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Figure 15. Trade-offs of (2) increasing stress with decreasing temperature and (b) increasing displacement with decreasing

ternperature.

Figure 14(d) shows the effect of the stress concentra-
tor of the threads in configuration C4. The treads pres-
ent sharp angles that substantially increase the stresses
over the cooling hole. In the root, the stress increased
by 162.80% when compared with configuration Cl.
The threaded holes also affected the tooth deflection;
the tooth tip displacement increased by 9.41% com-
pared with configuration C2.

In configuration CS5. the threads are present in the
types of cooling holes. As shown in Figure i4(¢), this
configuration had the greatest number of zones that
were affected by high stresses. The rool stresses margin-
ally increased compared with configuration C4.
Conversely, the tip displacement increased by 10.28%
compared with configuration €3 and increased by
79.41% compared with configuration A.

Overall behavior

From the previous analysis, conflicting results are
observed: A greater reduction in temperature leads to a
greater loss of mechanical resistance. The correct deci-
sion choice for an application can be rather difficult.
Thus, the relative loss of the mechanical properties is
compared with the reduction in temperature, which is
compared with configuration A. These results are
depicted in Figure 135.

This figure shows a Lrade-off comparison based on
the loss on the mechanical side compared with the
increase in temperature. All confligurations increased
the value of the stress with a decrease in temperature.
Configuration C2 had the second minimum absolute
increase in stress and the maximum relative stress
increase duc to a reduction in temperature. The roor
stress in this configuration increases by 12.45% for
cach degree Celsius saved compared with configuration
Cl. A lower value indicates a better cooling geometry,
which causes a specific reduction in temperature with

minimal loss at the mechanical level. By the same indi-
cator, the stress increase in conliguration C3 is 29.00%
less than in configoration C2, which indicates that the
radial cooling holes comprise an effective solution for
reducing the temperatore. Configuration C4 achieves a
17.45% lower stress 1o temperature value than config-
uration C2. This option is preferred to the use of a sim-
ple axial cooling hole but achieves inferior performance
compared with radial cooling holes. Configuration C5
yields a stress to temperature value that is 29.59% less
than that obtained for case C2. This option is the best
option because the ratio increase promoted by the axial
and radial holes in thermal terms by the stress increase
is minimal.

Use of the displacement as the mechanical property
loss yields similar results. Contiguration C2 achicves a
4.79% increase in displacement with an increase in tem-
perature. The value of this indicator is 23.36% lower in
configuration C3 than in configuration C2. which con-
firms that the radial hole is an effective solution.
Configuration C4 shows a slightly higher displacement
increase with temperature compared with configuration
C2; the results were improved by 3.47%. Configuration
C5 had the best total performance: the value of the
analyzed parameter was 29.59% less than the value of
configuration C2.

These results are summarized in Figure 16, which
presents the changes in the mechanical states with
increasing temperature: the horizontal axis represents
the results from Figure 15(a). and the vertical axis rep-
resents the results from Figure 15(b). In this figure. the
farther from the origin that a configuration plots, the
more the mechanical state worsens for each increase in
the maximum temperature; that is, the closer to the ori-
gin, the betier the trade-off that the configuration
offers.

The results in Figure 16 demonstrate that the tapped
holes’ solution offers better trade-offs over the
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Figure | 6. Relative changes in mechanical states with
temperature compared with configuration CJ.

conventional cooling holes solution. Configuration C5,
which uses tapped holes in both directions. provides
the best trade-ofl. The second best option is configura-
tion C3. which uses simple holes in both directions.
The third best option is that with axial tapped holes.
and configuration C2, which uses simple axial holes,
provides the worst trade-off.

Conclusion

In this article. the decreased temperature and mechani-
cal properties caused by specially made orifices on the
gear tooth were analyzed and compared using nuineri-
cal methods. The plastic gear meshing presents some
particularities that differ from metullic meshing. Plastic
gear meshing also involves an extension of the contacl
between the tecth outside the line of actiou. These par-
ticularities were added to a model to properly simulate
thermo-mechanical behavior. The low modulus of the
polymers has been historically considered desuwable
because the transmitted load is better distributed and
both noise and contact forces are reduced during
motion.

We analyzed the temperature and mechanical beha-
viors of five configurations: the original tooth, a tooth
with ag axial cooling hole, a tooth with axial and radial
cooling holes. a tooth with a tapped axial hole, and a
tooth with tapped axial and radial tapped holes.

The use of a tapped hole instead of simple cooling
holes always improved the trade-off. In the case of the
axial configurations (C2 and C4), the use of {apped
holes improved the trade-oft by 0.17 mm;°C in displa-
cement and 2.17MPa/C in stress. When axial and
radial holes were used (€3 and C§). the use of tapped
holes instcad of simple holes improved the trade-off by
0.30 mm;*C in displacement and 1.92 MPa/*C in stiress.
Due 1o their shape, the application of tupped cooling
holes will benelit a plastic gear tooth by substantially
decreasing the maximum operating temperature while

moderately igcreasing the tooth deflection and only
slightly increasing the maximum stress. The combina-
tion of these three factors makes tecth with tapped
cooling holes the best opuon to increase the range of
operability of plastic gears. This aption also has cost
benefits because it will decrease the number ol required
cooling holes, which reduces the machining operations
for cach tooth and at a large scale will likely result in
substantial savings of time and money.
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IV.5 Modélisation de la durée de vie et du mode d’endommagement des

engrenages en plastique

IV.5.1 Résumé

Ce chapitre a fait I’objet d’une publication dans la revue scientifique Engineering

Failure Analysis.

Alencar Bravo, Demagna Koffi, Lotfi Toubal and Fouad Erchiqui. Life and damage

mode modeling applied to plastic gears.

Dans le chapitre précédent, nous avons comparé certaines configurations des dents
concernant |’aspect thermique et la rupture statique. Dans le but de dimensionner correctement
des engrenages pour une application donnée, il nécessaire d’avoir une bonne compréhension
de toutes les modes d’endommagement et des mécanismes par lesquels l'engrenage va se
détériorer jusqu'a sa défaillance finale. Cependant, cette tiche est souvent difficile parce que
les ingénieurs doivent tenir compte de la complexité des phénoménes combinés avec les
propriétés spécifiques des matériaux et des particularités de I'application afin de déterminer les
points de défaillance, le mode d’endommagement et les points critiques d’entretien. Cet article

fournit un examen des multiples modes d'endommagement en engrenages plastiques.
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Nous passerons en revue les différents aspects du probléme de ’endommagement et
proposons une solution combinée de I'analyse par éléments finis et des équations analytiques
validées pour engrenages en plastique. Avec cette connaissance, nous avons construit un
syst¢tme unique d'analyse des perspectives d'utilisation des engrenages qui évalue tous les

processus de ’endommagement.

Il existe un réel besoin de dimensionner correctement les engrenages en plastique pour
ses applications avec une compréhension de la fagon dont I'engrenage se détériore jusqu'a la
rupture finale. Cependant, cette tiche a été difficile parce que les ingénieurs doivent tenir
compte de la complexité des phénomenes de I’engrénement combinée avec les propriétés
spécifiques des matériaux et les particuliéres de I'application de I’engrénement plastique afin
de déterminer le mécanisme de défaillance ultime et les points d'entretien. Cet article fournit
un examen des muitiples modes d'endommagement des engrenages en plastique, y compris les
modes de défaillance en engrénement universel et exclusivement en plastique. Cet article passe
en revue les différentes branches du probléme de I’endommagement, propose une solution
combinée par la méthode d'analyse par €léments finis et des équations analytiques validées
pour les engrenages en plastique. Avec cette connaissance, nous avons construit un systéme
unique d'analyse des perspectives d'utilisation des engrenages qui €évalue tous les processus de
’endommagement possibles. En appliquant une large plage de charges normales sur
’engrenage en plastique, il a été vérifié que le mode d’endommagement effectif dépend
fortement de la charge appliquée. L'identification du mode d’endommagement appropri€e
permet la planification des actions de prévention parce que les limites optimales de |’ utilisation
des engrenages en plastique sont identifiées. Avec cette stratégie de modélisation de
’endommagement, le concepteur peut prendre plus aisément une décision concernant
I’applicabilité de I’engrenage en plastique. Cette synthése représente un progres significatif
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pour la modélisation de I’endommagement de [’engrenage plastique parce que les principaux

paramétres de fonctionnement et les facteurs de dégradation sont observés.

IV.5.2 Résultats et discussion
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points, This articke provides a review of the mualtple damage modes of plastic gears, including botl
general and plastic gear-exglusive modes,
Kf‘if""""f- This article reviews the different branches of the damage problem, performs a combined solution
S::;;':‘;L::;w of finite clement analysis (FEA} and validated analytical equations for plastic gears. With this
Pm"'( et kmmwle:dgv. & uniruw'aysn_un of analysis of gear utibzation perspectives that evaluates all possible
Paifure fosdes damaging processes s buill
Wear By applying a range of normal koads on a plastic gear, it was verified that the damage mode depends
highly on the applied load, The identification of the proper damage mode allows preventive actions
1o be takien because the limits of plastic gears and the optunal usage are identified. With this damage
maodeling strategy, the designer can skap several steps in reaching a decision regardmg plastic gear
applicability. This synthesis represents sigmficant progress for plastic gear damage modeling because
the major factors of plastic gear funcioning and the damage factors are observed.

€ 2015 Elsevier Lid. Al rights reserved,

1. Introduction

Because gears are key elements of many power transmission systems, their eventual fadure can ultimately cause the catastrophic
failure of many modern machines. Thas, the estimation of those failures is important for maintenance planning to significantly reduce
downtime and cost. Such estimation will also save on material losses due to non-optimized design and life utilization planning and
will prevent people from becoming injured in some cases because failure is better understood,

Therefore, there 15 a need to correctly dimension gears for one applicatian with an understanding of how the gear will deteriorate
until final failure. Nevertheless, this task has been difficult because engineers must consider the complexity of gear meshing phenom-
ena combined with the gear material-specific properties and application particulagities to determine critical failure and maintenance
points. If this goal can be achieved, the proper dimensioning of gears will increase the safety of the system and reduce the total cest of
vwnership during its lifetime.

The industry appreciate the econamic and technical advantages of polymer gears {ability to operate without grease or oil
lubrication, low cost of production, low density, high resilience and internal damping capacity] | 1,2 The use of plastic gears is steadily
increasing. Sorme examples of the field application of plastic gears include the automotive industry, office machines and household
utensils, and faod and textile machinery {2,3]

© Cogresponding author
E-mail grddresses: alencarsoaresbyavolPoutr.ca (A Brave), keili@oglr ga (D, Kofli, totfitoubal@ugtrca (1 Toubal}, fouad erchiquithugatca (F, Erchigquit.

tvepe/Adx dotory 10,1016 engfallanal 2015.08 040
1350-8307 40 2015 Elsevier Ltk All vights reserved.
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Machine components, such as gears, bearings, and shafts, made of polymer base materials behave unlike metals during service {4).
Compared to metallic gears, which suffer from chemical corrusion, lubwication-refated failures, and expensive operating and mainte-
nance costs, plastic gears are lighter, less noisy, lowey in friction and cheaper to produce in large quantities with complex shapes using
injection molding processes {3,

tn the specific case of gears, a major part of the differences between metalfic and plastic gear behavior occurs because
plastics have an elastic modulus approximately one hundred times lower than those of mast steels and thirty times lower
than that of aluminum. Therefore, plastic gear meshing involves an extension of the contact between the teeth ourside the
line of action, before the beginning and after the end of the theoretical engagement |5]. The large deformation of the tooth
during meshing tends to relieve each pair of teeth in contact. In the case of gears, the low modulus of polymers was histonically
considered ta be desirable because the tansmitted load is better distributed and both noise and contact forces are reduced
during motion [6].

The heat praduced during meshing by friction, contact hysteresis {on the sarface of the teeth) and bending hysteresis (in the
tooth bulk) causes a temperature distiibution with significant localized instantaneous elevatioos in specific regions for points in
the meshing due to the Hertzian contact and the low thermal conductivity of plastics. This phensmenon is the cause of thermal
degradation, which is exclusive o plastic gears {7.8].

