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Resumo

As crescentes necessidades energéticas ¢ o aparecimento de uma consciéncia
ambiental no seio da industria, levou a procura de componentes mecanicos mais
eficientes e 6leos lubrificantes com menos impacto na natureza, ou seja, lubrificantes
com uma alta taxa de biodegradabilidade.

Sendo as transmissdes por engrenagens, um dos componentes mais comuns na
industria automoével e nas maquinas industriais, surgiu a necessidade de melhorar a sua
eficiéncia recorrendo ao conceito de engrenagens de baixa perda de poténcia, (“Low
Loss Gears”) as quais ndo sdo mais do que engrenagens de alto rendimento que podem
ser fabricadas com ferramentas standard presentes em qualquer empresa do ramo. A
este conceito de engrenagens de elevado rendimento acrescenta-se o uso de lubrificantes
biodegradaveis com um pacote de aditivos satisfazendo ao mesmo tempo o decréscimo
nas perdas de energia combinado com um menor impacto para a natureza por parte dos
lubrificantes.

Neste trabalho foram usadas trés geometrias “Low Loss” em aco de cementagao
(20MnCr5) e ADI (ferro nodular austemperado) e lubrificadas com dois lubrificantes
diferentes, um éster altamente saturado e de baixa toxicidade (E2) e um o6leo de base
polialfaolefinica sintético de alta performance (P1). Ambas as engrenagens e
respectivos 0leos foram submetidos a ensaios de perda de poténcia numa maquina FZG.
Uma versdo alternativa do mesmo ensaio de perda de poténcia com um nivel de 6leo
reduzido, foi também executado para estudar a influéncia do nivel de 6leo na perda de
poténcia da engrenagem.

Apods a analise e discussdo de todos os ensaios verifica-se que em média o
rendimento do engrenamento aumenta quando:

- o moddulo diminui e as correc¢des X; € X, sdo fortemente positivas;

- ¢ utilizado o 6leo E2 ao invés do P1 especialmente a baixas e medias
velocidades;

- sao utilizadas engrenagens em ago, pois libertam consideravelmente
menos particulas que o ADI, mas o ADI tem um comportamento superior
ao do aco na maioria dos casos, podendo ser uma Optima alternativa ao
aco pois € mais barato e facil de maquinar.

- O nivel de 6leo ¢ mais baixo, atingindo diminui¢des de temperatura até
40% em alguns casos.
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Low Power Loss Gears — Design and Experimental Evaluation

Abstract

The growing energy needs and the appearance of an environmental awareness
among industrial world lead to the search of more efficient mechanical components and
lubricant oils with less impact into nature, in other words, lubricant oils with a high
level of biodegradability.

Being gear transmissions some of the most common components in automotive
industries and industrial machines, arose the need to improve their efficiency using the
“Low Loss Gears” concept, which are high efficiency gears manufactured with standard
cutting tools. Associated with this concept is the use of biodegradable lubricants with a
additives package serving at the same time the need of less energy dissipation combined
with a lower environmental impact.

In this work three “Low Loss” gear geometries manufactured in carburized steel
(20MnCr5) and ADI (Austempered Ductile Iron) and lubricated with two different
lubricants, a highly saturated biodegradable low toxicity ester base oil(E2) and a fully
synthetic polyalphaolefine high performance industrial gear oil (P1), Both gears and
respective lubricants were submitted to a power loss test in a FZG test rig. An
alternative version of the power loss test with a reduced oil level was also performed to
assess oil level influence in gear power losses.

After the analysis and discussion of all tests could be concluded that in average,
the gearing efficiency increased when:

- The modulus m decreases an x; and x, are strongly positive;

- E2 oil is used instead of P1 oil, specially at slow and medium speeds;

- Steel gears are used, because they release much less particles to the
lubricant oil that the ADI ones, but ADI has in general better behavior to
the steel ones, being a good alternative due to the fact it’s cheaper and
easy to manufacture than the steel.

- The oil level is lower, reaching temperature decreases up to 40% in some
cases.
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Nomenclature

Symbol
Abase

Designation
Base support area
Horizontal surface area of case
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Radiation surface area of case
Vertical surface area of case
Ferrometric index for the concentration of wear particles
Bearing mean diameter
Ferrometric index for the amount of large particles
Ferrometric index for the amount of small particles
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Axial force
Tooth normal force, transverse section
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Total roughness measurement length
Peak material ratio
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Input rotating speed
Contact pressure
Gear friction loss
Input power
Bearing load dependant losses
Bearing no load dependant losses
Seal losses
Gear churning losses
Heat removal by conduction

Heat removal by radiation

W/(m.°K)

/
/
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W
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/
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m
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Natural convection coefficient, vertical surface
Base pitch
Pinion teeth number

Wheel teeth number

Piezoviscosity coefficient
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Thermal expansion
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Dynamic viscosity

Specific lubricant film thickness
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Thermal correction factor
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Introduction

Current energy consumption all around the world is setting records, and with the
announced end of fossil fuels in a medium short time arises the need to develop more

efficient devices and machines to help decrease this massive energy consumption.

Industry as well as common citizen developed an environmental awareness that
drives the search for more efficient mechanical components and lubricants, lubricants
and lubrication methods are no different. Research works [1-3] indicate that if during
gear design, not only load factors but also power dissipation is taken into account,
power losses might be minimized and better gearbox efficiency will be obtained
together with lower operating temperature. If in addiction to gear design improvements,
a new biodegradable base oil with low toxicity is used[4], two previously incompatible

aspects are met. Energetic efficiency combined with a lower environmental impact.

In order to reach these goals, high efficiency gears, entitled “Low Loss
Gears”[5] were developed, allowing power loss reduction. Such gears might be
manufactured using standard tools available in all manufacturing shops, without

involving any expensive modification of production tools and procedures.

Also a careful choice of gear materials and corresponding heat treatments can
have a significant impact on gearbox power losses, in particular in the friction power

losses between gear teeth[6].

The main objectives of this work are to study the influence on power losses of:

- Gear design (311/312,411/412 and 611/612 gears);

- Gear material (carburized steel and ADI);

- Gear base lubricant oils( E2 — ester and P1 — polyalphaolefine);
- Oil level (Standard and reduced).

These geometries were previously calculated with the help of specialized computer
software that allow the development of the three geometries with progressive degrees of
friction reduction, being this achieved among other parameters, by manipulating the

modulus and the profile shifts[7].
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Also two different fully formulated gear oils were tested, a Ester-based oil,
biodegradable and containing low toxicity additives (E2) and a high performance fully

synthetic Polyalphaolefine base oil (P1)[8].

These different gear geometries and lubricant oils where submitted to power loss
tests performed in the FZG test rig. Oil samples were collected at the end of each test
load stage in order to perform a wear particle analysis, and tooth flank roughness
measurements were made before and after the power loss test, to observe the evolution
of the surfaces degradation for the different gear materials and lubricating oils. Finally,
mass loss measurements were performed before and after each power loss test, to assess

the mass loss corresponding to each gear material / gear oil combination.

After the analysis and discussion of all tests could be concluded that in average,
the gearing efficiency increased when:

- The modulus m decreases an x; and x; are strongly positive;

- Isused E2 oil instead of P1 oil, specially at slow and medium speeds;

- Are used steel gears, because they release much less particles to the
lubricant oil that the ADI ones, but ADI has in general a best behavior to
the steel ones, being a good alternative due to the fact it’s cheaper and
easy to manufacture than the steel.

- The oil level is lower, reaching temperature decreases up to 40% in some
cases.
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1.GEAR TRIBOLOGY

1.1. Tribology

Tribology is the study of the interaction between contacting surfaces in relative
motion and it is spread to a large range of disciplines, from chemistry to physics passing
trough mechanical engineering and materials science, being a science of major
technological importance[9]. Tribology is the science and technique of friction, wear
and its consequences having, therefore a great significance in energy and raw materials
saving [10]. The origin of the name tribology adopted by OECD (Organization for
Economical Cooperation and Development) in 1968, come from the Greek “Tribos”,
which means friction and “logos” which means science. Tribology has a major
importance in machine design, project and maintenance, but can be applied to any field
of science that involves friction and wear, for example, the medical and biomedical field
leads with tribology trough the study of wear in human artificial joints and heart valves,
can also be applied to study the wear in a pavement, etc.

A fundamental aspect where tribology and lubrication are directly connected are in
increasing the life of and maintain mechanical components in good conditions, because
a if a mechanical part breaks down it will force the equipment to stop for repair and that
not only cost the price of the new part but also the cost of not being producing. This is
the main reason because a proper use of tribology in the conception and maintenance of
the mechanical parts is vital and represents near 70% of total breakdown control based
on surfaces, leading to a lower cost in equipment maintenance[10].

1.2. Tribology of the contact between gear teeth

A wide range of phenomena occurs between gear teeth, involving contact
mechanics and ElastoHydrodynamic lubrication (EHD). In this section will be
mentioned a Spartan view of the basic concepts of EHD Contact and Lubrication
Mechanics applied to the teeth of a cylindrical gear, in order to calculate contact stress
and pressure and their variation along the meshing line. A FZG Type -C gear set as the
one in Figure 30 with the working conditions present in Table 1, was used as example
for this description.
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Table 1 — Geometric characteristics and working conditions of FZG type-C gear.

1.2.1.

