above the increment of 100N applied. Tests were performed 

 

on new sample gears. 

Figure 7. Classic staircase S-N curve 76
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Gears are among the most widespread mechanical component. Thanks to new
technologies, new production methods and new materials on the market, the use of this
component is constantly increasing. This fact outlines the need to understand properly the
functioning of such component into different load cases. Nowadays the trend of
miniaturization is growing in the mechanical sector and gears that have reduced its size are
already used in several fields. This fact brings the necessity to correct analyze and study
material propertics and the fatigue behavior of this mechanical component. Failures
resulting from cyclic stress, thus duc to fatigue, must be correctly analyzed. This important
aspect reduces the life of a generic component by causing unexpected breaks. For this
purpose, in the present manuscript, a combined approach of theoretical calculation and
experimental analysis is presented, the aim was to investigate the fatigue comportment of
a gear made by 39NiCrMo3 with a fine module m,, equal to 2. Single Tooth Bending
Fatigue (STBF) tests were realized with the support of a universal tensile testing machinc.
New grips have been developed for performing fatigue tests on the tensile test machine
and, morcover, dimensions of the new grippers were chosen in order to exploit the
Wildhaber W5 property. The fatigue limit was approximated thanks to two different
statistic approaches, the classic and the shortest stair-case method proposed by Dixon. Both
analyses allow to compute the fatigue limit by performing tests at different loads. The step
load used in this research was set at AF = 100N. The Dixon approach allows to use few
tests with respect to the classic method, reducing time and material needed for the analyses.
Furthermore, by using the standard ISO 6336 it is possible to translate the applied forces
into stress values. Afterward, results of the combined theoretical/experimental analyses

were related to the one proposed by the ISO standard of the same steel constituent.

1. INTRODUCTION

Miniaturization is a trend is in a steep rise in every
engineering field, so as the use of small mechanical
components. In fact, the use of small gears that have a module
m, equal or less than 2 is always more present. Gears have a
lot of different applications i.e., power transmission,
automation, and manufacturing processes, only to mention
some of the most relevant. It was also studied that if small
sized gears are used it is possible to reduce the pollutant
constituents emitted in the atmosphere [1]. This brings to the
necessity to properly study and analyze gears constituents, in
particular their mechanical behavior. The objective of this
framework was to give importance to the phases that are used
for calculating constituent’s characteristic, precisely, the
admissible root tooth bending stress orim, and to evaluate
results for the tested steel (39NiCrMo3). Commonly, the
procedure for the design phase of gears is governed by the
following standards, ANSI/AGMA 2001-D04 [2], the EU ISO
6336 [3] and the DIN 3990 [4]. Nevertheless, these approaches
are founded on studies performed on gears with a module m,,
equal to 5. In fact, big sized gears (m,>5) were already
investigated by the study [5-9] and moreover, these rescarches
have brought out that the actual standards developed for gears
have the trend to overestimate the fatigue strength of the
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component. More deeply, it was highlighted that the solution
is hugely influenced by the size of the gear. In regard to the
tooth root bending capacity, in a study carried out by Steutzger
[10], it was reported that if gears having a nominal module
m,>5 are used, it is possible to observe an incorrect
computation of gears parameters. This fact was also confirmed
by other researchers [11-13]. Big module nitrited and
carburized gears and their tooth root bending behavior was the
objective of past researches [14-16].

The comportment of gears during operation is affected by
numerous aspects i.e., the surface obtained during machining
operation, the heat treatment applied on the final component,
the effective geometry of the gear and the temperature in
which it is working, just to mention the most important. In the
past years some researches on gears with normal module m,<5
have been carried out by the study [17, 18]. Nevertheless, in
order to have more reliable data for designing gears, more
efforts should be put in the study of small sized gears. In this
work the ISO 6336 method B was followed. This standard is
based on the evaluation of two key parameters, specifically
two stresses are compared. The first is called permissible stress
arp, that is computed according to Eq. (1), and the second one
is called effective stress or that is the stress that is acting on
the tooth computed as Eq. (2).
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