Gears typically experience conplex stresses during service and can fail by several mechanisms, such as gear tooth wear, cracking at
the tooth surface, tooth root cracking and severe shape deformation {3,9-11}

In this manner, the full poteotial of plastic gear usage is Bnited by not only the poor mechanical properties but also equally poor
remperature limits and poor beat conducrion properties | {2,131 A review of the multiple damage modes of plastic gears is listed in
Tabiz 1. In this table, the damage modes are divided into general modes and plastic gear-exclusive modes,

Amid the complexity of plastic gears, a number of commercial standards and design methods have been developed for practical
purposes, e.g. British Standard | 26), Polypenco {27] and ESDU [28]. These standards have different design priorities and philosophies.
Furthermore, they are intended to be practical, not to optinmize gear usage. Nene of the standards are comprebensive. The VDI [29]
plastic gear design method is the most elaborate, but the aspect of wear is the least developed,

However, none of the standards correlated well with the test results [ 1'1,24], and the polymer composite geary’ potential use in
power transiission is limited due to the Jack of understandiog of their behavior under load, the physical limirs created by the low
steength of polymers and the knowledge of the most critical damage mode j2].

Toour knowledge, there is no global moded for damage for spur plastic gears. Because various damage modes occur simultanepusty
in the gear tooth during meshing and they are complex phenomena, gear life sizing is perfornmied by the selection of what is expected
10 be the most important damage mode [2,89,11,1821 22,24},

Temperature is often described as the main cause of failure in plastic gears because of their low melting paint and low conductive
properties 18], The heat generated locally remains concentrated and does not dissigate, in ather situations, it is important o evaloate
how much power a polymer composite gear can transmit and to investigate the fatigue strength and wear resistance of the gear to
determine which is the limiting factar in application, as they are concurrent processes. For example, Breeds, Kukureka [24) found
that gear hife is imited by wear at low torques and that the maximuom permissible surface temperature is a limiting factor in the tested
acetal gears at high loads.

In this article, we review the knowledge available in the lirerature for plastic gear meshing behavior and damage. We uge
this knowledge to build a unique system of analysis of gear utilization perspectives that evaluates all possible damaging
processes. This article reviews the different branches of the plastic gear damage problem {as shown in Fig .1}, creates a toolbox
to be used together with finite element analysis {FEA) software, and validated analytical equations and relationships for plastic
gear that will enable a designer to accurately forecast the behavior of plastic gears in context, The result of this effort is a tool
for determining the limiting facror for plastic gear usage by giving the designer valuable information on how to use the pro-
posed plastic gear or to take actions to enhance its lifetime, thas extending the range of plastic gear utilization by optimizing
the design,

Table 1
Lsteratue roview of the faikee modes of gears and plasic gears,

Gaar darage modes

Metal and plastic

Plastic exclasive

Defarmations: Due to excessive surface strezses 3t the contact azea,
the mnvehde profile i peomanently distoried | 143

Brutal rupture: The contase stress does nat danuge Hw surdace, but styess {5
concentratesd in Qe rooth oot dise 1 the contacy pesition wnd ootk shape F171

R0 faigise: A ATRSS CODCERITA0GN il The 1ot ro0ts ifgiates misroczacking
that pripagates, causing the gear to fail latéy w tiee gear life, {19204
Sucface Jurigue: A local stress concestraton ai the poiot of cordact
capses the muaterial to ocatly fail in ehe surtace layers (21,22}
Wear: The combination of apphied firce a0d relative sliding speed
causes the reroval of material on the tooth surface 12325

5}

Genergdized thesad faiinre: Soltening of the entire toath dee o the knss

of yeechanical propérties of the matenal vader the elfect of beat hystevesis
and friction [2,15.16L

Susface thesmd surfere: Localized sofrening af the seoth profile as a resuls
of excessive haa, resulting in the rocling of the materiad, matedal ears
and deterioraton of the profife [ 11,15.18]
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Fig. 1. Damage maebes present in plastic gears,

2. Modeling strategy

The following fowchart illustrates the proposed system (Fig, 2}, The problem i first defined by the specifications of the gear
geometry and material. This information is used to define the problem geometry, which includes the generavion of discrete simudation
paints as well as information abour loads, stiding speed, friction, hear and foeces.

For the Brst stress FEA simulation phase, a Matlab program generates scripts ta send the appropriate information to COSMOS/M,
which performs various quasi-sratic sirmilations to verify the lnads on the tooth root. The software divides the meshing processes intg
equivalent quasi-static simulations corresponding to the load applied for 2ach of the gear tooth surface elements. The principle of
St-Venant establishes that results cannot be obtained with goad accuracy near the load application zone {30} thus, the contact
stresses are calculated analytically ar discrete paints equivalent to nodes

The resulting information s returned by COSMOS/M to Matlab through scripts that are interpreted by a toolbox specially created to
interpret the results of COSMOS/M and store this information in memory. At this point, if the program detects a failure of gear
strength, it will stop the simulation and indicate a failure mode. Otherwise, it will perform the other three branches of simulation
of faiture modes: the thermal, fatigue and wear branches,

The thermal damage mode is simulated, again using the COSMOS/M aigorithm, Frictional and hysteresis heat generation
are considered. Their values are generated by the Matlab program using known equations for plastic gears. The program can
perform transient simulation, and the evolution results can be saved in memory, Tooth coohing during the non-contact
phase is also calculated for eachi gear ratation. The program can also perform an equivalent steady-state simulation that
accelerates the simulation. Using a PC equipped with an AMD Phenom H Quad-Core processor at 1.80 GHz, a transienr
stmulation that takes up to 18 h of processing can be reduced to several minutes with enly a minimal difference in the
average equilibrium temperatures. Therefore this methodology is used in this article since the focus is on the final equilibrium
{working) temperatures,

Sirnilarly to contact stress, the contact flash temperature 1s determined analytically at discrete points to avoid additional errors caused
by using the temperature information near the nodes where substantial friction heat is generated due to the St-Venant principle.

The fatigue simulation considers the stress at all points of meshing in alt elements resulting from the force simatation using
COSMOS/M. Wear simulation is also performed on all discrete points of the contact surface, For each damage mode, the model is
based on information available in the literature. The equations, assumptions and references used by the software will be discussed
in detail for each damage mode,

3. Plastic gear meshing particularities

Plastic gear meshing presents some particularities that differ from metallic meshing. These particularities must be added to a
maodel to properly simulate the mechanical behavior. In this section, we discuss aspects of plastic gear meshing that require attention
angd must be considered when a model is implemented.
3. 1. Particutarities of plastic gear meshing

Conceptually and throughout this work, 1t is considered that for any pair of gears studied, the movement is transmitted from one

gear to the othar via a pair or more of teeth touching anly in a ling, The contact is considered to accur at a point P {Fig. 3) that moves
along the common normal to the two base circles, also called the action line,

Page 197



s A, Bravo ot al. ; Engineering Feihore Analysis 38 (2085} 12-123

Failure

. Initial conditions
sketermination

—wq Gear Geometry

Static Simulation

= N Does it resist
statically ?
Yes
Y 3
Thermal . . . )
Sinmdation Wear Shaulation Fatigue Simulation
y
No Yes

Which mode
caused the failure

Geometry

Does it resist 2 RS
determination

Fig 2. Model logic avendew,

This concept applies when the contacting gears are considered nigid and geometrically perfect | 7,10]. However, when the gears are
made of thermoplastic, the contact ceases to be located exclusively on the line of action {Fig. 4); several authors have demonstrated
this characteristic behavior [8,13311

When the gears are considered rigid, the pair of teeth is in contact at the start point of contact “A", where the theoretical tip circle of
the driven tooth {wheel} intersects the line of action: contact ceases at end point “B*, where the theoretizal contact tip circle of the
drive teeth {pinion) cuts the line of action {Fig. 3}.

For sach gears, the normalized position of the theoretical cantact start point following the line of action with respect to the pitch
point {gear 2 as a reference) i5 expressed as.

p” = S Mcosh E 1|'!.- (1 2 23) ~{ COSH}" -~ cosditand, m
‘§§_ normabized position of the beginning of contact.
Py base pitch.
Z number of teeth of the driven gear,
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The expression for the normalized position of theoretical contact end is obtained from Eg. {1}, in which the subscript 2 is
replaced by 1.

By convention, when the driven gear is used as a reference, $/p, has a negative value during the approach phase. When the contact
point is below the pitch circle of the tooth of pinion 1, S/p, has 3 positive value during the withdrawal phase, and the point of contact
during this phase is abowve the pitch circle of the sprocket tooth,

3.2 Contact outside the line of action

When using polymer gears, the nature of the teeth (Fig. 5] causes a deformation of the pairs of teeth in contact to outside of the con-
tact line of action. Such deformation was first shown using high-speed photography by Cauvin et al. {14} The dynamic loads for plastic
gears are damped by the viscoelastic nature of the matenal {7}, Experiroental measurements { 12,13} and theoretical studies have suppor-
ed the existence of this particular engagement | 14}, Koffi et al. |71 established a simplified method to calculate the normalized position of
the coutact start point by evaluating the difference along the line of actinn between the theoretical contact and actual contact.

& . R 032,70 ¥
P, 0131 E, {Z2 v f\Z;, {2
£y Young's madulus at ambient temperature,
W, specific normat Toad (N/cm}.
p diaroetral pitch {io™ ).

{{2 establishes a power law betwees the normalized deviation a5/p, and WoP cos 8. Aoy increase in P at a constant diameter
increases the number of teeth, Z, resulfing in a reduction of the normal load, W, through the load distribution factor, W/W, whose
value at the pitch poing, Wi/W |, decreases according 1o a power law with an increase in the diameteal pitch, P {71

The normalized increase in 45/p, and 5S,/p, must be combined with the theoretical contact values from Eq. {

S S a8

(3
Pe Ps P
.0 55 @
pH per p}?
The real contact ration {RCR) is then found using the squation
RCR {5}

Fig. 5. tncrease w the comact ratie wirh (e effict of twath deformation uoier loading.
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3.3. Distribution of the transmitted normal load

The increase in the driving relation in the actual operation of two gears causes a distribution of the normal load onto more than one
pair of teeth.

As a result of the change in the number of pairs of teeth simultancously in contact and the movement of the load application point
on the tooth profile, the pormal load transmitted to a pair of teeth, W, varies continuously following the contact path,

The actual cantact Jength, A°-C, corresponding to the actual contact ratio is different from the thearetical A~C, This discrepancy
causes ap increase in the RCR and reduces the maximum load that can be applied to a pair of teeth,

Yelle [16] calculated the factors from an exact analytical study using 4 study based on geometry and static balance. However,
the application of his equation requires the determination of other intermediate quantities, such as the complacency of each pair
of teeth in coatact, which results from modeling the meshing of the i teeth in contact through an iterative pmcess | 7],

For practical modeling purposes, the simplified model is used; this modet calculates the load distribution factor at any position
during the engagement from the value of W,/W te the original pointor Wi/W/e for a plastic-plastic engagement, given by the following
expression [15]:

w, wi fmSp,\ .
wow ;_.,”’“{2 Suipe) <6y

The value of S./p,, is obtained from ¥q. (3}
WWls 1s a Function of the load and the material and gepnetry of the gear, and its expression is as follows:

Wil - 0485 (W, Peost) ° 2,

a4 ./“{_-')al_ 5
W, ;

\Z,

3.4. Sliding speed

In addition to the relative rolling movement of gear teeth. the movement of a pair of contacting gear teeth comprises a sliding of
one of the reeth relative to the other.

This phenomenon creates a frictional force ar the contact poing; the displacement of the frictional force with the point of contacy
causes friction Josses, which result in tooth heating.

‘The instantaneous ship velocity is defined as the difference between the instantanecos speed, on the side of the driving and driven
teeth, ar which the point of contact moves {231, Inside the line of action, the sliding speed Is {16]:

&

142

. ,§ e ‘
¥, kgmsﬂ 7 8)

V is the finear speed at the pitch circle. For contact outside the line of action {in the approach phase). the equation
becomes {16}]:

( cast { . 3 ' r i B 7 4 pdy 13
?«’1‘ Z rms'zj"% cosfi -y, snjs ] b2 cos: | 3.("’ aep, S i\cos: y dy sin 4 } H ‘Lfﬁmr.‘
19}
with.