Parameter Symbol Units Pinion Wheel
Module m [mm] 4.5
Pressure angle o [°] 20
Teeth number Z [/] 16 24
Gear ratio u [/] 1.5
Pitch diameter d [mm] 72 108
Base diameter dp [mm] 67.66 101.49
Base pitch Po [mm] 13.28
Center distance a [mm] 90
Addendum diameter d, [mm] 81 117
Working center distance Ay [mm] 91.5
Addendum modification coefficient X [/] 0.182  0.171
Addendum shortening coefficient k* [/] 0.019  0.019
Working pressure angle Oly [°] 22.44
Working modulus my [mm] 4.575
Working pitch diameter dw [mm] 73.2 109.80
Working addendum haw [mm] 4.72 4.37
Working tip diameter daw [mm] 82.64 118.54
Tooth flank roughness R, [wum] 0.3+0.1 0.3+0.1
Power P [wW] 50800
Torque c [NNm] 215.6 3234
Rotational velocity n [rpm] 2250 1500

Teeth contact force

Teeth contact force Fy works in the meshing line direction and never changes

direction as shown in Figure 1. The normal force can be expressed by the following

equation in order to torque T and base radius 1p[11]:

Fy

p1 Tp2

T,

Or in order to power P, pitch radius and angular velocity,

(Eq. 1)
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Fy = P = P Eq. 2
N riwicosa ~ r,w,cosa (Eq-2)

Normal contact force can be decomposed into two components, the radial Fr and
the tangential Fr, as can be seen in Figure 1 a), being defined by

Fr=Fycosa (Eq. 3)

Fy = Fysina (Eq. 4)

The number of teeth geared vary along the meshing line as can be seen in Figure
1 b) being geared two teeth pair at the same time between points A and C and the points
D and B and therefore only one teeth pair geared between points C and D, explaining
this way why the load is two time bigger between points C and D, being the force
carried only by a single pair of teeth between these two points, unlike what happens
between points A and C and points D and B.[11]In helical gears where the pinion has a
minimum number of teeth, load can be supported by 1, 2 or 3 pairs of teeth, being tooth
correction also able to make the load applied to contact stop being discontinuous and be
more progressive. A good example of the case mentioned above is the FZG Type-C
where the load distribution is more progressive, as presented in Figure 2. Unlike the
load distribution in the figure above (1/2,1) the FZG Type-C load distribution is
1/3,2/3,1, implicating that only one third of the load is supported between points A to C
and D to B being the remaining two thirds supported between points C and D.

a) b)

Figure 1 — Teeth normal contact force[11]: a) Normal force decomposition in
radial and tangential components; b) Normal contact force variation along
meshing line.
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Figure 2 — Normal contact force distribution between FZG type-C gear along
meshing line[11].

1.2.2. Curvature radius

The curvature radius of the circle evolvent can be defined in the notable meshing
line points because they are equivalent to the oscular discs radius(seen entire deduction
in chapter 2 of the reference [11]). Known the curvature radius of the oscular discs
(Figure 3) is possible to de fine the equivalent curvature radius at any point Ry, by the
following equation.

Figure 3- Oscular discs curvature radius.



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

R / [mm] Raio de Curvatura

:E fﬁ\\
16 T

IT A C I D B T
0 T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Linha de Engrenamento

Figure 4 — Equivalent Curvature radius of contact between FZG type-C gear
Teeth along meshing line.

1_1<1+1>_1<1+1> Eq.5)
Ry 2\T.M T,M) 2\Riy Ry &

Figure 4 presents the evolution of FZG Type C gear equivalent contact curvature
radius along meshing line, being one of the interesting aspects to observe the fact that
the curvature radius in the end of the meshing line is nearly twice the one in the
beginning. In general the equivalent curvature radius is fairly high, which benefits the
tribological gear behavior because the loads will be distributed along a wider area
decreasing this way the maximum pressure on tooth surfaces.

1.2.3. Contact Pressure

Hertz pressure or contact pressure (Py or Py) at any point of contact along the
meshing line can be calculated through the Hertz theory, considering a linear contact
between two solid elastic discs, i. €,

(Eq. 6)

where Fy is the normal contact force, b is the gear face width, R is the equivalent

curvature radius and E* is the equivalent young modulus for two contacting solids,
defined by
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g + (Eq. 7)

The materials young modulus and the poison coefficients of the oscular discs are
respectively Eq, v and E;, v;.

A rectangular contact area is created by teeth contact and is defined by 2a and b,
respectively being a the hertzian contact half width defined by:

(Eq. 8)

1.2.4. Contacting teeth sub-surface stress state

The sub-surface stress state of contacting teeth can be calculated through Hertz
theory for two solid contact and Boussinesq theory for the elastic half-space[12].

b

The oxx 64, stress variation along OZ axis, the maximum shear stress “isobaric’
and the orthogonal shear stress “isobaric”, in the contacting teeth sub-surface is
presented in Figure 5.

oxx and 6, stress along OZ have his maximum compression near the surface
being equal to maximum Hertz pressure pg and the maximum shear stress Tmax reaches
his higher value over the OZ axis being expressed by[11]:

[T P . - t00% Txz

Yz/a

Figure 5 — Normal stress along OZ, maximum shear stress ”isobaric” (Tmax/po) and
orthogonal shear stress “isobaric” (ty,/po) on contacting teeth sub-surface[11].
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Tmax = 0.3P9 (Eq.9)

Occurring at a depth Zg defined by

Z, = 0.786a (Eq. 10)

The orthogonal shear stress reaches his maximum value at

T =19 = 0.25p, (Eq. 11)

Occurring at a depth Zy defined b

Z, =0.42a (Eq. 12)

The largest variation of maximum orthogonal shear stress 7 on teeth contact
sub-surface along a meshing cycle is expressed by

Aty = 275 = 0.5p, (Eq. 13)

The variation of Hertz pressure, orthogonal shear stress, maximum shear stress
and the depth that they respectively occur are presented in Figure 6 and Figure 7
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Figure 6 — Variation of Hertz pressure, maximum orthogonal shear stress and
maximum shear stress along meshing line[11].
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Figure 7 — Variation of Hertz contact half-width, maximum orthogonal shear
stress depth and maximum shear stress depth along meshing line[11].
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1.2.5. Surfaces velocities

Considering a generic point P from the meshing line placed between points A and
B, the absolute velocities of point P belonging to each conjugated profile in contact are
designated by V; and V,, and their projections in a perpendicular direction to the
meshing line respectively Ujand U,, that represent the tangential speed on each one of
the conjugated profiles at P contact point.

The velocity of the P contact point along meshing line is expressed by the
projection of Vq and V; velocities in the direction of the meshing line, is defined by V.

Consider now a generic point of the meshing line between points A and B, as is
shown in Figure 8, and being M a point located between the length AI and N point
between the length IB. The tangential velocities U; and U, of M can be defined by:

Ul = T1MW1 = p1W1 (EQ- 14)
U =T Mw; = pw; (Eq. 15)

The sliding velocity can be calculated by the equation

Vs =Uz — Uy = paw; — p1wy (Eq. 16)

The discs with radius p; and p, present in Figure 8 are the oscular discs and can
be used to simulate contact between gears teeth, per example; “discs machines” are
frequently used in laboratories to conduct studies on gear lubrication, like film thickness
in EHD lubrication, etc. In Figure 9 are represented rolling and sliding velocities at each
point of meshing line, becoming evident in this figure that the sliding speed is negative
in the approximation segment until it reaches the pitch line where there is no sliding and
then it changes to the other way and as further we move to the end of contact the sliding
velocity becomes higher reaching its maximum in the end of meshing line (point
B)[11].

11
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Figure 8 — a) P generic point of meshing line velocities V| and V;;

b) U; and U, tangential velocities perpendicular to meshing line[11].

Figure 9 — Variation of tangential velocities U; and U, and sliding velocity along
meshing line[11].

The specific sliding also mentioned in Figure 9 are defined by the following equations,

Uu,—-U,

Eq. 17
U, (Eq.17)

Y1 =

(Eq. 18)

12
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To finalize, the tangential and sliding velocities variation on a FZG Type C gear
along the meshing line is shown in Figure 10 were is once again evident the change in
sliding velocity due to the transition from one side to the other of the tooth pitch line.

U, Uy, (U, £ [mis] Velocidade de Escorregamento
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Figure 10 — Variation of tangential and sliding velocities along meshing line of a
FZG type C gear teeth contact[11].

1.2.6. Lubricant film thickness

Hydrodynamic and hydrostatic lubrication are usually applied into situations where
the contact pressure is relatively low and the contact surfaces are relatively large. Not
all mechanical components present this kind of behavior, in some cases the contact
surfaces are small and the pressures generated so high that may lead to
deformations[13] within an amplitude range that cannot be put aside, given the average
film thickness hp,[10], therefore if the solids are considered elastic the contact is
hertzian, the lubricant regime is the Elastohydrodynamic.

The most common mechanical components where this type of lubrication can be
found are rolling bearings, gears and cams[10].

In elastohydrodynamic contacts lubrication is accessed through the average film
thickness that separates the roughness between two surfaces. Nowadays the lubricant
film thickness theory between gear teeth follows the D. Dowson and G.R. Higginson
[14] which implicates an isothermal contact between smooth surfaces and plenty
lubricant[11].

According to Dowson and Higginson [14] the lubricant film thickness inside a
Elastohydrodynamic linear contact is presented in Figure 11.

The film thickness in contact center h, and minimum lubricant film thickness h,, are
defined by the following equations[11]:

13
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U)°'727a°'77R%364E*0'°91

0.091
Fy /l) (Eq. 19)

(Mo

hy = 1.949

L6 (1,’0 U)0'7a0'6R2,i43E*0'03

0.13
(pN /l> (Eq. 20)

o =

Where:
Mo — Lubricant viscosity at lubricant feeding temperature;
U — Rolling velocity of oscular discs surfaces,
U= %(U1 + Uy);

o — Lubricant Piezoviscosity coefficient at lubricant feeding temperature;

R — Equivalent curvature radius of oscular discs,

1 11 1
-3+2)
R 2\R, ' Ry

E - Equivalent young modulus,

1 (1—1/% +1—v%).
e~ \E E, )’

Fn — Normal solicitation;

| — Gear useful width.
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Convergente Alta pressdo Divergente

“inlet zone" “Hertz zone" “outlet zone"”

Figure 11 — Film thickness at contact center hp and minimum film thickness
hy[11].

1.2.7. Inlet shear heating in an EHD contact

In the beginning of this section was mentioned that the flow inside an EHD contact
is isothermal. This assumption is not valid in gears case due to the intense sliding
between the contacting surfaces along the meshing line.

An important phenomenon called “inlet shear heating” occurs in the inlet zone
where the lubricant is submitted to a high shear deformation caused by the pressure
gradient and the rolling and sliding velocities that it’s put up. The shear deformation
originates a manifest energy dissipation leading to a increase of the lubricant
temperature (ATy), viscosity (1o) decrease and consequently, lubricant film thickness
(hg) decrease[11]. This decrease of lubricant film thickness is expressed by the factor

br,

hor = ¢prhy (Eq.21)
¢r ={1+0.1[(1 + 14.8VI83)064]}1 (Eq.22)
Uy — U,|
-1 -2 Eq. 23
e |U1 + U2| ( q )
U,+U,)?
I = Bno( 11( 2) (Eq. 24)
f
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Where:
B — Lubricant thermoviscosity coefficient at lubricant feeding temperature;
K¢— Lubricant Thermal conductivity.

The average temperature increase in the inlet zone (ATiyet) can be determined using
the following equation:

1-— (¢T)1/0.727
Ky

AT ipjer = (Eq. 25)

1.2.8. Specific lubricant film thickness

Roughness is a factor that cannot be put aside during film thickness calculation in
EHD lubrication because real teeth flanks surfaces have roughness that is oriented
perpendicularly to the rolling velocities of the oscular discs along the meshing line and
can have the same magnitude range of the lubricant film thickness (around Ipm),
therefore the EHD analysis should have this parameter into account. The roughness
effect over the lubricant film thickness is made recurring to the specific lubricant film
thickness A defined by:

Espessura do Filme Lubrificante

Rigr / [wm] Lambda - A
1.0 1.0
0.9 £ ——1 o9
F ==hoT ]
0.8 T — 31 0.8
E ,,/'}H“f“--u..._,_:;r—-—-—._._._, == Lambda
0.7 T /,— - = - i — 0.7
0.6 + Y,/' 1 0.6
0.5 ¥ — 1 0.5
0.4 £ 1 0.4
0.3 F 1 0.3
F I’_'_'_'___Uf-":_"L—-—_'_———| — ]
0.2 © nr—r"‘"""dﬂ = 1 0.2
0.1 £ 1 0.1
ETq A C I D B Tz
0.0 F ey P T T T S T T S S ST T T ST T S S T S ST T S S T S S T T 1 ] 0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Linha de Engrenamento

Figure 12 — Variation of Specific lubricant film thickness (h,t) and thermal
corrected film thickness (A) along meshing line of a FZG Type C gear teeth
contact.

hOT hOT

T R+ ey

A

(Eq. 26)
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Where hgor is the lubricant film thickness with the thermal correction and

o= \/ (qu)z + (Rq 2)2 is the composed roughness of both contacting flanks.

In Figure 12 is represented the variation of specific film thickness in contact center
along meshing life for a FZG Type C gear.

1.2.9. Lubrication Regimes

When two surfaces are in contact the load is carried by the roughness in their
surfaces causing an unbearable amount of wear and surface damage, therefore a liquid
lubricant is deliberately introduced between the surfaces to separate them totally or
partially[15].

When liquids or gases are used as lubricants, it is called fluid film lubrication.
When the superficial roughness is completely separated by a layer of lubricant several
times bigger than the lubricant molecules we are in presence of thick film lubrication, in
other cases the surfaces roughness is only partially covered by the lubricant allowing
metal-metal contact being the load carried partially by the contacting roughness being
this way called mixed film lubrication or thin film lubrication. In more extreme cases
the load is entirely carried by the contacting roughness being the film thickness virtually
inexistent, and the lubricant is mostly trapped in the roughness valleys, being this
regime called boundary lubrication or limit film lubrication[15]. In Figure 13 is present
a stribeck curve where is shown the variation of the lubrication regime with the friction
coefficient.
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Figure 13 — Friction coefficient, p, vs [(viscosity)(velocity)/load], showing the three
lubrication regimes. Regime 1, boundary lubrication; Regime 2, mixed film

lubrication; Regime 3, full film lubrication[15].

Lubrication regimes can be defined according to a range of specific lubricant
film thickness, resulting in the three following regimes also schematically represented

in Figure 14:

¢ Boundary Film A<0.7

X/
L X4

Normal contact force entirely supported by metal-metal contact
between surface roughness peaks.

Nonexistence of an hydrodynamic fluid film.

Mixed Film 0.7<A<2.0

Normal contact force supported partially by the metal-metal contact
and an EHD lubricant film.

Full Film A>2.0

Normal contact force entirely supported by the EHD lubricant film

which completely separates the surfaces preventing the metal-metal
contact.
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Figure 14 — Gears lubrication regimes: boundary lubrication on top, mixed film
lubrication in the middle and thick film lubrication on the bottom|[11].

The specific lubricant film thickness changes along the meshing line as exemplified
in Figure 12, therefore multiple lubrication regimes may occur along the meshing line.

Looking once again to Figure 12 and keeping in mind the lubrication regimes
specific fluid film ranges, we can see that between the points A and C we are in
presence of a boundary lubrication regime, being mixed lubrication regime also possible
to occur in the area, between the points C and D we are in presence of a mixed
lubrication regime, being thick film regime also admissible in this area, and now in
between the points D and B there are present two lubrication regimes, a mixed film
lubrication regime near point D and as we approach point B the lubrication regime
comes closer to a boundary lubrication regime.

It’s possible to establish a direct relation between gear breakdown probability by
contact fatigue, severe adhesive wear, etc, and the specific lubricant film thickness A,
function of sliding velocity, lubricant type, etc.[11].

An example can be found in Figure 2 where a curve was traced for a relation
between specific film thickness and pitch line velocity.
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SPECIFIC FILM THICKNESS ~)

PITCH LINE VELOCITY M/S

Figure 15 — 5 % Gear Breakdown probability curve, function of pitch line velocity
and lubricant specific film thickness[13].

1.2.10. Friction coefficient in gear teeth

Friction is a parameter of extreme importance when we are studying gears and
specially, gear teeth because friction controls every aspect of teeth contact, from heat
generation, wear, film thickness, etc. Friction is express in the form of a coefficient that
establishes a correlation between tangential force Fr and the normal force Fy, being
frequently called friction coefficient, and its basic form is defined by

= Fy (Eq. 27)

u
As mentioned before, the friction coefficient is directly related to the film
thickness, more specifically to the specific Lubricant film thickness. This relation is

usually represented by a group of curves that define the Stribeck curve as seen in Figure
16.

20



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

f COURBE DE STRIBECK

01+
Ft = ol Fs"' (1"‘) Fh
l o = %o de conkacts métalliques
|
005+
! l| A Frottement total (fy)
i ‘\‘ film minimal
P\
|\ Sao——"Frottement visqueux (f]
0,0(: "‘; - ‘*i-é‘::F:o_tETmmt solide (fs) . h
! régime limite ‘ Nombre de Sommerfeld
I o | e 207
| - TEQiME mixte . ] régime W

hﬂdrodﬂnamiclue

Figure 16 — Stribeck curve [16] (Also see page 163)

The coefficient of friction is a very complex parameter, especially in gears
where several lubrication regimes could coexist along the meshing line. Being
roughness amplitude and orientation of great influence in the assessment of the
coefficient of friction therefore it’s common in the empirical formulation of this
parameter to have into account experimental results gathered in discs machines or
power dissipation gear test[11] being valid for all lubrication regimes.

There are four main formulations that are commonly used, the formulation
according to DIN 3990 standard, ISO 6336 standard, Kelly expression and Michaelis
expression, being the last one the usual reference expression used to calculate the
friction coefficient in the workgroup where the experimental work described ahead was
made.

The friction coefficient according to Michaelis[17] is widely used in FZG test
Rig tests, and is expressed by the following equation,

w 0.2
Uyic = 0.048 (V RL ) 7y "> RY25 (Eq. 28)
R™eq

21



Where,

Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Fy

lcos ay:

Wy — specific load (N/mm) W, =

Fx — applied normal force
|1 — Contact length
Mo — oil dynamic viscosity at oil bath temperature (m.Pa.s)

Vg —rolling velocity (m/s)
R, — equivalent average roughness (um) R, = %(Ral +R,,)

Req — equivalent curvature radius at each point (mm)

In Figure 17 is presented the variation of the sliding rate and the friction

coefficient along the meshing line, where we see intrinsic relation that these two
parameters have, the friction coefficient decreases linearly with the decrease of sliding
rate near the pitch line place where they are both null.
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Figure 17 — Variation of sliding rate and friction coefficient according to Michaelis

a

long meshing line on a contact between two FZG type C gear teeth[11].
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1.211. Teeth flank temperature

The normal forces transmitted through gear teeth contact and high sliding rates
between flanks, generate a significant amount of power dissipation in the contact which
causes the teeth surfaces and lubricants to rise, and influences the lubricant film
thickness[11].