Za 10
Lo (1

I cos b
d =1 bkl (12

L 2 COS Yy

Fig. 6 shows the important angles for the calculation cutside the Jine of actipn. Dunng the withdrawal phase, the expression of the
speed does not change for contact taking place on the line of action, For contact taking place outside the line of action, the sliding speed
is obtained by interchanging the indices 1 and 2 in Eqgs. {9) and ({12}
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We can reasonably assume that for the duration of the contact cutside the line ot action in the approach phase, tooth ¢; atways
raakes comtact &6 IS tip covner | 15] Retessing to Py 8. we write the tollowmy equation:

¢l Line d o i 8y ). N}
It can be shown {7 ]that
S 0368y 29 .
1,’1[‘ : . ; i 14
For the cosime faw,
r Y =rh - 50,7 200,07, cose 151

Fig. 6. openanm angies Tor the calvelaion of K] awside the fine of acoon.
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Once R," has been oltained, using the sine law,

{ 1
i} F -
13 = asin}-* sing} (161
T | |

2

In the recass phase, the corner of tooth ¢, makes contact with the flank of tooth ¢, such that « is defined on gear 1 and /3 is defined
on gear 2. Eq. {13} to Eq. {{16] apply. using an appropriate value for US and replacing ry with rg, 1 with £ and i, with 1,
The sliding speed V. can be conveniently expressed using a dimensionless parameter [K]. as follows |32}
o Y
K L; (17
The absolute value of the sliding speed increases continuously when the contact point moves outside of the theoretical
bounds 5,/p, {approach} and Si/p, (retreat}. The first and last points of contact, $°,/p, and 5°¢/p.. move away [rom the pitch
point with increases in the number of reeth, Z, and the rangential load, W, Nevertheless, they remain stable for a (W,/m}
group {ar Wt Py, as shown by Yelle and Burns {14,

3.5. Coefficient of friction and friction force

Calculating the friction farce requires knowledge of the coefficient of friction, which in rurn depends on the nature of the friction
arising on the meshing reeth and is quite camplex.

Several authors [25,33.34] have shown that the coefficient of friction varies with the stiding speed, the normal load W, the
temperature of the gear, the surface state of the teeth in contact, the nature of the materials, the extent of the contact surfaces and
the sliding duration.

Despite knowledge of the major factors that control the value, the Friction coefficient is difficult to evaluate analytically dus to the fack
of complete models. Several authors have drcumvented the problem by performing experimental measurements of the friction coeffi-
cient s Koffi et al. {7] experimentaily determined the value of g for pairs of POM/POM gears in dry, grease or oii fubricated conditions.
The results for the dry condition indicate that the value of 1 is comprised between .15 and 0.20, Similarly, Tsukamoto [35] determined
that the friction coefficient of gears in the same condition is between 0.17 and 0.19.

In our approach, we only consider the case of dry lubrication, and the reasonable value used is 0,18 [ 36] Nevertheless, the model
presented here can support other Jubrication cases as long a5 the correct friction coefficient 15 used.

4, Staric analysis

Canstraints on gears for the transmission power can be classified into two groups: bending stresses at the reat of the tooth and av
the surface. These constraints are important for determining the safety factor and to evaluate fatigue.

4.1. Stress on the surfoce

For a given contact point, the force s not transmitted through a perfect line but rather through a small surface. This statement is
fundamentally true for plastic gears due to their smaller elastic modulus [11].

For a given position of the contact poinr, the contact stress has 3 maximum value at the charged surface of the tooth and is near zea at
the center of the tooth | 16]. This maxinwum value changes with the position of the contact: thus, during the rotation of a gear, each contact
point undergoes the maximum contact stress only once, and the value of the contact stress depends on the expression of the maximum
constrait, as follows:

O ;‘%’; W, 18

From Hertzian theory, the half contact width is given by the expression

(19

The expression of the instantaneous contact radius is.
Ty = Ry tand 4 S : {20)
ry = Ry, tand — 5. (21}

The term § in Eqs. ((20) and {({21] is the distance alang the tine of action between the contact point and oniginal point. In the
approach phase, § is negative and has a value of $,. In the retreat phase, S 1s positive and has a value of §;.
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For contact taking place autside of the line action, two distinct values of the maximam contact stress are calculated. The first
{approach) is based on radii of curvature r; and r, measured at the position § == S;° which are kept unchanged for the duration of
the contact. During the withdrawal, the value of the Hertz stress used for the calculation of the heat hysteresis is obtained using
radii of curvature measured at §,°,

4.2, Stress modeling

[n many investigations [37,38], stress modeling is simplified by considering a pulsating force acting at the highest point of the
single tooth contact. However, during gear aperation, the magnitude and position of the force change as the gear rotates, This change
can be accounted for by performing a quasi-static numerical sitnulation in which gear tooth engagement is broken down inte multiple
load steps and analyzed separately [39.40] The FEA meshing is regular (Fig 77 and 1s based on instructions in Matlab, This enables
Matlab to recognize the element locations and use the results,

Thus, a quasi-static numerical simulation method is used in the model in which the gear tooth engagement is broken
down into multiple load steps. An image of the modeled tooth in COSMOS/M with an example of the quasi-static resuits is
shawn in Fig. 7. The {oad moves along each tooth flank and changes its direction and intensity. Once the calculation using
FEM is finished, results are exported from COSMOS/M to Matlab. These resulis are then stored in memory for analysis, 1t is
possible to evaluate the stress fluctuation for an element during all gear meshing processes. If the gear experiences a sudden
breakage, the program halts its execution, Otherwise, the simulation continues, and the quasi-static results are uvrilized for
further calculations.

The results from the FEM are used for the calculation of hysteresis heat and the flexural stress on the roat, but precise contact
stresses cannot be obtained through FEM. Thus, when a precise value of the stress contact is required {such as in the contact fatigue
of wear ), an analytical equivalent value is calculated using the Hertz theory of Eg. {(18).

5. Therinal analysig

Thermal breakage is ang of the main damage maodes in plastic gears; therefore, it is important to simulate it accurately. For this
reason, the gearing process was simulated using FEM. Frictional heat is calculated using data from the sliding speed and contact
force, whereas hysteresis heat is caiculated using the element stress results, The damage is evaluated using defined characteristic
temperatures and comparing with the material properties. This topic will be discussed in the next section.

5.1 Temperature characterisiics

The characteristic temperature is a temperature whose nature can be used as a reference for a real physical phenomenon, Far
example, the highest value of the surface temperature can characterize the phenomenon of galling. or the average value of the
body temperature of the gear tooth can exist only on a purely conceptual level when identifying a mathematical concept.

In both cases, each temperature gives an indication of the thermat behavior of the surface and the body of the tooth, The
characteristic temperatures can be calculated locally or on the whole tooth: in this case, it is obtained from a plurality of values of &
local characteristic temperature,

The different characteristic temperatuses encountered in a gear are as follows;

= The flash teraperature; vepresents the highest value of the instantaneons temperature 7 surface on the contact width 21 of contagt
Hertz. The value depends on the equilibrium bulk temperature or T,

« The hulk temperarure, Ty, denotes the value of the temperature at all points of the tooth, as in the body on the surface in
three dimensions. The integration of all Jocal Ty,; values at each point gives the average value of Ty, often referred to a3

Fig 7. Cear FEA meshing (leR) and an sxamply of stress anabysis {righe).
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T, and known by rhe name of “hulk remperature™. The expression of the mean temperature from the foval temperature
values is as follows:

(22

‘Thus, in the case of plastic gears, a type of damage is caused by an excessively high temperature concentrated on the toath surface [21 in this
case, surface thermal damage. When the damage is due (0 general softening of the tooth, we say that there is generalized thermal breakage,

5.2 Friction heat

The displacement of the {rictional force creates work, which is manifested by heating of the surface of the tooth and, in the long
term, the entire toath. The value of the heat of fricrion per unit time depends mainly on the friction force and slip speed, which
vary with the mechanical or physical properties and parameters [7.16]. The Irictional heat generated atan interface is shared between
the two reeth in contact, as will be discussed in the next sections.

52.1 Analysis of the heat production mechanism
From the beginning to the end of real contact, the amaunt of heat generated by sliding friction berwean two teeth is evaluated by
integrating, over the course of the contact, the product:

dw - F, v, du. (23

This product represents the work of the frictional force during the interval of infinitesimal time dt. From the expression of the
frictional heat for an infinitesimal time interval dr (£q. ({233). this heat is directly related e that of the frictional force Fx

Fy, the friction force oecurring in the expression of the [nctional heat (Eq. ({23 )}, depends divectly on the value of the distnbution factor
of the transmitted normal ipad, W,/W. This factor 1s multiplied by the normal load, W... to vield the actual Ioad, as previously discussed.

The distribution of Wi/ depends on the degree of contact extending aut of the line of action, a phenomenon depending on the
nature of the materials, the geometry and other parameters of operation.

As demonstrated previously. the expression for the slip speed is nat the same on the outside line. It follows from Eq.
frictienal heat is directly refared 1o the magnitude of the siip speed,

For contact taking place on the line of action, the V; slip speed is a direct function of the normalized position of the contact point, 5/
Pn. Cutside the line of action, the value of V, changes with the normahized contact position and the angles |5 and & (Fig. 6}, The angles
and g are not only a function of §/pn but alse of the normal load Wn and the modulus of elasticity of the material | 16).

With the abave considerations, the frictional heat is Egs. In 2 spur gear, for a displacement AS af the comtact point, the heat
generated by friction for 2 unit face width can be expressed as [16]

[(Z3) that the

(2%

5.2.2. The heat distribution factor

Previous studies have identified factors that influence the heat distribution factor {41,431 For two gears of different matenals or
different geometries, just before contact, each tooth has its own emperature distribution because the average temperature of each
of the sides coming into contact is net the same. However, when the two reeth are in contact. the width of the contact surface 2b
can be assumed te be thermally insulated for the contact time, and the instantaneous temperatare is commen to the two teeth.

It has already been shown that the instantaneous temperature at the contact point affects a thin Jayer on the contact surface; the thick-
ness of this fayer is smaller than the contact width 26 [41]. When itis assumed that the temperatuge at the contact point for the two teeth
is the same, the following expression of the heat distribution factor «; is written for tooth 2 [43]:

Vs Ka € Vo

[ L — 125}
VB R G ey kv
1 material density,
kay thermal conductivity.
o specific heat.
vy lacal instantanenus speed at contact point.

Calculating the value of ¢i at each position of the contact point requires the determination of a pair {V1, W2} of the local
instantaneous speeds. These values must be calculated for the approach and withdrawal phases and for contact on the fine of action
and on the outside,
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Hear is produced by friction from the surface of two teeth in contact. The study of the temperature rise experienced by a tooth
requires guantification of the heat that affects one tooth at a time, For this purpose, a factor ¢ is determined when the tal frictional
heat is E,. The multiplying facter to give the amount of heat recovery for one tooth is ¢;Eg

Epy = By i26)

Ep = & E, 27
wheve

Cy @y om 1, i28)

5.2.3. Block solution

As stated previously, It is nat recommended to measure remperature close to loads, Many authors have used analytical equations
and developed special methods 1o estimate the flash temperature {11,44}, The solution aof Block yields a simple formula for the
maximum surface temperature increase under a Hertzian contact:

ty - LINW{ V- V,:}-.k;](wi -a3 29

Block's equation only gives the flash temperature elevation; the real peak temperature that can be used to identify the contact
thermal damage is the sum of Block's equation plus the general roath temperature.