The first analysis performed to determine the maximum temperature achieved in
contacting teeth flanks are correlated with gear failure studies [11]. Failures are often
results of a brutal rupture of the lubricant film, causing severe wear or teeth scuffing,
being directly related to the concept of the lubricant specific film thickness A mentioned
before, and the critical temperature concept which is also in the base of different failure
criteria.

The Critical Temperature concept was first formulated by the professor H. Blok
from Delft Technical University of Netherland in 1937. The contacting teeth surface
temperature is defined by the following expressions[11]:

Ts =Ty~ Triasn (Eq. 29)
Ty=Ty,+0.49 }'}Z?h (Eq. 30)
3/4. * 1/4 —
Ty = 0.893 (LN d w0y - Us| (Eq. 31)
flash
l Req PT511/U1+PT521/U2

Being

= Tu— the gear mass temperature (gear temperature in point away from the
contact point),

*  Thasn — the localized increase of temperature in each meshing line point,

= T, — oil bath temperature,

= u - friction coefficient,

= PTs; —surface 1 thermal parameter,

= PTs, —surface 2 thermal parameter,

With
PTs; = \V Ps1 Cs1Ksq
PTs, = Vv Ps2 Cs2Ks

Which are, the square root of the product of the specific mass by the specific
heat and by the thermal conductivity of the surfaces.

The maximum temperature of the contacting surfaces is defined by [11]:
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Figure 18 — Variation of flash temperature and surface temperature along meshing
line of a contact between two gear teeth [11].

TS =Ty + Thigsn = To + 1.49T g5 (Eq. 32)
In Figure 18 we can be seen the variation of contacting teeth surface temperature
during the meshing of two corrected gear teeth.
1.212. Lubricant temperature

The lubricant fluid temperature Tr inside the contact between gear teeth is
defined by the following expression [11]:

TF = Ts + ATF (Eq. 33)

Where Ty represents the fluid temperature, Ts represents the surface temperature and
ATy represents the increase of the lubricant temperature above the surface temperature,
being this defined by:

1
Fy E*) 2 p|Uy — Uy by (Eq. 34)

ATy = 0.157 (——
F I Ry Kk
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Being:

= - friction coefficient,
= hy — specific film thickness in contact center,
» Ky - thermal conductivity of the lubricant film.

The maximum lubricant temperature along the meshing line is defined by:

TMaX = (Tg + AT p)Mma* (Eq. 35)

although, in general, the maximum surface temperature and the maximum lubricant
temperature occurs in the same point of the meshing line.

In Figure 19 is represented the variation along the meshing line of the maximum
lubricant temperature for an FZG Type C gear.
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Figure 19 — Variation over the meshing line of the sliding rate Vg, the flash
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temperature, surface temperature, and the lubricant temperature in the contact

between two FZG type C gear teeth [11].
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1.3. Lubricant oils

In this section are presented and discussed liquid lubricant oils. Lubricant oils
are constituted by a base oil and an additive package to improve specific characteristics
according to a determined purpose.

Lubricant oils can have several different origins, such as vegetable, animal,
mineral and synthetic.

1.3.1. Vegetable and animal lubricant oils

Vegetable and animal lubricant were the first lubricants used by man, but due to
new and more demanding needs this have been put aside by the petroleum and synthetic
based lubricants. Nevertheless, the nowadays environmental concerns have brought
back the need for vegetable based lubricants, being used almost exclusively by some
industries. The reasons to these lubricants to resist are not only driven by an
environmental need but also because of its high viscosity index (VI), low evaporation
rate, and of course its quick biodegradability. Not everything is perfect with vegetable
oils; they oxidize very rapidly and have low resistance to high temperatures[11].

The animal lubricant oils are made out of whales, beavers, etc. being some of
these animal oils used not as base oils but rather additives due to their special lubricant
properties like greasiness[11].

1.3.2. Mineral based lubricant oils.

Mineral based oils are obtained from petroleum and they are basically
hydrocarbons being some of the most common in lubrication applications[11, 18]. The
mineral lubricant oils are divided into three categories; paraffinic, naphthenic and
aromatic, being the last one not used to lubrication purposes[18].

The paraffinic based mineral oil is characterized by a high fluidity point, also
high viscosity index (VI), good oxidation resistance, good oiliness, big amount of
carbon residue and very little emulsifiable[18].

The naphthenic based mineral oil is almost the exact opposite of the paraffinic
base, it has a low fluidity point, low viscosity index (VI) small oxidation resistance, a
large oiliness, a small amount of carbon residue and very emulsifiable[18].

Mineral oils are designated paraffinic or naphthenic according to their
composition but there are also oils that are a blend of these two bases, and are widely
used as lubricants due to being available in several viscosity grades, they have low
volatility, resistant to deterioration, they are corrosion protectors and most of all they
have a low cost[11].
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1.3.3. Synthetic base lubricant oils

The synthetic lubricants appeared by the need of certain industries like the
military and aeronautical industries to develop lubricants able to outstand extreme
conditions. Some of these synthetic lubricants can bear extreme temperatures and very
large temperature variations, improved oxidation resistance and bigger useful life.

Synthetic oil is in general more expensive but also require less maintenance and
has an extended life period therefore it has a good cost benefit ration[18]. The synthetic
lubricants are also separated by categories, the Polyalphaolephines (PAO), the
Polyglycols and Esters.

The PAO’s is the most common synthetic base lubricant, having a low fluidity
point, good thermal stability, a high viscosity index but is also bad dissolving
additives[18].

The polyglycols are characterized mainly by their low friction coefficient,
making them ideal for high sliding applications. Its compatibility with seals, paints and
oil screens should be carefully analyzed[11].

The ester base oils are a wide group of lubricants being separated in dibasic
acids esters, organophosphates esters and silicate esters. Each one of these esters own
characteristics that have a great influence in the final lubricant properties.

Some of these esters are rapidly biodegradable, which is a property that is vital
in many current applications that need to have a lower impact on nature[11].

1.3.4. Additives

Base lubricant oils have a group of characteristics that differentiate them from
each other but due to the extreme demanding in machine operative conditions, is often
required for a lubricant to have the base properties of a certain oil type but one or two
characteristics typical from other base oil. This problem was solved with the
introduction of additives in the lubricant base oils, being these able to add new and
better properties to the lubricants or just improve one or more of their natural
properties[11, 18].

Additives are in sum a group of chemical compounds that, added to base oils
reinforce and improve some of their properties, add them new ones or even remove
undesirable properties. We can classify additives in two groups[18]:

a) Those who modify physical characteristics such as fluidity, foam formation
and viscosity index;

b) And those who have an effect of chemical nature, such as oxidation
inhibitors, detergents, extreme pressure agents among others.

Because there are a long list of additives and the objective of this work is not to
classify lubricants will be made a summarized approach to the most common additives;
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Pour point depressants — These are high molecular weight polymers that
restrain the formation of a wax crystal structure that decrease oil flow at low
temperatures. They don’t stop the crystal formation but rather diminish the temperature
at which the crystals form[13].

Viscosity Index (VI) improvers — VI improvers are also polymers that increase
the relative viscosity of the oil more at high temperature than at low temperatures[13,
18].

Defoamants — These are most commonly silicone polymers that usually attach
to the air bubbles formed in the oil and, rise them to the surface where they collapse
preventing this way foam to accumulate.

Oxidation inhibitors — Oxidation occurs in the presence of air, leading to an
increase of viscosity and organic acid concentration causing a chain reaction that
increases even more the oxidation process. Per example, for temperatures above 93°C
metal catalytic effect promote the oxidation process, therefore catalytically inhibitors
are used to reduce this effect, reacting with the metal surfaces and forming a protective
coating[13].

Antiwear (AW) additive — These additives design to reduce friction, wear,
scuffing and scoring under boundary lubrication conditions. Basically these compounds
form a protective layer between the surfaces by physical adsorption or a chemical
reaction[13].

Extreme pressure (EP) additives - EP additives are used when lubricants are
submitted to high temperatures and/or heavy loads where more severe sliding conditions
occur, to reduce friction, control wear and prevent severe surface damage. These
compounds chemically react with the sliding metal surfaces to form almost insoluble oil
films protecting this way the surfaces from excessive wear and eventual surface
welding[13, 18].

1.3.5. Lubricant classification — Viscosity Grades

Lubricants may be classified by its viscosity, performance tests, type of
mechanism for which is made or the industry where it is used. They can also be
classified as automotive, marine, aviation or industrial lubricants[15]. In an lubricant oil
selection for any application a primary concern is always the viscosity, because it must
be high enough to provide an good film formation but not so high that friction losses
become unbearable. Temperature is an important parameter to have into account due to
the fact that viscosity varies with temperature, so operating temperature of the oil in the
machine and what is the better start in temperature. There are available three numbering
systems to identify oils according to their viscosity ranges[13].

The first one is the SAE (society of Automotive Engineers) standard J300 that
classifies oil for automotive engines. This classification is made through viscosity
determination at low shear rates and high temperatures (100°C) at high shear rates and
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high temperature (150°C) and also at high and low shear rates at low temperatures(-5°C
to -40°C), being these rates presented in Table 2.

Grades with the suffix W are projected primarily for a low ambient temperatures
use, while grades without the suffix are projected for more tempered ambient
temperatures. In automotive industries is very common to use multi grade oils for a
year-round use[13]. Multi grade oils can be formulated per example to reach the low
temperature specifications of a 10W grade and at the same time the 100°C limits for the
30 grade, resulting in the following designation of SAE 10W-30 grade. These multi
grade oil types frequently require the use of VI additives combined with mineral or
synthetic base oil.

The second system is the SAE J306 classification for use in automotive manual
transmissions and drive axles by viscosity measured at 100°C and by the maximum
temperature at which they reach a viscosity of 150000Pa.s when cooled and measured in
accordance with ASM Standard D2983 (Test for apparent viscosity at low temperature
using the Brookfiel viscometer)[13]. The lubricant viscosity limits for this system are

given in Table 3.
Table 2 — Engine oil classification: SAE J300 [13]
Low
temperature
Low °C) High
temperature pumping shear
O viscosity Kinematic viscosity

SAE c\ranking (cP, max, viscosity Kinematic (cP}, at
viscosity viscbsity with no (cSt) at viscosity (¢St) 150°C and
grade (cP, max)® yield stress)® 100°C min?  at 100°C max?  10° s~ 2, min®
ow 3250 at —30 60 000 at —40 3.8 — —
5W 3500 at —25 60 000 at - 35 38 - e
10w 3500 at —20 60 000 at - 30 4.1 — —
15W 3500 at —25 60000 at —25 5.6 — -
20W 4500 at —20 60 000 at —20 5.6 — —
25W 6000at — 5 60000at —-15 9.3 - —
20 — — 5.6 < 93 2.6
30 — — 93 < 12.5 2.9
40 = — 12.5 <163 2.9
40 — — 12.5 < 163 378
50 — — 16.3 <219 3.7
o0 — — 21.9 < 26.1 3.7

2 All values are critical specifications as defined by ASTM D 3244,

" ASTM D 3293.

© ASTM D 4684. Note that the presence of any yield stress detectable by this method constitutes a failure
regardless of viscosity.

9 ASTM 445.

¢ ASTM D 4683 or ASTM D 4741,

FOW-40, 5W-40, and 10W-40 grades.

8 15W-40, 20W-40, 25W-40 and 40 grades.
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The third system was developed by ASTM and the Society of Tribologists and
Lubrication Engineers (STLE) to establish definite viscosity levels that could be used as
common basis for specifying the viscosity of industrial fluid lubricants, eliminating
unjustified intermediate grades. This system is based in 40°C viscosity measurements
and is present in on ASTM Standard D2422, Din N° 51519 and International Standards
Organization (ISO) Standard 3448[13]. The ISO viscosity grades can be found in Table
4.

A simple way to convert and compare different grades is to use a conversion
abacus like the one in Table 5.

Table 3 — Axle and manual transmission lubricant viscosity classification: SAE
J306 [13].

Maximum temperature

(cSt) Viscosity at 100° Celsius
for viscosity

SAE viscosity

grade of 150,000 ¢P (°C) Minimum Maximum
T0W —55 4.1 —
80W ~26 7.0 —
fsw -12 11.0 —

90 — 13.5 24.

140 — 24.0 41.0
250 — 41.0 _

Table 4 - Viscosity system for industrial fluid lubricants[13]

Kinematic viscosity
limits [cSt (mm?/s)] at 40.0°C
Midpoint viscosity —

Viscosity system

erade identification [cSt (mm?/s)] at 40.0°C Minimum Maximum
ISO VG 2 2.2 1.98 2.42
ISO VG 3 3.2 2.88 3.52
ISO VG 5 4.6 4.14 5.06
ISO VG 7 6.8 6.12 7.48
ISO VG 10 10 9.00 11.0
ISO VG 15 15 135 16.5
ISO VG 22 22 19.8 24.2
ISO VG 32 32 28.8 35.2
ISO VG 46 46 414 50.6
ISO VG 68 68 61.2 74.8
[SO VG 100 100 90.0 110
ISO VG 150 150 135 165
ISO VG 220 220 198 242
ISO VG 320 320 288 352
[SO VG 460 460 414 506
ISO VG 680 680 612 748
[ISO VG 1000 1000 900 1100
[SO VG 1500 1500 1350 1650
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Table S — Viscosity equivalents[13].

KINEMATIC
Viscosity SAE
Centistokes 1SO AGMA Crankcase SAE
cSt@40 C cSt Number Qil Gear Oil

]
I
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1.4. Gear lubrication

Gears being mechanical components highly sought need efficient lubrication
systems. There are several lubrication methods but only two will be referenced in this
work due to the fact that only these two are used during this work.

The two lubrication methods are the splash oiling/ oil bath and the oil jet
lubrication. In the first method (Figure 20) gears are lubricated by immersion in a oil
bath where usually the bigger wheel is partially immersed in the oil, dragging the oil to
the contact and splashing it at the same time to other components and the casing walls.
This method implicates the need of a good oil level control in order to prevent deficient
lubrication and excessive churning[13].

The second lubrication method is the jet oil or circulation lubrication, consisting in
pumping oil into the gear teeth near the gearing point[13], being the oil collected in the
gearbox bottom, then the oil is filtered and return to the oil reservoir where it’s cooled
and re-circulated (Figure 21).

SEDIMENT CHAMBER

Figure 20 — Splash oil system [13].

Figure 21 — Jet oil lubrication system[16].
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Figure 22 — Lubrication selection abacus by the rotational speed and gear diameter
correlation[16].

These two methods are effective but are dependent of some operative and such as
gear size rotational speed, etc. In Figure 22 we see an abacus used to choose the most
correct lubrication method according to two parameters, the rotational speed n and the
gear diameter d. An important aspect is that when the abacus is being used to assess the
lubrication method it is important to verify it to the wheel and pinion of the gear pair,
because the wheel may be in an oil splash zone but the pinion could be in an oil
injection zone leaving the project responsible with a problem to solve.

1.5. Gear failure modes

Gear failure is a serious concern; either you are doing experimental work on
lubricants for gears or just gears with a base lubricant or even doing gear design and
optimization, a special attention should be paid to the sort of failure mode that could
occur during the normal working cycles. The failure mode involved could indicate what
changes you might need to do in your lubricant choice or in the gear correction to stop it
from happening or in most practical cases, to make the adjustments to decrease the
intensity of the failure increasing the life time of the gear sets and the lubricant.

The failure modes in gear tooth can be divided into two major groups: the ones
connected to the lubricants and lubrication and the ones connected to the material
resistance [19]. The major failure modes associated to the lubricants are the Abrasive
and the adhesive wear, scuffing, superficial fatigue most commonly called pitting and
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micro-pitting, etc, being this phenomenon’s directly related to loss of lubricant film
thickness, fast increase in contact temperature and excessive foreign particles in the
lubricant[9]. The failures associated to the material resistance are the “Plastic flow” and
the fatigue or overload cracks[19].

1.5.1. Current wear

Common wear is basically metallic particle removal from gears tooth constantly
along working time due to contact and sliding between active tooth surfaces normally
under thin film thickness and slow pitch line velocities[20]. Generally wear occurs
during the initiation and stopping of gears and also in gears working at slow velocities,
situations were lubrication can be momentarily deficient, causing the marks that could
be seen in Figure 23.

The wear rates depends on the roughness contact temperatures which determines the
amount of unlubricated area being the most rough asperities of the flanks usually caused
by the tooling during the manufacturing process is slowly corroded and abraded away
specially during running in and also during gear useful working life, leaving a smooth
and polished surface[9, 19]. This phenomenon occurs mainly in high sliding areas
located in the tip and root of the tooth and away from the pitch line.

Wear and its intensity depends directly on the working conditions, like lubrications
and mechanical solicitations as well as the surfaces finishing, like medium roughness
and geometrical profile perfection, but also on material characteristics. A good example
of a low wear rate can be found in cemented steel gears or with an hardened
surface[19].

Figure 23 — Wear in a tooth flank[20].
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1.5.2. Scoring and scuffing

Scoring and scuffing are different types of wear, both characterized by a sudden
weld of both active contacting tooth flanks, and when this phenomenon occurs under
low speed and low temperature conditions it’s called Scoring and when it occurs at
medium or high temperatures and high speed it’s called Scuffing.

Scoring usually occurs due to the appearance of contact stresses superior to the
ones bearable by the surfaces, happening mostly when there’s a fluid film rupture,
which is one of the basic conditions that promote the metal-metal contact. This type of
failure initiates with the appearance of small craters or wear striations that rapidly
progress to all active tooth flanks.

Scuffing often results from overheat due to a lubricant film rupture causing metal-
metal contact allowing localized surfaces adhesion. Preceding this failure phenomenon
is identifiable an increase of noise and vibration, a sudden increase of friction and
occasionally smoke release[19]. In most common cases the gear teeth surface would
present evident marks of a generalized adhesion process and in the case of superficially
hardened gear teeth, might occur a sudden crack propagation causing one or more tooth
to rupture(Figure 24).