5.3. Hysteresis heat

The hysteresis heat is due to the intemal damping phenomenon present in plastic materials,

Tooth deflections are small in metallic gears, and the effect of material hysteresis due to frequency variatian is negligible [45). A
polymer gear tooth deforms severely because of the low gear tooth stiffness [46], The matenal is heated when subjected to cyclic foad-
ing, such as is encountered in gears. When the amplitude of the stress (o which volume element V of the tooth is submitted. lo, the loss
of heat by hysteresis is expressed as {15]:

gpn tana

Fi=g 21+ (tanhp

3

tan b loss factor.

The deflection and stresses for each element were calculated in the quasi-static simulation; these values are used for the hysteresis
heat caiculation at every point,

5.4. Mode! validation

The used approach allows for bulk and flash temperature evaluation. It is interesting to verify the results with the fiterature. Koffi
et al. {7lused a very elaborated fnite differences approach 1o find both the lash and the balk temperature whereas aut approach
uses FEM for the bulk temperature and the block solution for the (lash temperature. Another difference is that Koffi uses four local
tonvection coefficients where the present model uses one coefficient.

The comparison of both approaches is showed at Fig. 8 The material used for the gears was UHMWPE and the normat load varied
from 9282 N/mi to 18,914 N/m. During this range no significant differences can be seen between the models. The propoesed approach
can be considered slight more conservative by 1~ 3%

6. Fatigue analysis
Gear teeth are subjected to alternate stresses at various points, This process can lead to failure by fatigue even if the elastic limit of
the material is not exceeded. In particular, gears often break due to crack propagation in the tooth root ]19.2047 L

6.1, Root Johgue

Standard procedures are available in the literature to determine the load capacity at the gear rool. They compare the maximum
teoth-roat stress by a functional factor to the lmits of the material {39], These standard procedures consider that only the gear
hardness changes the fatigue life with the maximum tooth root stress.

Design angineers use the Paimgren-Miner Jaw, the linear damage rule (LOR). and its modifications to predict the fatigue life of
vomponents in the case of variable loading {48].
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Miner LDR is still dominantly used in design despire its major shortcamings, It is used in the farigue module of COSMOS/AM [49]
Some authars have noted that D = Yni/Ni is not always equal to 1 at fracture but depends on the applied load sequence. D is believed
to be greater than 1 when the load sequence changes from low to high Joads and is fess than 1 for changes from high to low loads |50},
For this reason, researchers have atrempted 1o modify Miner's rule, but fife prediction based on this rule is often unsatisfactory due to
its intrinsic deficiencies regardless of the version used {51}, The LDR allows the model to correctly assess fatigue life under different
loading history conditions within the high-cycle fatigue range.

The best source of information about the fatigue life of one part comes from either the normalized testing of specimens or the
real part testing. Both methods have the same shartcoming: they are tengthy and require a significant amount of scarified parts.
When using data from normalized specimens, the values must be adjusted to consider the differences between the specimen and
part. Same examples of differences to be considered in the specific case of gears are the particular shape, load application, size and
operating temperatures. Coefficients that consider these factors are often called “fatigue reduction coefficients” and multiply the
theoreticai fatigue value 1o obtain the real value.

Additianally, these coefficients are often designed to be used with metal parts, and results using this methodology can be
misleading without proper validation given the various particulanities that distinguish plastic gear meshing from metal gear meshing.
To abtain accountable results, we use validated experimental data fram the literature of gears having the size and material properties
in the range of our model scope. This approach avoids errors induced by one or more inappropriate coefficients and enables estimation
of the model interpolation error.

The data used in the article come from [46}; the author provides data for a nylon plastic gear based o the tooth bending stress. Ths
information is usefud because the particular berdling stress was caleolated in the first validation step of the proposed methodniogy.

The author noticed an effect of speed on gear life and bending stress divided by bending strength {Tabsle 2).

The data modeling approach consists of approximating the number of cycles to root fatigue as a function of the hending
stress/strength ratio plus a term that considers the effect of the rotational speed on the results. The proposed model is
as follows:

Cyeles, = a, Ry D01 o gy /00 e i)

where the bending fatigue coefficients ag,, by, cpare 7.29E 4+ 2, — 333 and 2.65E — 4, respectively. Ry, 15 the bending stress at the roos,
and S, is the rotaticnal speed in RPM. The proportion of variance explained by this model is 99.72%. The moadel is only valid within the
table range. The results are showm i Fig. 9.

6,2, Contact Jatige

Whenever two curved surfaces are in contact under a Joad, contact occues along a line or point or, depending on the elastic
constants of the materials concerned, along a small circular or elliptical area. As a result of such small cantact areas, the shear
{Hertzian) stresses that develap ar and near the surface are extremely high (221

Surfaces subjected to rolling and shiding contacts miay suffer from contact fatigue; the mechanism causing rolling contact fatigue to
initiate and propagate is not fully understood [52.53]. There are a number of differences between classical fatigue and RCF that make it
tmpassible to apply the results trom classical fatigue to RCF directly {54),
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Fig. 8, Comparison between Kofli {7} and the present model resolts: {13 Koffi bulk resalt; (2} proposed mode] bulk tempesatuee; {3 Kaffi ash temperanye; and
{4 proposed mwdel flazh wemperae.
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Few studies have compiled results of the experimental factors of the surface fatigue material properties for plastic
gears. Unfortunately, there is not sufficient data in the literature regarding the contact fatigue properties of plastic gear
materials. Nevertheless, in their experiment with nylon gears with various bending stresses, Senthilvelan and
Gnanamoorthy {17] observed that surface fatigue appears at only approgimately 15 MPa of bending stress, 1t is possible
to determine the conlact {atigue information using their gear geometry data and the previous set of equations. (o their
case, P, was 71,72 MPa, K1 was 5.51 MPa and Kg was 0.4708 MPa. This results in an R, of 0.9438 considering the tensile
strength of nylon {76 MPa}.

A study on plastic rolling-contact fatigue measurements was pegformed by Charles, Gnanamoorthy {55). This author measured
surface fatigue propagation as a function of load and speed. Although the authors did not use nylon in their study. the material
used {polyamide clay-reinforced nanocomposite} had similar properties {tensile strength of 52 MPa); thus, it can be used in our
mixdel. The experimental data {Table 3} have a similar R, as nylon {0.9423 for the PA + 5% nanoclay).

The proposed model is as follows:

a, RN (1w, ) 1000 (32)

Cycles, =

where the contact fatigue coefficients a,,, by, ¢y are 9598 -4 4, - 27.01 and 1.99E - 03, respectively. R, is the contagt stress a1 the
root, and S, 5 the rotational speed in RPM. The proportion of variance explained by this model is 97.51%. The modet is only vatid
withun the table range. The results are shown in Fig. 10,

7. Wear analysis

These wear forms occur because of the direcrion of the refative movement that occurs as the teeth enter and leave the mesh.
Sliding is away from the pitch line on the driving gear and toward the piteh line on the driven gear, giving rise to the particular
wear pattern. A typical worn tooth profile consists of two scatloped wear zones, one starting from the tip and running to the pitch
point and the other going fram the pitch point to the root. {8].

In addition to direct material toss, which leads to functional failuce, wear of the surface causes the gear system to significandy
muxdify its characteristics of vibration and noisc. The mesh excitation is highly sensitive to the surface geometry. The wear surface
affects the gear contact patterns such that the contact stresses and load distributions are changed to accelerate the appearance of
other fature modes [56].

Alarge number of parameters must be considered to accurately describe the characteristics of the wear of surfaces in contact
with each other. Mechanisms of wear are even more complex than the contact parameters, such as the radii of curvature, stip
rates, and normal load range with the contact location. In addition, other contact parameters that affect the conditions of
elastohydrodynamic lubrication {lubricant parameters and surface roughness characteristics) are among the parameters of in-
terest for gear wear [561

According o Flodin and Andersson [57], rolling gear teeth interact and slide against each other under high contact pressure,
High-performance gears are generally lubricated with oil or grease. The state of {ubrication is most likely in the boundary or
mixed system, meaning that the lubricant film generated is not always sufficiently rhick 1o separate the interacting surfaces.
Sliding wear at point P on a dry contact or a2 mixed lubricated boundary surface can generaily be regarded as a function of the
initial value and described by a differential equation, The accumulated wear at a point P can be determined by Archard’s wear
equation [5&]:

W

K H 33}

where W is the applied normal lead, Vi, is the volume of the worn material, H is the hardness of the observed surface and K, is the
dimensionless wear coefficient. For a local area, the equation can be expressesd as,

It .
=k p 34
Table 2
Nurnber of oycles for a plastic gear {nylon § a3 a functing of te rotasanal speed and bending stress Strength ratio
Rivss
(0.2804 02336 01869 0.1402 8071
ot |RIAM| o EH 25,000 SHLDGO S03.000 100,008 4,500,000
250 3500 35,000 250,000 450,000 4,500,000
1800 2560 25,000 70,060 700,000 4 500,000
1200 non 6000 150,000 420,000 §.000,000
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Fig. 8. Tooth root bending fatigue data and model.

where h is the wear depth, s is the sliding distance where the point is sliding against the interacting surface, p is the local contact
pressure, and k,, is the dimensional wear coefficient. The wear of point P on a rubbing surface with the wear model described by
Archard equation is

xS
h - L kpds. (35

Although many researchers have proposed more advanced wear models using different methodologies and parameter sets,
Archard’s wear model remains the most commonly used model for practical applications, such as cam-follower contacts, engine
piston rings, and gear contacts, where the geometry and operating conditions are already complex [56,59),

As previously discussed, the rapid increase in the wear rate as the maximum surface temperature or load increases is duc to
surface melring or the maximum Hertzian stress exceeding the yield point of the compaosite [80]. At this point, we considerad the
gear to have failed.

8. Madel fimitz

The formulation presented here, although highly general, has some limitations. Because plastics have a large range of mechanical
praperties, q. {(2) 15 valid for two plastic gears whose modules vary between 70,000 Ib./in® {0.480 GPa} and 350,000 ib./in® (2.4 GPa)
{7} Since the fatigue data from the literature were acguired on gears of m = 2 mm and N = 17 it is recommended to keep rhe same
ratio module/number of teeth, otherwise the form factor can have significant influence in the results.

Additionally, at some point, plastic gear damage modes begin 1o produce damaging synergy, so they cannot be considered as
isolated modes. For example, the limit temperature elevates the wear rate, and the limit deviations from the original involute profile
caused by wear increase the rate of frictional heat produced.

Various authors {2.8,17,36.61 [have found a point in thewr experimental testing where the damaging critena changes its shape
drastically and rapidly increases the damage rate. These two phases are here called the “mild phase” {damage modes can be
considered separated ) and the “severe phase” {damage modes interact with each other} and an example is shown in Fig, 11

These observations also support those made by Lancaster [62] from pin-on-ring tests. Lancaster suggiested that the critical shiding
speed corresponded to the pomt at which the sum of the ambient temperature and maximum {lash temperature exceeded the
meiting point of the material. This situation has been fully investigated by Breeds, Kukureka |24} in which it was shown that the
wear transition in our expeniments corresponds to the torque ab which the maximum surface temperature reaches the melting

Tabie 3
Experiemental contact (atigue measunemments,
049423 09018 0.8462 0762
Sran (R 1000 50,000 1,500,000 160,000,000 100,000,000
1500 210000 450000 410,000 1.500,000
2000 150,000 280,000 550,000 1,100,000

Page 209



128 A Bravo et ab [ Ergineering Fadfure Anolysis 58 (2615 112-133

160000885 "o 16000000
12000009 -1 N—
£ "
S 800000.0 3
%‘ ‘ 8600000 5

4
400000.0 -
. 400200.6
0.0?;0\ Y
. g,
i %f o % o FER %9’0%
P W 0P egggg'é’*% Fon

Fig 30, Conpact fatigue data and moded,

point of the material. i the flash temperatare melts the material, it substantially alters the involute shape, and secondary damage
modes occur, The same can be observed if the wear on the teoth profile is substantial. The point where the wear changes the tooth
behavior is often considered to be 1.0 mm (8,24}

Int sum, if at any point the material temperature becomes higher than the melting temperature and the involute shape is not overly
lost, there is law interaction between modes. and they can be treated as separate in the “mild damage phase”. This madel considers
there to be a failure if there is local material melfing or excessive wear, even if the gear can still run for more cycles after this point bur
with additional interaction between modes. The limits of the phase are due to the material fusion temperature ar 1 mm tooth profile
degradation.