Resuming, this type of failure happens due to an accidental lubrication failure, or an
equipment overload, on the other hand, if it happens during the start of the equipment
the cause might be the gear conception, bad lubricant choice or miss performed running.
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Figure 24 — Scuffing in type A gear tooth flank[20].
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1.5.3. Pitting (spalling)

Pitting phenomenon that could appear virtually anywhere along tooth facing but
is mostly found in sliding areas near pitch line of spur and helical gears. It’s a fatigue
failure originated from surface cracks, nicks and furrows on the surface that have been
submitted to high surface stress or intense subsurface shear stress. Pitting suffers strong
influence from Hertzian stress and surface shear stress therefore fluid film
formation[20]. In some cases the crack initiates in the subsurface and propagates
towards the surface originating the type of failure seen in Figure 25 which can have
dimensions near hertzian contact size[9].

The subsurface pitting is not very affected by the lubrication however the
inclusions size, density and material characteristics affect it substantially but surface
pitting is directly connected to lubrication because it affects the intensity on the near
surface stresses[9].

1.5.4. Micro-Pitting (Gray Staining)

Micro-pitting usually appears when there is a lubrication failure in gear teeth
contact leaving the load transfer to be done essentially through roughness contact. It’s a
fatigue failure characterized by appearing mostly at micro cracking in the negative
sliding areas below pitch line[20], leading to the surface material to break (Figure 26),
happening more frequently in good quality or nearly inclusion-free materials[9].
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Figure 25 — Pitting in a tooth flank.
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Figure 26 — Micro-Pitting in a gear tooth[20].

Micro-pitting is influenced by the relative film thickness A as the relation of film
thickness to surface roughness [20]; it is caused by a fast propagation of a group of
cracks originated in the roughness contacts. In a more qualitative view it can be
characterized by being shallow small pits measured in the micron range, spread by a
large area of the tooth, normally resulting in a gray like patches, being for that reason
commonly called “gray staining”. Micro-pitting is considered to be a non-destructive
gear failure and can be a slow and progressive degeneration unless it turns into
pitting[9].

1.6. Gear power loss

In order to study the influence of gear geometry and material and oil formulation
in a power loss test it is necessary to know the origin and type of losses involved.

The most important power dissipation mechanisms inside a gear box, for
instance the FZG test rig gearbox, are the churning losses and the frictional losses|8,
21].

The churning losses are associated to the rotational movement of the mechanical
components like gears, rolling bearings and seals, immerse in the viscous oil bath. This
type of power losses are frequently defined as “No Load Power Loss”, due to their
independence from the applied torque [8, 21]. Churning losses inside a gearbox have
three preferential origins:

- Churning caused by the rotation of the gear set immerged in the oil
bath;

- Churning caused by the rotation of the rolling bearings in the oil bath;

- Friction caused by motion between other parts and the oil bath like
seals.
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If there is no torque applied, friction between gear teeth is very small not
affecting the overall power loss. No Load Power Loss depends mostly on the following
parameters [8, 21]:

- Gearbox rotational speed;

- Lubricant oil viscosity at the operating temperature;

- Lubricant oil volume;

- Gearbox geometry and internal parts arrangement;

- Environment temperature in the surroundings influences the heat
evacuation.

Frictional losses are associated with friction between moving parts that transmit
load, essentially, rolling bearings and gear teeth. These depend on the load transmitted
and the friction coefficient between the contacting surfaces|[8, 21].

Global power loss is obtained adding the churning and friction losses.

Heat generated inside the gearbox is evacuated by convection, conduction and
radiation to the surrounding environment. The final oil bath temperature depends on the
balance between heat dissipation and heat generation. After a relatively long operating
period, the test rig temperature and the oil temperature tend to a equilibrium state[8, 21].

In Figure 27 we can find the different power loss and heat dissipation
mechanisms. FZG test box thermal balance results in an equilibrium temperature, once
all the parameters of the equilibrium equation depend directly or indirectly on the oil
temperature.

Pfr+PMl+Pspl+PM0+Psl:Qrad+anv+an (Eq. 36)

The temperature dependence of the equilibrium equation terms is non-linear,
implicating the use of an interactive solution method.

1.6.1. Load dependent power losses

Gear friction losses (Pg) depend on the geometric conditions of the gearing, the
number of teeth, the input power and the friction coefficient[8, 21].

Ppo=m(4 ) (12 (22 (L) + (2)) P (a3

The coefficient of friction is a major importance factor in this study, due to be
the only parameter affected by the operating conditions. The friction coefficient used in
this work is the one proposed by Michaelis et al[21].

0.2
b
Uy = 0.048 <f bt/ > 1, °RY%5X, (Eq. 38)

VycPc
Where X; =1 for mineral oils.
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Figure 27 — Forms of power loss and heat dissipation of the FZG test box|8].

Load dependent power losses in bearings depend on the type of bearing, the
combined applied load, the bearing diameter and the friction coefficient, being this last
one constant for the FZG test box rolling bearings[8].

w
Py =35 N (VFZ+F2.f.D) (Eq. 39)
1.6.2. No Load dependant power losses

Gear churning losses are independent of load, being the most influent parameters
the gear diameter, rotating speed, gears immersion area, gear width, oil viscosity and
density. The test box design also has a important influence on the churning losses, as
well as the fluid flow regime. An expression was proposed depending on Froud (Fr) and
Reynolds (Re) non-dimensional numbers[22].

- 1 /ENE d.\ 045 21 045 Vo 01
Pop =ﬁ"’<§”(ﬁ) "‘i'(?”) )((d?) '(dl> F‘_‘O'GR"_O'“) (Eq. 40)

P

No load power loss in bearings depends[22] mainly on the rotating speed,
bearing diameter, type of bearing and lubricant viscosity ant operating temperature.

Pyo = %N (Fo.1077. (Nmp) /3. D%) . 1073, (Eq. 41)
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Seals power losses are independent of applied load and represent the friction
losses in the contact between seal leaps and shafts, depending mostly on the rotational
speed and shaft diameter[21].

Py, =7,69.1075.d2 N. (Eq. 42)

1.6.3. Heat removal

Heat removal from FZG test gearbox depend on the wall temperature that in this
case is almost the same as the oil temperature, being this heat dissipated by radiation,
free and forced convection and conduction.

The FZG test rig room is equipped with forced ventilation, allowing the
temperature too be kept constant, being the air velocity to low to ensure forced
convection. Natural convection heat dissipation was separated into two parts referent
one to the vertical walls and other to the horizontal ones[22].

The vertical wall convection coefficient is:

_ 0.3
h, = 11,06 h-01. (TWTaT“) (Eq. 42)

where h, is the height of gearbox.

The convection coefficient for horizontal walls is:

_ 032
h, =12,87.L;0%. (TWTaTa) (Eq. 44)

where L, is the characteristic dimension of the horizontal wall (mean value of
width and length).

The power removed by convection in vertical and horizontal walls is:
Qv = hyA,(Tw —Ta) + hy. Ap. (Tw —Ta) (Eq. 45)

The amount of power removed by radiation is determined from the Stefan-
Boltzman law, but for simplicity a heat radiation coefficient (a.q) 1s defined.[21]

3
Apqq = 0,23. 10—65<TW;r Ta) (Eq. 46)

The power removed by radiation is determined from the following expression.
Qrad = arad-Arad (TW - Ta) (Eq- 47)

Conduction heat removal calculation in FZG gearbox is to complex due to be bi-
directional and the base plate of the fZG test box has a complex shape, therefore
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Michaelis et al[17] proposed the substitution of the heat conduction by increasing the
test box radiation and convection area by a factor (f;,) of 1.5 to 2.5 times the area of
contact between the test box and the base plate.

A b ase)
Arad

Qn = (Qraa + Qenw)- (fcn (Eq. 48)

The “f.,” factor for the used test rig was determined from the result of no load
tests resulting in a value of f,=2.5.

41






2—- GEARS, MATERIALS AND OILS




Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

44



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

2. Gears, Materials and Oils
2.1. Low loss gears

The “Low Loss” gears are an especial type of gears, they are designed to achieve
low friction between contacting teeth during the meshing cycle in comparison to
standard FZG Type C gear. These gears have less power consumption by friction and
they can be produced through simple geometric modifications, using standard 20°
tools[7].

A good way to better understand the importance of low loss gears is through an
example and to do so we will start with the gearing model presented in Figure 28.

Figure 28 shows the main reference gearbox model data and gear shape cross
section necessary for the calculations of this example, and applying single modifications
we are able to study the influence of a single parameter. In Figure 29 we can see clearly
the different types of power loss, but our focus is attached to only two of them, the gear
load dependant and no-load dependant power loss. With a closer look at these particular
forms of power loss we can rapidly identify that the gear load dependant power losses
are dominant relatively to all other forms of power loss and in this case the gear no-load
dependant power loss only gains some expression when the pitch line velocity reaches
40 to 60 m/s.[5] Is now clear that the study of Low Loss gears is an important subject,
and that the load dependent loads are one of the main sources of power loss in

gearboxes.
Gears Bearings Operating Conditions
m, = 4mm 4 ball bearings T = 500 Nm
iz, = 23:23 d =30 mm Pe = 1180 Nimm?
a, = 20° D =890 mm lubricant FVA3ATY
a, = 1912 type injection
£, = O7:07 B, = 60°C
By 19°
b 40 mm
a 91.5 mm
X-m = -D.245

Figure 28 — Main data of reference gearing model and gear cross section [5]

1 mineral oil ISO VG 100with 4% Sulphur-phosphorus additive (Anglamol 99)
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Figure 29 — Power loss composition in the model gearbox [5].

The standard FZG type C gear is a spur gear used as reference in power loss
tests and when Hohn et al [5] proposed an equivalent load carrying capacity low loss
model of this gear, several improvements were observed, such as, the reduction in the
transverse contact ratio that basically is a reduction of the teeth contact along the path
line during less time resulting on a reduction of friction. In order to achieve the
improvements mentioned above, some changes in the standard Type C gear were made,
like introducing an helix angle to guarantee that one or more teeth are always contacting
(implying a good total contact ratio), increase the number of teeth and in the particular
case of the low loss model presented by Hohn et al. the pressure angle was increased
[3]. A resume of the main properties of the Type-C gear and the Low Loss one can be
found in the Table 6. To get a better perception of the differences between the FZG
Type-C gears and the Low Loss ones check Figure 30 were you can transpose the
numbers from the table below to the real geometry.

Table 6 — Standard FZG type-C and “Low Loss” gears [1-2]

Symbol Type C Low Loss

Module (mm) m 4.5 1.75
Number of teeth Z1/72 16/24 40/60
Pressure angle (°) o 20 40
Helix angle (°) B 0 15
Teeth width (mm) b 14 20
Normal Contact ratio €q 1.43 0.55
Complementary contact ratio €p 0 0.94
Overall contact ratio &y 1.43 1.49
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Figure 30 — Gear geometries: FZG type-C on the left vs Low Loss on the right.

2.2. Gears geometry

In this work were used two base materials to produce the gear sets, a steel alloy and
an iron alloy. For each base material were produced several gear sets, being the sets
produced in iron slightly different from the ones produced in steel. The main cause for
the small difference in geometry is explained by the fact that to achieve the same type of
gears using different material is required different manufacturing processes.

The starting point for this study was the elementary FZG Type-C gear design with a
91.5mm of center distance like the one in Table 6, and having into account some
previous work on this subject [1, 3, 23], several profiles were developed aiming power
loss reduction, and according to the following group of restrictions some of them were
targeted of this study[2]:

(1) Reduce the gear modulus and increase the number of teeth, keeping
constant the center distance using high positive profile shifts;

(i)  Use standard cutting tools with 20° pressure angles available in all
manufacturing shops;

(iii)  Impose a minimum value of the normal contact ratio close to 1.0;

(iv)  Impose a total contact ratio close to 2.0;

(v) Keep constant the gear safety factors against tooth root breakage (SF)
and surface pressure (SH).

Following the five objectives presented above were selected 3 different geometries
presented in the following chapters.
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2.2.1. Geometry of low loss gears 311, 411 and 611

In order to conduct a progressive study of power loss in a test gearbox, 3 different
geometries were developed in Carburized steel DIN 20MnCr5 Case Hardened, with a
careful set of modifications that starts in the addendum modification coefficients and a
helical angle, passing by the increasing of the tooth number, etc. These gear geometries
were specially design to be produced by standard 20° rack tools and still be able to
present the improvements observed in the “Low Loss” gear model presented by Hohn et
al. In Figure 31 — Pinions teeth geometry for the Low Loss gears 311, 411 and 611.can
be seen a picture of all three gear geometries and some differences are evident, like the
size and number of teeth that vary widely from the 311 to 611.

A summary of all the gears main geometric properties can be found in Table 7. These
geometrical properties, security coefficient, contact parameters (Table 8) and friction
power loss were calculated with the help of specialized gear calculation software, the
Hirnware KISSsoft.

311

Figure 31 — Pinions teeth geometry for the Low Loss gears 311, 411 and 611.
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Table 7 — Geometrical parameters of gears 311, 411 and 611.

Gear Parameters

Module

Number of teeth

Teeth width

Helical angle

Working pressure angle
Addendum mod. Coef.
Tip diameter

Tip diam. Mod. Coef.
Pitch diameter
Working pitch diameter
Transverse contact ratio
Overlap contact ratio
Total contact ratio

Path of contact (length)

Safety coefficients*
Tooth root stress

Surface pressure

Contact Parameters*
Max. Hertz pressure

Max. sliding speed (tip)

Calculated gear friction power loss**

Gear friction power
loss

Symbol units

SF
SH

Py
Vg,

Pfr

GPa
m/s

W

311

pinion wheel

2.5
28 42

22.12
0.13 0.25
78.05 114.89
-0.03
72.47  108.70
73.20  109.80
1.52
0.66
2.18
11.58

1.79 1.79
1.18 1.19

0.96

2.18 2.37

413

*Torque applied to wheel — 323 Nm, wheel rotation — 1500 rpm.

411

pinion wheel

2.25
30 45
20
15
26.70
0.96 1.15
77.50 113.29
-0.61
69.88 104.82
73.20 109.80
1.17
0.73
1.90
8.02

1.49 1.49
1.16 1.16

0.99
1.71 1.44

299

**Considering an ester-based fully saturated gear oil, ISO VG 100.

611

pinion wheel
1.75

38 57

28.34
1.74 1.95
76.41 111.56
-1.02
103.27
109.80

68.85
73.20
0.93
0.94
1.87
4.97

1.50 1.49
1.07 1.08

1.07
1.24 0.71

240
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Table 8 — Tooth width safety factor for 20MnCrS5 gears.

Gear 311 411 611
Symbol units
Parameters pinion wheel pinion wheel pinion wheel
Tooth width b mm 20 22 26

Safety coefficients*
Tooth root stress SF - 1.79 1.79 1.60 1.60 1.92 1.91

Surface pressure SH - 1.18 1.19 1.19 1.21 1.21 1.21

Contact Parameters*

Max. Hertz
pressure

Py GPa 0.96 1.08 0.96

In Table 8 are presented the safety coefficients and contact parameters for the
three geometries and also the real tooth width if there was no width restriction.

2.2.2. Geometry of low loss gears 312, 412 and 612

Three geometries similar to the ones design to the steel gear sets were also
manufactured in an iron alloy DIN 1.0Cu-0.5Mn ADI (Austempered Ductile Iron). The
main difference between the steel gears and the ADI ones are the manufacturing method
because the ADI gears are casted directly in disc shape molds and then transferred to a
machine that cuts the teeth shapes and another to finish the superficial layer. The other
main difference between the steel and the ADI gears is the most obvious and that is the
material they are made of, the ADI has lower Young modulus than steel therefore
different elastic response influencing safety factors and the contact parameters. Another
big difference is the surface texture that difficult the achievement of equivalent contact
conditions specially when mixed lubrication occurs[7]. These differences can be seen on
Table 9, where can be found a comparison of the safety factors and contact parameters
between the ADI and Steel Gears.
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Table 9 — Safety coefficients and working parameter for ADI and Case hardened
steel gears.

311 312 411 412 611 612

Safety Coefficient Symbol  units  steel ADI steel ADI steel ADI
bending SF - 1.8 1.0 1.5 1.0 1.5 1.4
Pitting SH - 1.2 1.0 1.2 1.0 1.1 0.9
Scuffing SB - 3.5 2.58 421 2.96 - -
Working Parameters
Hertz pressure* P, Gpa 1.17 097 1.19 1.01 1.29 LI11
Resonance speed nEl rpm 13139 11753 11407 10209 7778 6969

Gear friction Power Loss* PVZ kW 0417 0.624 0.303 0.453 0243 0363

>kspeed=1500rpm, torque=323Nm (applied to wheel), transmitted power=50.8kW

In Table 9 can be seen a couple more parameters that didn’t appear in Table 8
like the scuffing safety coefficient and the resonance speed and the reason for that is
because those parameters are not an integrant part of the study presented on this thesis
despite their importance. These extra parameters are just presented here to reinforce the
theoretical advantages of ADI that is one of the major targets of this study.

In general the safety factors in the steel gears are better than the ADI ones for
the three geometries except for the scuffing coefficient, this might be explained by the
fact of all ADI gears have lower Hertz pressure compared to their analogous steel ones.
Also the resonance speed of ADI gears is lower partially because of their smaller
specific weight but ADI is not perfect and the major disadvantage is the surface texture
that is worse than the steel one, which explains the increase of gear friction power loss
in ADI gears relatively to their steel equivalent.
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2.3. Gears Material

2.3.1. ADI (Austempered Ductile Iron)

The Austempered Ductile Iron or ADI as is commonly named is an iron alloy
that have been used since late 70s of the 20™ century and have suffered remarkable
improvements since then, being one of the most interesting Fe-C alloy having into
account his amazing combination of mechanical properties.

Nowadays ADI can compete with high resistance steel alloys, not only because it
has a similar tensile strength but also because its base material[24], the nodular iron
costs less than steel and can be casted which means it can be molded into a shape closer
to the finished product reducing very significantly the manufacturing process cost when
compared to steel [25]. ADI’s advantages don’t stop here, it’s also lighter than steel,
reaching less 10% of weight being for instance, very attractive to the automotive
companies, and they are also very resistant to wear and scuffing being useful in cases of
temporary breakdowns like a lubrication system failure for example [26].

The Iron used to produce the ADI has the chemical composition described in
Table 10 [24, 27-29].

The ADI is obtained through an austenitisation during 30 to 40 min at
temperatures around 900°C followed by an austenite isothermal transformation during
210 min [7, 24, 29](Simplified process described in Figure 32) in a salt bath crucible
furnace in order to ausferritic microstructures to form as shown in Figure 33 and the
graphite nodules as shown in Figure 34.

Table 10 — ADI chemical composition (%).