The model does not account for the variation of material properties with the temperature, and this is a reasonable consideration
within the mild damage zone. Many plastic gear thermal models have been built using this methodology with acceptable results
[15,43.44|. This consideration allows the software fo drastically increase the simulation speed, allowing for results in a reasonable
amount of thme,

9. Damage mode characterization with load

We tested the funcrioning of a pair of identical gears using the following conditions { Table 43, The values were chosen according to
the literature [2.7,17.96,60}.

The general simudation results are shown in Table 5. Each column of the first ling indicates the normal load used for the simulation,
The second and third lines provide the root stress by the flexural resistance and the contact stress by the compression stress,

168 T

46 o= 1500 Severe phase

120 :
< o Mildphase % posypont
B §
] i : ]
- s o
2 ¢ '/’
& ol ; T Nifon/Nylon

v -l
41} ¢
20 i :
u H X 3 & b & 7 ¥ o 1Y

Cycles x 10

Tig. 11, Mnild severe wear phases example {361
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respectively, The resuft is a dimensionless number that is the opposite of the safety factor definition, meaning that the gear will be
damaged if it 1s bigher than 1.

The next lines provide the bulk and surface temperatures. These temperatures must be below what the material can afford for the
gear to work. Our simulations indicate that the remperature will stabilize a few minutes after the test has started. rypically less than
10 min. The last three lines indicate the cycles to faifure of the root fatigue, contact fatigue and wear. The value of load transuutted was
increased from a minimal vatue until the static root tooth breakage.

A graphical representation of the damage mades as a function of the normal load is shown in Fig. 12, The main damage mode in
plastic gears is a function of the load transmitted. Not all modes must be present in a gear; for example, in this case, there was no
damage caused by contact fatigue.

The minimal normat load is set ar 500 N/m and was incremented by steps of 500 N/m up to 10,000 N/, The temperatuye havely
increased from ambient temperature (22 °C) at 500 N/m. The static safety coefficients are very bigh. Thus, the gear fails due to wear,
As the normal loads increase, the gear temperatures also increase. The merease in the normal load increases the stress on the tooth
root kevel. The root fatigue mode is more important than the wear after 8000 N/m. At this point, the fash teraperature is considerable
but not dangerous {66.86 "C), and the generalized temperature is lower (59.60 "C). making the gear function safe with respect to
temperature. From the static perspective, the root stresses are considerably safer than the contact stresses. In this sikuation, the
root stresses are 9.24% of the material limit {or a safety factor of 10.83), and the contact stresses are 45.05% of the maximal allowed
{or a safety factar of 222, At this point, the gear is not in the range where contact fatigoe is applicable,

The scenario is sirmlar ar 13,000 N/m, with the gear ultimately faling by root atigae; neverthetess, the generalized temperature
increases by 23.81 "C, and the surface temperature increases by 24.35 °C. The gear life limited by fatigue is reduced by 79.78% due to
the more severe canditions compared to 8000 N/m At this paint, the gear failed due to root fatigue at 3.78F + 5 cycles; the gear
worked for 6 h and 19 min. Nevertheless, the tooth temperatures were still below the maximum operating temperature,

The sinutations continued to increase the normal toad by steps of 1000 N/m until 20,000 N/m. In this period, ar 14,000 Nyjm the
gear first failed by excessive temperature on the surface. Therefore, the gear suffered surface thermal damage. Thus, the deformation
would be Tocal in this case; this gear wauld likely function for some additional period of time before it stops working completely.
Nevertheless, the surface is deformed and the damage modes cannot be considered as independent from each other. The implications
in that wear and farigue values are no longer valid when a temperature-relared damage mode is active.

The overall gear temperature continues to rise and at 17.000 N/m, the bulk temperature is higher than the maximum allowed, the
whote tooth loses its properties, and the system expariences catastrophic failure because the whole taoth deformation. representing a
more severe sifuation.

Tests continued using the same 1000 NAm, but the step was increased te 2500 Nm after 20,000 N/m hecause actions can be easily
taken to improve the gear performance against thermal damage {by improving the convection coefficient} The results show that the
gear continues to fail due to generalized temperature damage untl 37,500 N,

After 40,000 N/m the predominant damages are static, This means that the gear would break from the very beginning whete the
toath is loaded. The gear first suffered a static surface failure, which means that, from the first turn, significandy decreasing the gear
performance and accelerating very much the degradation with damage model synergy leading 1o catastrophic failure. Above
95,000 N/m, the gear would not transfer movement after the first meshing contact because the tooth would be removed. It is very
difficalt to considerer easy measures to extend the gear life in these applications. in both cases of static fatlure, it is recommended
to consider other materials for the gear with better properties, for example composite or metal gears,

The overall behavior of the simulated gear was also observed experimentally by Senthilvelan and Gnanamoorthy [17], but the
authors were not able to determine the transition phase points. The simulation allows researchers to obrain multiple measurements
points at reasonable cost and within a shorter period Fig. 12 shows the range of all damage modes related to the normal force. The

Table 4
Gear matenial properties and geonwtry

Variable Uinars

Compression strength Pa

Flexural stremgth Fa

Convection coefficiens

Density kgim®

Specific heat Yikg X}

Conduction cocthicient WimsK}

Width o]

Passon’s ceeficent -

Young's modulus Pa 1B4E+09
Frigtion coelficient 1LBOE - 8
Retanonal speed RPM 1003
Modilus " 00035

N - 30

fip m 009

| N T5E 07
Maximum remperature o9
Nornber of quasi-atatic polnts - 50
HNumber of eletments coluinns % 1860
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previousty cited authors use the root stresses as a reference for the number of cycles for the gear file and the damage meode. it is
preferable to use the actual stress by the strengrh as a reference because it is a generalization and provides an estimate of how
much stress the root can support. With this simulation tool is possible to refine specific ranges for further study. Fig. 13 shows the
root fatigue life ard wear life in detail.

The change in the failure occurred at 7,91% of the flexural strength in the tooth root. Interesting that alter this point, the gear
degradation rate is faster with an increase in the normal lead. just before this paint the gear lost 1.5 1E + 5 cycles for an extra increase
of 500 N/m on the oormal load. iy contrast for the same increase io the normal load the number of cycles decreases by 6.32E +5, This
means the loss of gear life with the normal load is around 4 times faster when the root fatigue mode is dominant over the wear
characrerizing a local optimal. In other wards, a gear that operates in the range of normal load should have the geometric and material
praperties adjusted to fail by wear.

10. Conclusions

The simulation of plastic gear meshing and damage is complex but important to correctly dimension gears for an application with
the understanding of how the gear will deteriorate until final failure.

The model used in this study considers the complexity of gear meshing phenomena combined with the specific gear material
praperties and application particularities to obtain the anticipated critical failure and maintenance points. In this article, different
branches of the plastic gear damaging problem were reviewed, and a toolhox was developed to be used together with a FEA and
Matlab software o enable a designer to accurately forecast the behavior of plastic gears,

The importance of the degree of extension of the actual cantact is characterized by a greater distribution of the load between
several pairs of teeth, thus reducing the transmitted normal load and decreasing the frictional force and frictional heat, in addition
to having a concentrated distribution. The FEA analysis and analytical equations demonstrated that the normal load on the gear
tooth has a major impact on the damaging modes.

At low levels of transmitted force, a pair of gears made of tiibologically incompatible materials {such as POMPOM) will often fail
due to material wear because the stresses are Jow and the temperature rise is also low. As the transmitted foree increases. there is a
rendency for the plastic gear to fail duw to root fatigue.
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Fig. 13, Desait of root fatlgue and wear ldfe.
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The refative optimal functioning point of this gear is the gear root. At 7.91% of the flexural strength, it supports the maximum
noroal load with the minimal relative decrease in pecdformance. The gear main damage mode tends to change from wear Lo other
meodes with an increasing transmitted force. When wear is the main cause of gear failure, the gear hife can be extended by using a
lubricant, such as grease or oil, The same action will have secondary benefits as working temperature is reduced.

Because damage modes were wdentified with the load transmitted. the last damage mades before a static faiture of the gear tooth
are thermal modes. In this case, a preventive action can also be taken, such as increasing the air convection or using lubrication. How-
ever, if static failures modes are present, this represents real limits of plastic gears, and the recommended action is to replace the plas-
tic gears with more common materials, such as metals. With this strategy of damage modeling, the results will enable the designes to
skig many steps of the decisions based on the field of plastic gear applicability.

Although the combination of various equations and literature datasets imposes some limits on the model utilization, this strategy
demonstrates significant progress for plastic gear damage modeling because all major factors of plastic gear functioning and damage
are abserved. The smulation aliows researchers to obtain multiple measurements points at reasonable vost and withimn a shorter
period that otherwise would e impracticable, Using this tool can optinsize the use of plastic gears, increase the safety of the system
and reduce the total cost of ownership during the lifetime due to proper planning. The damage imode evolution of different material
pair matching should be considered for future studies,
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CHAPITRE V- CONCLUSIONSET

PERSPECTIVES

V.1

Nous voici arrivés a la fin de la thése. Nous allons présenter les conclusions ainsi que
les limitations et suggérerons les perspectives d’étude. Comme le travail a été trés vaste, nous
avons obtenu plusieurs conclusions que nous avons divisées en deux volets distincts : un
premier volet se concentrera sur les matériaux développés au long de cette thése ; le second
volet rassemblera les conclusions que nous avons pu obtenir de 1’étude de simulation de
I’endommagement de I’engrenage plastique. La derniére partie de la conclusion exposera les

limitations du travail réalisé ainsi que les perspectives pour des recherches futures.

Conclusions — Partie matériaux développés

Dans ce travail, nous avons développé différents matériaux biocomposites en
mélangeant des fibres naturelles de l'industrie papetiére (bouleau) et une matrice
fhermoplastique basée sur le PE a différents poids de fibres. Nous avons obtenu une
amélioration du module d'élasticité et de la résistance a la rupture, pour un poids plus élevé de
fibres. Le protocole de fabrication utilis€é dans ce travail démontre une excellente

reproductibilité de la mesure avec un faible écart type.

Des essais de traction monotone et de flexion 3 points ont été menés pour caractériser
les propriétés mécaniques et I'évolution des mécanismes d'endommagement en utilisant un
équipement d’EA. Les résultats des propriétés mécaniques ont montré que le NPE a une
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meilleure interaction avec les fibres naturelles et une amélioration remarquable des propriétés

mécaniques, surtout quand on a ajouté un AC.

Nous avons aussi procédé a d’autres tests, comme celui de cycles de charge-décharge
et de fluage. Ce fut tres intéressant d’observer qui au cours des essais de charge-décharge, les
composites ont suivi les courbes originales de traction monotone. Du point de vue mécanique,
cela indique que la structure du composite n’est pas soumise & un durcissement ni a4 un

ramollissement significatif lors de I’essai cyclique.

Lors de I’application des premiers cycles de chargement, les composites se comportent
comme un matériau homogene, avec les fibres et la matrice ayant la méme déformation.
Cependant, au-dessus d'une certaine limite, en raison des grandes différences dans les modules
de Young, des forces de cisaillement s’accumulent dans I'interface matrice-fibre. En raison des
propriétés mécaniques similaires des plastiques de base (PE normal et écologique), ce
phénomene se produit au méme niveau de déformation, soit environ 2,5 % de déformation,

indépendamment de 1a matrice utilisée ou du taux de fibres.

Apres que des endommagements mécaniques ont eu lieu, I'évolution des micro-
événements internes a été observée en utilisant ’EA pour évaluer I’état de I’endommagement
dans le matériau avec une analyse mécanique de la chute de la rigidité. Il est possible de noter
une évolution du comportement des matériaux sur la forme des phases et ceci a ét€¢ documenté
en utilisant I'énergie acoustique comme paramétre. Un probléme rencontré est qu’une analyse
de la participation de chaque mode d’endommagement est seulement possible s’il y a une

méthode claire pour définir chaque mode.
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Dans cette thése, la cartographie des modes d’endommagement a €té¢ obtenue en
utilisant un réseau neuronal artificiel de KSOM, en tenant compte des informations de la salve

acoustique, telles que le nombre de coups, la durée et I’amplitude.

L’endommagement a été mesuré en utilisant le paramétre d'énergie AE. Au cours de
l'essai de traction, les composites de LLDPE, HDPE et NPE présentent quatre phases. Les
différences les plus notables sont la durée de la quatrieme phase. Cette phase est caractérisée
par de nombreux événements EA causés par ’évolution de la déformation plastique. Les

composites utilisant un NPE comme base ont eu une rupture plus soudaine.

L’identification des modes d’endommagement en EA a indiqué que la participation a
la décohésion dans I’endommagement de spécimens a été réduite par l'utilisation d’un AC. 1l a
été conclu que la participation des modes d’endommagement dépend du matériau, du test lui-
méme et en particulier, de la présence d’un AC qui améliore I'adhérence fibre/matrice. L.’AC
couramment utilisé pour le PE ordinaire a la méme efficacité lorsqu'il est utilisé avec NPE.

Ceci constitue une importante découverte.

Les modes de dommages ont été identifiés a l'aide d'un algorithme de logique floue,
car la carte de mode d’endommagement pour ces matériaux a déja été¢ définie a I’aide de
I’algorithme de réseau de neurones KSOM. En comparant les résultats mécaniques avec les
résultats d’EA, I'addition de I’AC a sensiblement réduit le taux d’endommagement mécanique
lu par I’outil d’EA. En outre, au cours des essais de charge-décharge, les composites verts se
sont avérés beaucoup plus fragiles et plus susceptibles de subir une défaillance finale de
maniére soudaine. Le nombre faible des salves lues avant la rupture est encore une indication

que la matiére était tres fragile.
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L'addition de I'AC dans un biocomposite diminue aussi l'intensité de I'effet Felicity,
mais n’élimine pas totalement son apparition. Par contre, dans le cas des composites verts,
l'ajout d’un AC a eu un effet extrémement bénéfique parce que l'effet Kaiser était dominant et
la présence de |’effet Felicity a été négligeable. Dans I'ensemble, I'ajout de AC stabilise les
structures composites, comme en témoigne le fait que les composites avec un AC ont supporté
un niveau beaucoup plus élevé d’endommagent mécanique avant la rupture compléte. Aussi,
le nombre proportionnel des événements de décohésion a beaucoup diminué avec I’AC

confirmant ainsi son efficacité.

Pendant les essais de fluage, I'utilisation d'un AC a permis d’éviter la progression vers
de nouvelles phases d’endommagement dans tous les composites. Ceci a été constaté a I’aide
de I’algorithme d’identification des modes en évaluant les valeurs des résultants des modes de
microfissuration et de friction matrice/matrice qui se sont montrées beaucoup plus constantes
au long du test. Le changement dans le comportement de l'activité en EA signifie que I’AC a
été efficace pour empécher le déclenchement d'un nouveau mécanisme d’endommagement
interne supplémentaire, et ceci parce que la matrice et les fibres sont mieux liées, ce qui a
neutralisé les dislocations internes. Cette découverte est renforcée par le fait que, dans tous les
cas, I’effet proportionnel de la décohésion a diminué, ce qui signifie que I’AC a été efficace,

en particulier dans le cas du composite vert.

Les résultats de I'analyse mécanique et de I’EA ont été validés a I'aide des images MEB
de la surface fracturée. Ces résultats ont montré que les fibres sont mieux ancrées dans la
matrice lors de 'addition d’un AC. 1l est intéressant de remarquer que I’image de la surface
fracturée du biocomposite contenait beaucoup plus de déformations, ce qu’explique I’activité

substantielle d’EA pendant 1’essai.
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Les résultats nous permettent de conclure que malgré les excellentes propriétés
mécaniques en statique des composites verts associ€s a d’autres avantages écologiques qu’ils
procurent, leur application a long terme doit étre fait avec soin parce des composites bio et
verts avec des propriétés statiques similaires présentent différents processus
d’endommagement dans les tests, surtout lors des essais comme les cycles de charge-décharge
et les essais de fluage. L’équipement d’EA pourrait étre utilisé pour vérifier la structure 4 long
terme en ce qui concerne le fluage afin de prédire quand un remplacement est nécessaire et

d’éviter les défaillances catastrophiques.

La participation de chaque mode dans la défaillance finale a ét¢ évaluée. Les résultats
indiquent que la teneur en fibres joue un réle primordial dans I’endommagement des

composites. Cette constatation a été soutenue par des images MEB de la face fracturée.

Les résultats de cette étude sont convaincants et ont été confirmés de fagon
indépendante par des images MEB de la face fracturée des spécimens, qui a aussi révélé les
principales causes de défaillance du matériau. Le choix d'un matériau composite pour une
application particuliére doit €tre judicieux et doit tenir compte non seulement des propriétés
mécaniques, qui peuvent étre semblables pour différents matériaux de base dans un composite,
mais aussi des différents processus d’endommagement et leur importance relative. Nous avons
démontré que des composites similaires peuvent avoir des processus d’endommagement
complétement différent et ceci a des implications trés importantes dans I’optique des

applications de longue durée de ces matériaux.
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V.2 Conclusions - Volet engrenage

Concernant le volet simulation de I’engrenage en plastique et son endommagement,
le modéle utilisé dans cette étude a pris en compte la complexité des phénoménes
d’engrenement combinée aux propriétés spécifiques des matériaux d’engrenage et les
particularités de l'application pour obtenir les points de défaillance et d'entretien critiques de
maniére anticipée. Dans cette thése, les différents aspects du probléme de ’endommagement
de ’engrenage en plastique ont été examinés, et une boite a outils a été développée pour étre
utilisée en conjonction avec un logiciel d’éléments finis et Matlab de fagon a permettre a un

concepteur de prévoir le comportement des engrenages en plastique.

L'analyse par ¢léments finis et des équations analytiques ont démontré que la charge
normale sur la dent d'engrenage a un impact majeur sur les modes d’endommagement. Par
exemple, a de faibles niveaux de force transmise, une paire de roues dentées faite de matériaux
tribologiques incompatibles aura comme cause finale de la défaillance I'usure du matériau, car
les contraintes sont faibles et l'augmentation de la température est également faible. Avec
I’augmentation de la force transmise, le mode d’endommagement de fatigue a la racine de la

dent devient plus important jusqu’a devenir la cause principale de la défaillance de I’engrenage.

Grace a cet outil de modélisation, nous avons pu vérifier de point optimal local de
charge transmise par diminution dans la vie attendue de I’engrenage. Par exemple, un point
local est la transition entre le mode d’usure et la fatigue a la racine. Le mode d’usure dans ce
cas testé est peu sensible aux augmentations de charge transmisse, ainsi la valeur de la charge

transmise peut étre augmentée avec une faible perte au niveau de la durée de vie. Ceci est vrai
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jusqu’a ce que le mode de défaillance par fatigue & la racine de la dent devienne le mode

dominant. Donc, a la transition des deux modes vers le mode dominant, il y a un point optimal.

L’augmentation de la charge transmise a une forte influence sur le mode
d’endommagement dominant. Savoir prédire quel mode sera le dominant est trés important,
car d’autres possibilités pour prolonger davantage la vie de I’engrenage peuvent étre
envisagées. Par exemple, si nous savons que I’engrenage aura pour mode de défaillance I’usure,
il serait fortement recommandé de penser a une utilisation avec un lubrifiant. Par contre, si le
mode dominant est la fatigue a la racine, cette solution aura peu d’effet. Si le mode dominant
est la défaillance thermique, des trous de refroidissement ont la possibilité de prolonger de
maniére substantielle la vie de ’engrenage, mais pour tout autre type de défaillance cette

solution aura un effet neutre ou négatif (perte de résistance mécanique).

Nous avons évalué les modes de défaillance avec la charge transmise; les derniers
modes d’endommagement sont, bien sir, les limites statiques de la dent. Si les modes de
défaillances statiques sont identifiées comme les modes limitants, il est recommandé
d’envisager de choisir un autre matériau pour |’application ou de renforcer le méme, par
exemple, en augmentant davantage le taux de fibres et en utilisant un AC. Toutes ces
possibilités pourront maintenant étre évaluées par un concepteur et 1I’aider dans sa prise de
décision sur les paramétres et la faisabilité¢ de ’application de I’engrenage en plastique grace a
la boite a outils que nous avons développée. Bien que la combinaison de différentes équations
et des ensembles de données de la littérature impose certaines limites a l'utilisation du modeéle,
cette stratégie démontre des progres significatifs pour la modélisation de I’endommagement en
engrenage plastique parce que tous les principaux facteurs de fonctionnement et

d’endommagement sont observés. En utilisant correctement cet outil de dimensionnement, les

Page 222



résultats permettront au concepteur de sauter plusieurs étapes des décisions basées sur
I'application d'engrenage en plastique et méme de savoir si elle constitue en fait la meilleure

option.

En outre I’outil permettra d'accroitre la sécurité du systéme et de réduire le coit total
de possession au cours de la durée de vie griace a une bonne planification de I’utilisation des
engrenages en plastique. D’autres avantages de cet outil sont de permettre aux chercheurs

d'obtenir de multiples points d’analyse & un cout raisonnable et dans un délai plus court.

Dans cette thése, nous avons aussi €valué les changements des propriétés mécaniques
et de température de fonctionnement causés par des orifices de refroidissement spécialement
congus sur la dent d'engrenage. Ceci a été fait grice a une simulation thermomécanique de
[’engrenage selon plusieurs configurations, certaines connues de la littérature et d’autres des
innovations proposées par nous. La diminution de la température a été analysée dans plusieurs
configurations de géométrie de refroidissement en gardant les mémes parametres de

simulation.

Les résultats ont €t¢ analysés et comparés en utilisant des méthodes numériques. Les
paramétres de simulation prennent en compte les particularités d’engrenages en plastique, car
nous avons congu une boite a outils Matlab pour générer les paramétres de simulation. Nous
avons analysé la température et les comportements mécaniques des cinq configurations : la
dent en son format original, une dent avec un trou de refroidissement axial, une dent avec des
trous de refroidissement axiaux et radiaux, une dent avec un trou axial taraudé, et une dent avec

des trous taraudés axiaux et radiaux pour le refroidissement.

L'utilisation de la nouvelle solution proposée (trou taraudé au lieu de trous de

refroidissement simples) apporte toujours un meilleur compromis selon nos résultats. Dans le
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cas des configurations ol seulement des trous axiaux sont utilisés, l'utilisation de trous taraudés
améliore le compromis de 0,17 mm/°C (augmentation de la déformation par baisse dans la
température de fonctionnement de la dent) dans le déplacement et 2,17 MPa/°C (augmentation
de la valeur des contraintes concentrées par baisse dans la température de fonctionnement de
la dent) dans I’analyse de compromis par rapport aux contraintes. Lorsque des trous axiaux et
des trous radiaux sont utilisés, l'utilisation de trous taraudés au lieu des trous simples peut
améliorer le compromis de déplacement de la dent de 0,30 mm/°C et des contraintes de
1,92 MPa/°C. En raison de leur forme, I'application de trous taraudés de refroidissement sera
bénéfique pour une dent d'engrenage en maticre plastique, car elle diminue sensiblement la
température de fonctionnement maximale tout en augmentant modérément la flexion de la dent
et avec seulement une légere augmentation de la contrainte maximale par rapport a la solution
conventionnelle. La combinaison de ces facteurs fait des dents avec des trous de
refroidissement taraudés la meilleure option pour augmenter la portée de l'opérabilité des
engrenages en plastique. Cette option a également des avantages de coits, car elle peut
diminuer le nombre de trous de refroidissement requis, ce qui réduit les opérations d'usinage
pour chaque dent et, a grande échelle, entrainera probablement des économies substantielles

de temps et d'argent.
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V.3 Limitations de I’étude et perspectives

La formulation présentée ici, bien que trés générale, comporte quelques limitations.
Parce que les plastiques ont une large gamme de propriétés mécaniques, les équations utilisées
pour la génération de la chaleur ne sont valables que pour deux engrenages en plastique dont
les modules varient entre 0,480 GPa (70.000 Ib/po?) et 2,4 GPa (350 000 Ib/po?) (Koffi 1988).
Une autre limitation concerne les données de fatigue disponibles pour ces matériaux. Nous
avons utilisé les données sur la fatigue de la littérature sur des engrenages de m =2 mmet N =
17. 1l est recommandé de maintenir le méme rapport module/nombre de dents, sinon le facteur
de forme peut avoir une influence significative sur les résultats. D’autres résultats obtenus sur
des échantillons peuvent étre utilisés, mais il est important de vérifier le coefficient de forme
pour les engrenages afin de voir si la géométrie de I’engrenage présente un effet sur la vie en

fatigue.

En plus, a un certain moment, les modes d’endommagement d'engrenage en plastique
commencent a produire de la synergie d’endommagement entre eux, de sorte qu'ils ne peuvent
pas étre considérés comme des modes isolés. Par exemple, la température trop élevée augmente
le taux d'usure, et la perte du profil de la dent causée par I’usure augmente le taux de la chaleur

de friction produite.

Nous avons contourné cette limitation en nous basant sur les résultats de plusieurs
auteurs (Senthilvelan and Gnanamoorthy 2004, Mao 2007, Lin and Kuang 2008, Mao, Li et al.
2009, Yakut, Diizciikoglu et al. 2009) qui ont trouvé un point dans leurs essais ou I’état

d’endommagement change sa forme de fagon dramatique et augmente rapidement le taux
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d’endommagement. Nous avons appelé¢ ces deux phases la «phase Iégére» (les modes
d'endommagement peuvent étre considérés comme séparés) et la «phase sévere»

d’endommagement (les modes d'endommagement interagissent les uns avec les autres).

Dans nos considérations et selon ce qui a été démontré par Breeds, Kukureka et al.
(1993), ce point de passage de phases correspond au couple ol la température maximale de
surface atteint le point de fusion du matériau. Si la température instantanée (flash) fait fondre
le matériau, elle modifie sensiblement la forme développante, et les modes de dommages
secondaires se produisent. La méme chose peut étre observée si I'usure sur le profil des dents
est importante. Le point ou l'usure modifie le comportement de la dent est souvent considéré

comme 1,0 mm de profondeur (Breeds, Kukureka et al. 1993, Mao 2007).

En somme, dans nos considérations, si a tout moment la température du matériau ne
devient pas supérieure a la température de fusion et la forme développante n’est pas trop altéré,
il y a une faible interaction entre les modes, et ils peuvent étre traités comme distincts
appartenant a la «phase d’endommagement léger». Alors, le modele proposé considere
I’existence d’un échec s'il y a fusion ponctuelle du matériau ou une usure excessive méme si,
en réalité, I'engin peut encore fonctionner pendant plusieurs cycles aprés ce point, mais avec
une interaction supplémentaire entre les modes. En effet, notre modéle s’adresse a la phase

« légere » seulement, la phase « sévére » doit faire ’objet d’une autre étude postérieure.

Un autre élément limitant de la méthode proposée est que le mod¢le ne tient pas compte
de la variation des propriétés des matériaux avec la température, ce qui est, dans la majorité
des cas, une considération raisonnable dans la zone d’endommagement « léger ». De nombreux
modeles thermiques d'engrenages en plastique ont été construits en utilisant une approche

similaire avec des résultats acceptables (Koffi, Gauvin et al. 1985, Koffi, Yelle et al. 1999,
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Mao 2007). Cette considération permet au logiciel d'augmenter considérablement la vitesse de
calcul, afin d’obtenir des résultats dans un délai de temps raisonnable. Cependant, nous croyons
que ce point mérite une attention particuliere parce que des divergences spécifiques des
résultats peuvent étre introduits a cause de cette approximation dans certains cas et son effet
doit étre étudié plus en profondeur, surtout pour des matériaux nouveaux ou il n’y a pas une

grande expérience d’utilisation pratique.

Au moment de la rédaction de cette these, nous n’avons pas pu réaliser des essais
thermiques et de tribologie. Ces essais seraient importants pour complémenter le modele
d’endommagement développé dans le cadre de cette thése. Une fois ces caractérisations soient
réalisées, le modele pourra étre complétement validé avec les essais expérimentaux des
engrenages en utilisant les matériaux ici développés. Nous rappelons que notre modele a été
validé pour le nylon. Celui-ci a des propriétés mécaniques trés proches des matériaux
développés ce qui, en théorie, indique que le modéle peut étre appliqué aux engrenages
écologiques sans grandes inquiétudes. Nous voudrions rappeler que les matériaux écologiques
que nous avons ¢€laborés dans cette these, méme si nous en avons analysé¢ de nombreuses
caractéristiques, en comportent encore beaucoup qui restent a étudier. Par exemple, une fois
que les courbes de fatigue seroﬁt completement définies (ainsi que le taux d’usure, la
conductivité thermique, la chaleur spécifique, et d’autres), alors le mod¢le théorique pourra
étre utilisé & la place de I’approximation expérimentale proposée en termes de P et V de
I’engrenement. Nous croyons que ce travail constituera la prochaine étape a suivre : le modele
numérique développé constitue une base solide qui doit étre affiné pour chaque cas. Par contre
il demande un grand nombre de variables a déterminer, pour nos matériaux et de la méme fagon
pour d’autres matériaux qui sont disponibles ou seront disponibles dans I’avenir. Nous
rappelons que "UQTR (et sa région proche) dispose aujourd’hui d’une grande quantité
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d’équipements capables de mesurer des caractéristiques spécifiques des matériaux. Par contre,
pas tous les équipements nécessaires pour une caractérisation compléte ne sont disponibles, ce

qui constitue un facteur limitant.

Nous espérons dans un travail futur équiper nos modéles avec des bases de données
fiables pour chaque matériau et en ajouter plus au fur et & mesure que des innovations dans le
champ des matériaux se montrent disponibles. Par exemple, Braskem est maintenant en train
de travailler sur le lancement du PP biosourcé (Kersh 2013). Ce nouveau matériau peut servir
potentiellement de base pour de nouveaux composites verts adéquats aux engrenages. Une fois
qu’une base des données sur I’outil développé aura été construite, il nous suffira de rentrer
seulement les principaux parameétres de fonctionnement de notre paire d’engrenages et, a
travers la simulation, le programme pourra sélectionner les meilleures configurations possibles.
En plus, il serait possible d’ajouter un complément écologique qui indiquerait I’impact
environnemental de la paire d’engrenages souhaitée. Les colts de chaque option pourraient
aussi étre importés sur la base du prix par masse de chaque matériau. Ainsi, dans le futur, nous
pouvons avoir un outil qui optimise une paire d’engrenages de base plastique par rapport a la
durée de vie, au cofit et & I’empreinte écologique. Nous aurions ainsi la paire d’engrenages
idéale pour chaque situation spécifique tout en tenant compte de tous les aspects plus

importants de I’application d’engrenages.

L’utilisation d’un systeme de transmission sans fil par émission acoustique devrait étre
aussi considérée pour une application a un couple d’engrenages tournants afin de détecter avec
plus de précision les modes d’endommagement internes du matériau. Aussi, les domaines des
modes d’endommagement déterminés dans cette theése doivent €tre considérés pour les futurs

essais en fatigue sur les matériaux composites €cologiques. Nous devons aussi vérifier si les
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plages définies pour nos matériaux s’appliquent a d’autres matériaux écologiques. Pour les
études futures, il serait préférable d'effectuer des essais de fatigue comparative sur ces
matériaux. [.’analyse fréquentielle des processus de dommages utilisant I’AE serait également

souhaitable.
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ANNEXE A :

FORCES DE L’ENGRENEMENT

L’image ci-dessous représente une paire d’engrenages ou un couple C est transmis de

’engrenage menant a I’engrenage mené :

Figure A-1. Forces sur I’engrenage menant et mené lors de I’engrénement.

Sur le point primitif, I’unique force transmise, en excluant le frottement, est la force F'
qui agit sur le long de la ligne d’action. Cette force peut étre décomposée dans ses deux
composantes, Fr qui agit dans la direction radiale, et 7 qui agit dans la direction tangentielle.

La force Ft peut étre calculée par :
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poC o2 _2pe "
R D Z
Ou:
C = couple appliqué sur I’axe de I’engrenage menant,
R = rayon du point primitif,
D = diametre primitif,
Z =nombre de dents et

P = pas diamétral.

La composante tangentielle F; est définit par :

F, = F-tan8 (A-2)
Alors, la force résultante est :
F,
F=— (A-3)
cosf

La force de réaction Rret ses composantes radiale et tangentielle ont le méme module
avec des sens opposés aux forces directes. Donc, les forces sur I’engrenage menant sont les

mémes que sur I’engrenage mené.
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Selon le facteur d’engrénement, la dent peut recevoir toute la charge transmise sur tout
point en allant de la téte jusqu’a la proximité de la racine (dedendum). Evidemment, le cas le

plus critique est celui de la force F qui agit sur la région de I’addendum (ou la téte de la dent).

Dans ce cas, I’effet de la composante tangentielle F; aura sa valeur maximale sur la
dent. Méme dans des situations ou le couple C est constant, chaque dent aura une charge de

forme alternée et répétitive, créant ainsi le scénario pour la fatigue.

Le fonctionnement de I’engrénement se donne par de cycles répétitifs, ce qui nous
amene a considérer la fatigue comme un probléme qui devrait étre pris en compte. Deux des
problemes fondamentaux qui endommagent un engrenage sont la rupture par fatigue, causée

par les charges alternées, et I’usure de surface.

Dans le cas des engrenages métalliques, plusieurs sont faits en fonte, un matériau qui

possede un haut niveau de résistance a la flexion, et ils sont fabriqués pour une vie infinie.

Cependant, il est difficile de trouver des matériaux avec des niveaux de résistance a
vie infinie, en tenant compte de la pression de contact causée par ’application directe de la
force de contact. Alors, il est impossible de construire un engrenage de vie infinie protégé

contre I’usure de superficie de la dent.
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ANNEXE B :

CONTRAINTES DE L’ENGRENAGE

Les contraintes des engrenages résultant de la transmission de la puissance peuvent
étre classées en deux groupes : les contraintes de flexion a la racine de la dent et les contraintes
de la surface. Ces contraintes sont importantes pour la vérification du coefficient de sécurité et

pour évaluer la contrainte de la tenue en fatigue.

Sans le frottement, la force résultante qui agit sur la dent de I’engrenage est sous la
ligne génératrice des développantes, et son point d’application se déplace de la partie
supérieure (ou inférieure selon que I’engrenage est mené ou menant) vers la partie inférieure

(ou supérieure).

En considérant la dent comme une poutre encastrée, nous y trouvons le maximum de
la tension lorsque la charge de la dent est supportée a son extrémité. Cependant, si le ratio
d’engrénement est plus grand que I, la charge sera répartie sur les dents simultanément en

contact pendant la transmission de la puissance.
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Figure B-1. Forces sur la dent.

Considérant F la force transmise durant I’engrénement, ceci pour des raisons de
simplification, I’analyse est souvent remplacée par ses deux composantes : normale F), (radiale)
et tangentielle F;. La force F,, produit une tension de compression uniforme sur toute la section

de la dent. Nous appelons cela NE.

La composante F; engendre une tension de flexion, soit, des contraintes de traction sur
la face active, et de compression sur I’autre. En plus, nous avons une compression additionnelle
uniforme due a F),. La contrainte résultante a la racine de la face active est alors la contrainte

en traction provoquée par F; moins la compression due a F,. De méme, la compression totale
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a la racine de la face opposée sera la somme des contraintes dues a Ft et F, donnant ainsi une

contrainte totale de compression plus grande.

Si le matériau est plus résistant a la compression qu’a la traction, I’effet de la force F,
est moins important. Donc, nous considérons souvent seulement la tension due a F,. Cette force

agit sur B et /, est le bras de levier, le moment fléchissant a la racine de la dent est M = F. /.

Si b est I’épaisseur de la dent, le module d’inertie de la section rectangulaire a la racine
de largeur /s, sera Z» = b 1,//6. Nous obtenons alors :

bl 2

B-1
. (B-1)

=0

La section considérée de laracine est celle que I’on obtient lorsque la tension résultant
de la charge F), est maximale. Si nous considérons le point B au centre de la dent a la hauteur
de I’application de la charge, nous pouvons voir qu’elle est trouvée en tragant par B la parabole
VBE, en passant par les points ¥ et E, ce qui définit une poutre imaginaire de résistance
uniforme, c’est-a-dire, si la dent avait une forme de parabole, elle aurait la méme tension sur

toutes ses sections.

L’équation de la parabole est obtenue en termes des variables /, et /i, et ¢ est la

constante de I’équation précédente :

(B-2)
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L’équation de la parabole est alors :

I, = Cly” (B-3)

Si cette parabole est tracée avec un sommet en B, la parabole reste entiérement a

I’intérieur de la dent, excepté les points de tangence.

Une fois que la dent est plus grande que la parabole, la tension sur la dent, sur toute sa
longueur, est plus petite que la tension hypothétique dans la parabole, excepté sur la section de

la tangente qui, pour cette raison, devrait étre la section avec la tension maximale sur la dent.

Par conséquent, sur la section VE, la parabole intérieure est tangente au profil de la

dent. Cependant, les dimensions /, et /s ne sont pas convenables pour les calculs pratiques.

Si nous considérons les propriétés des triangles semblables, BVG et GVH, nous

pouvons calculer que :

la

=4 B-4
Iy v (B-4)
L1l (55
/2 1
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En remplagant cette valeur de /; en (B-2).

bl,*

F.l, = P 1 (B-6)
6
Nous obtenons ainsi que :

Fla® _ bl
=0— B-7
7 -6 (B-7)

4]

F. = ab?r ( B-8)

Si nous multiplions le deuxiéme terme de cette équation par le pas diamétral, nous

allons obtenir que :

ab (21.P
= [ZZ B-9
F=%(5) (B-9)

Une fois que 2 /.P/3 est une constante pour une certaine forme de dent, nous pouvons

I’appeler ¥, et cela est connu sur le nom de facteur de forme de Lewis.

L’équation résultante :
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E=2"" ( B-10)

Cette équation est plus connue sous le nom d’équation de Lewis. Une fois que P = w/F, ,

I’équation de Lewis en termes de pas circulaires est écrite :

obP.Y
W, = nc = gbP.y (B-11)

Ou y=Y/z est une constante.

En considérant une dent comment étant similaire a une poutre encastrée avec la section

critique a la base.

M Wpg  6Wl
T FY T Fe

( B-12)

Ici / est la hauteur et ¢, la longueur de la dent, W est la composante tangentielle de la
force, pd est le pas diametral, F est I’épaisseur de la dent et ¥ est un facteur adimensionnel de
la forme pour la charge appliquée prés de la mi-hauteur de la dent et lorsque les charges
dynamiques sont bien évaluées, ce facteur est aussi appelé le Facteur de Lewis. Il est
intéressant de remarquer que la composante radiale Wr est négligée parce qu’elle agit comme

une force de compression et elle réduit le risque de rupture de la dent.
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Cette équation de Lewis est la base d’une version plus moderne utilisée par la Norme
AGMA. Les principes utilisés dans 1’équation de Lewis sont encore valides, mais ont été

complétés par des facteurs.
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ANNEXE C:

TYPES DE CONTRAINTES DES ENGRENAGES

C.1. Contrainte de flexion

Dans le cas de la fatigue, c’est l'apparition de concentrations de contraintes qui entraine
I’apparition et la propagation des fissures jusqu’a la racine de la dent. Dans le cas des
surcharges, nous pouvons dire qu’elles sont généralement issues d’impact. Nous avons donc la
rupture brutale d’une dent, qui peut étre provoquée par un affaiblissement par fatigue ou par

surcharge située normalement a la racine de la dent.

Pour la contrainte de flexion, on se sert d’une équation de Lewis modifiée par les
diverses méthodes de dimensionnement connues tant du c6té des normes que du cdté des
pratiques industrielles. D’une pratique a I’autre, les facteurs de correction sont plus ou moins
nombreux. Il est trés difficile d’établir une équation générale pouvént inclure tous les facteurs
comme ¢’est le cas pour les engrenages métalliques. A titre d’exemple, citons les pratiques

Polypenco, ESDU et de Yelle (Yelle 1977) :

Page 241]



Fo]ypenco 2T d
—_— — C_l
S Y C1C2 ( )

ESDU - Fe1imPa
o1 —m = C-2
Liim YK Ky Kg (€-2)

Yelle K KyKrKy

S = Sy BTV c3
b = U KKK (e

La méthode de dimensionnement la plus €élaborée pour les engrenages plastiques est
celle du VDI 2545. Ces directives reprennent la norme allemande sur les engrenages en métal

et I’ajustent pour I’adapter aux matériaux plastiques. Pour le calcul de la contrainte de flexion,

la méthode fournit la formule :

F,
oF = ﬁ YgYrY Ka0 (C-4)

Ou:
= Facteur de forme de Lewis
Yy = Facteur de forme
Y- Facteur d’angle d’hélice
Ye= Facteur de répartition de la charge
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Cette méthode ne prend pas en compte les facteurs pour lesquels on ne dispose pas

encore de valeurs empiriques pour les engrenages plastiques. Ainsi I’équation dévient :

F
OfF1,2 = EKAYFYE (C-5)

Le facteur d’application K doit étre fixé par le concepteur (a défaut, K4 = 1). Le facteur
de forme Y dépend du nombre de dents et du coefficient de départ. Le facteur de répartition

de charge Y. s’obtient comme suit :

1
=— C-6
Ye RCA (C-6)
Le facteur de sécurité Sr est donné par :
o
FS = —= 2 FSpn (C-7)
OF

Le facteur de sécurité minimum est : FS,;;, = 1,2 ou idéalement 2.
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C.2. Contrainte a la surface

Ce mode de bris se produit lorsque des déformations plastiques sont créées tandis qu’il
y a contact entrainant de fortes contraintes, en combinaison avec le mouvement de rotation et

de glissement entre les dents, en allant au-dela de la limite élastique du matériau.

Il s’agit d’un type de défaillance normalement retrouvé dans les pieces faites a base de
matériaux a résistance mécanique réduite. Cela est souvent le cas des plastiques généraux, les
composites ayant des qualités supérieures aux plastiques ordinaires pourtant plus résistants a

cette défaillance.

Dans le cas de composites écologiques, des propriétés proches aux composites
ordinaires pourraient étre atteintes. C’est un mode que I’on rencontre aussi sur les matériaux

a haute performance, mais soumis a surcharge.

Pour le calcul de la contrainte de surface d’aprés VDI2545, I’équation fondamentale

découlant de celle de Hertz est :

F, u+1
Ooc — wu+

u (KA)ZHZMZE (C_8)

Le facteur d’application Ka est celui qui est fixé par le fabricant (a défaut, Ka = 1). Le

facteur de forme de flanc Zy se calcule pour les engrenages droits par :
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1 cos fiy

= C-9
cosf [tan8, (C9)

Zy

Le facteur matériau Zy tient compte de la combinaison des matériaux. Un tableau
normalisé fournit les valeurs pour la combinaison acier-plastique ; pour d’autres combinaisons,

on pose :

Zy =V036.E ( C-10)

Le facteur de conduite Z. pour les dentures droites s’exprime par :

£ ,’ 3

Le facteur de sécurité est :

gcN
FS =——2=FSymin (C-12)
Joc
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ANNEXE D :
CERTIFICATION VINCOTTE DE CONTENU BIO-

SOURCE DU BIO-PE
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AIB-VINCOTTE International s.a. /n.v.

SAFETY, QUALITY, ENVIRONMENT

Member of the Group AIB-VINCOTTE

Head office : Boulavard A. Reyers 80 - 8-1030 Brussels / Beigium

VINGOTTE - CERTEST PRODUCTS

Everes! - Leuvensasieenweg 248 / B-1800 Vilvoorde / Beigiurn
Tel  +32{0)2 674.57.50 - Fax : +32(0)2 674.57.85

E-Mai | okbichased@vincalte be

CERTIFICATE FOR AWARDING AND USE OF THE

'OK BIOBASED' CONFORMITY MARK

No. B 11-082-A
Issued by AIB-VINGOTTE International

For the product(s) described hereafter:

Product Domain : Blobased Products

Product Group : Raw materal

Product Family : Bio materiat

Praduct Type Granulates

Trade mark . I grean™

Product desetiption # Particuiarities : HDPE grades:  SGF 4950, SGF4960, SHAT260, SHCT260,

Class (batween 1 & 4):

SHD7255L 8L, SHE15D, SGMO450F
Color : natural iranshicent
The product is assigned to class 4, meaning:
80 % <Bichased Carbon Conlentof the product < 100 %

K K X K

orm ination applied for M1 BRASKEM SA
Centro Prod. PPIPE Triunfo
BR 386 - Rodovia Tabai-Canoas, lots 04, 850
Triunfo - RS - CEP $5853-000
Brazil
Critaria for certification : o AVI Test Program ‘OK bichased' with reference OK 20 edition A

Validity of the certificate :

Conclugions of the examination : The products comply with the above mentioned certification criteria, as coafirmad by
the test report of AVI no .09/ 50308554/ 10417 1p

Applicable ification systaim : Type examination followed by supervision through verification tests on samples from
the distibutor's stocks andfar of the markel.
Tha conformity of the product is guaranieed by the procedures for awarding and uss of
the 'OK biobased' cosformity mark. This only applies for specimen bearing the
"OK bigbased' mark.

Caution :  The use of OK bishased-certifisd polymers / malerials is nol a guarantee that intermadiate or finished product info which # is

s Methodology conform to ASTM D 6888 *Standard Test Methods for Determining
the Bicbased Content of Sofid, Liquid, and Gaseous Samples Using Radiocarbon

Analysis™
From 28 April 2011 il 28 Aprit 2014

incorporated complies with the requirements of the OK biabased programime.

This certificats is issued in English.

Brussels, 28 Aprit 2011
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L. JORDEUR P M. DEWOLFS
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DATA SHEET of Certificate B 11-082-A

Biobased Carbon Content
Organic Carbon Fraction

The biobased carbon content and the organic carbon fraction of the products are delerminad as foflow

HDPE grades BCC Toc
SGF4950 00 % 8%
SGF4960 100% 86%
SHAT260 %% 85%
SHCT7280 97 % 86 %
SHD7255L5L 9% 88%
SHE150 9% 86 %
SGM9450F 0% 8%

BBC: Biobased Carbon Content
TOC: Total Organic Carbon fraction

Caution ; This dma sheet can be joined ax additional information to the related Certificate for Awarding and

Use of the "OK bivkased’ Corgormity Mark.

Without this corresponding certificate, this data sheet is not valid
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ANNEXE E :
CERTIFICATION INTERNATIONALE DE
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ISCC PLUS Certificate

ISCC-PLUS-Cort-81842603

PCU Deutschiand GmbH
: approves that

BRASKEM S.A. PE 5 RS
ISCC PLUS registration number: lSCC -Reg-1865
Polo Petroqutmmo do Sul, BR 386 - Rod. Tabai /Canoas, km 419 lot 4
95853-000 Triunfo, Rio Grande do Sul, BRAZIL

complies with the requirements of the certification system

ISCC PLUS
(Intemabonal Sustainability and Carbon Certification)

and the following add-ons

This certificate is valid from 01.12.2012 to 30.11.2013.

The cerfified system useris a:  Conversion unit

s 'Product category; Bioplastics
“The audit includes the raw-material of; The audit includes the output-material of:
sugar carne Polyethylene material

The chain of custody: Mass balance
GHG determined: Actual GHG value

: : 5o PCU Beutg
L
Berlin, 01.12.2012 ' ﬁ%m b &

Placs, W;‘CONTROL'. i NION CERTIW?\??BWS
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