C Si Mn Cu P S
3.38 243 0.55 1.11 0.01 0.020
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Figure 32 — Austempering thermal cycle [29].

Figure 34 — ADI surface (50x magnification)[7].
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Table 11 — Properties of ADI.

Parameter units value
Elastic module GPa 153
Density  g/em’ 7.06
Poison ratio - 0.25
Hardness = HRC 42
Tensile strength  N/mm® 1313
Yield strength  N/mm’ 1068
Elongation % 2

The presence of these graphite nodules can have some advantages, being one of
them the fact that they originate holes when they fall of during the meshing cycle, being
these holes filed with oil behaving this way like a reservoir which is very useful during
low lubrication conditions, being the graphite itself also very useful because it decreases
the friction avoiding scuffing in limit situations and most important of all ADI seems
not to benefit from Extreme pressure and anti-wear lubricant additives enabling the use
of lubricants with less additive packages that are less expensive. Despite all this
advantages it has also some setbacks like the fact that graphite affects the chemical
composition of gear oil especially in the extreme pressure compounds formation and the
holes left by graphite alters the fluid film dynamics formation[7]. A resume of ADI
properties can be found in Table 11

2.3.2. Carburized steel (DIN 20MnCr5)

Carburized steel is often used to produce highly stressed mechanical components
and among them are gears. In this particular work gears were manufactured in DIN
20MnCr5 steel, they were carburized, quenched in oil and annealed before grinding.
The steel surface was hard with values around 60 HRC and the core maintain a high
strength and a relatively high elongation, being this a common procedure adopted in
gear manufacturing[30].

The chemical composition (weight %) of the DIN 20MnCr5 Carburized steel is
described in Table 12 and its physical properties are described in Table 13 and Table 14.
The thermal expansion coefficient for this material is described in Table 14 for several
temperature ranges[30].

Table 12 — Chemical composition (weight %) of the 20MnCrS5 carburized steel.

C Si Mn Cr

0.20 0.20 1.25 1.15
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Table 13 — Physical properties (average values) at ambient temperature of the
20MnCrS carburized steel.

Parameter Units Value
Modulus of elasticity 10° N/mm” 210
Density g/em’ 7.85
Thermal conductivity W/m.K 42.0
Specific electrical resistivity Ohm mm?/m 0.16
Specific heat capacity J/g K 0.46

Table 14 — Average thermal expansion coefficient between 20°C and X°C [in 10
m/(m.K)].

Temperature Rage 100°C 200°C 300°C

Average thermal expansion coefficient 11.1 12.1 -

Table 15 — Heat treatment steps for the 20MnCrS5 carburizing steel.

Heat treatment step Temperature Time period

Pre-heating 100°C

Austenitization 900°C

Carburizing temperature 900-950°C 5h
Diffusion during cooling From carburizing Temperature 2130

to 860°C

Stabilization before quenching 860°C 00h30
Quenching in oil 60°C

Tempering temperature 220°C 1h00

The heat treatment applied to 20Mnr5 steel for a carburizing depth of 0.8mm
and 58-62 HRC surface hardness is described in Table 15. The main commercial
applications of the 20MnCr5 carburized steel are as we’ve said early, highly solicited
parts such as: gears that are the center piece of our study, as well as crankshafts,
bushings, etc.
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2.4. Tested gear oils

Two industrial gear oils where used in this work, the P1 and E2 formulated with
different base oils and both fully saturated, classified as CL gear oils according to DIN
51517, being their main properties presented in Table 16. The P1 and E2 are
commercial industrial oils with viscosity grades ISO VG 150 and ISO VG 100
respectively. P1 has a polyalphaolephine (PAO) base oil and E2 has a highly saturated
biodegradable ester base oil.

These lubricants have very different properties, being per example, their
kinematic viscosities at 100°C 19.4cSt and 14.6¢St for P1 and E2 oils respectively. The
piezoviscosity at 100°C is 10.97GPa and 9.51GPa for P1 and E2 oils respectively. The
P1 has higher kinematic viscosity and piezoviscosity than the E2 but this has a higher
viscosity index, this parameter has influence in the film thickness.

Because these two lubricant oils have such differentiated physical properties,
they will generate different friction coefficients between gear teeth and therefore
different gear friction power loss, being the operative conditions entirely dependent of
the gear oil type.

Table 16 — Gear oils Properties.

Oil Reference Pl E2
Base Oil PAO Ester
Oil properties units
Density @ 15°C g/em’ 0.848 0.925
Kinematic viscosity @ 40°C - v4 cSt 151 99.4
Kinematic viscosity @ 100°C - vy ¢St 19.4 14.6
Viscosity Index - VI / 147 152
Thermoviscosity @ 40 — Bao cSt/°C 0.0471 0.0443
Thermoviscosity @ 100 — B9 cSt/°C 0.0244 0.0229
Piezoviscosity at 0,2 GPa (o=s.vt
Piezoviscosity parameter — s / 7.382 6.605
Piezoviscosity parameter - t / 0.1335 0.136
Piezoviscosity @ 40°C — oy GPa’' 14.41 12.35
Piezoviscosity @ 100°C — a9 GPa’! 10.97 9.51
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3.Test Machines and Procedures

In order to do proper investigation work, several specific machines where used.
Some of these machines where used to do the first order tests, like for example, the FZG
Test Rig, and others used to do a second order test, like the Hommelwerk roughness
machine and the direct read ferrometry machine.

3.1. FZG testrig

The FZG test rig is a well known back-to-back spur gear test rig with “power
circulation”, shown in Figure 35. The test pinion and the test wheel are connected by
two shafts to the driving gears in the slave box. The front shaft is divided in two parts
separated by the load clutch. One half of the load clutch can be fixed to the foundation
by a locking pin while the other part can be twisted using a load lever and weights.
After bolting the clutch together the load can be removed and the shaft unlocked. Now a
static torque is applied to the system and can be measured by the torque measuring
clutch. The maximum speed of the AC-motor is 3000 rpm. The test gears can be dip
lubricated or jet lubricated. When dip lubrication is used, the oil may be heated using
the electrical heaters mounted in the test gearbox. The heater and cooling coil allows the
settling of a constant oil temperature measured by the temperature sensor[31].

A schematic view of the FZG test rig can be seen in Figure 35 and a real image
of the machine can be seen in Figure 36.

Electric motor

Torque measuring clutch

Slave
gearbox
Test gear
Test pinion Load lever
Temperature  Load with weights
sensor clutch

Figure 35 — FZG test rig schematic view.

59



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

The FZG test rig allows several gear and oil tests to be performed on it, such as:

- Gear scuffing tests;

- Gear power loss tests;

- Gear pitting tests;

- Gear micropitting test;

- Gear oil scoring test;

- Gear grease scoring and wear test;

- Shear stability test.

Figure 36 — FZG test rig real view.
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3.2. Pressure pads

The pressure pads are a pair of metallic hydrodynamic discs designed to absorb
the axial forces produced during the meshing cycle of helical gears sets. These discs are
mounted one on each side of the gear set as you can see in Figure 37.

Figure 37 — Model of the pressure pads mounted on the sides of the pinion.

The need to absorb the axial forces generated during the meshing cycle came
from the fact that the standard FZG test gearbox is only prepared to test spur gears that
generate virtually no axial forces. The pressure pads were the solution found to be able
to test the Low Loss gears that are helical in the spur gear test gearbox, transferring
almost all the axial forces through the lateral faces of the gear pinion and wheel. Only a
residual amount of axial forces is transferred to the cylindrical roller bearings that can
only sustain small amounts of axial loads, leaving them free to support only the radial
loads generated during the meshing cycle of the helical gears not damaging the test
gearbox that could compromise the data gathered during the tests, affecting this way the
result and the conclusions of the studies made on the subject [3].

An important fact to be noticed is that, due to the mounting options of the FZG
test gearbox and the use of pressure pads the width of the test gears was limited do
20mm. This lead to a decrease of the safety factors of 411 and 611 gears relatively to
311 gear , but this decrease could be avoided if the width limit was not imposed, as you
can see in Table 8.
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Figure 38 — Oil flow caused by pressure pads during meshing cycle.
3.3. Power loss test procedure

Power loss tests were performed in the FZG machine (Figure 36) using a spur
gear test gearbox with pressure pads (see chapter 3.2) for axial loads absorption. The
gear tested geometries were the ones described in Table 7 fabricated both in 20MnCr5
case hardened steel and ADI.

The different torques applied correspond to the Standard FZG Load stages, using
a 0.35m load arm[31] four load stages were considered, K1, K5, K7 and K9
respectively as referred in Table 17. Every load stage was performed at three different
speeds, 500rpm, 1000rpm and 2000rpm respectively

Each load stage speed combination had a 4h operating time in order to achieve
an equilibrium energetic state between the power loss inside the FZG gear box and the
heat evacuation to the surrounding environment, reaching also a constant oil operating
temperature. Every load stage have three 4h operating times one for each speed,
performing 120 000 cycles at 500rpm, 240 000 cycles at 1000rpm and 480 000 cycles at
2000rpm, reaching a total of 840 000 cycles per load stage.
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Table 17 — Test conditions for power loss test.

Wheel  Wheel Input Initial Operating Number Lubricant
Test Torque Speed Power temperature time of cycles  Monitoring
type
[Nm] [rpm] [KW] [°C] [hours] [x10°] Samples
No 500 0.52 4
4.95 Room
load 1000 1.04 4
(kgzg=1) temperature
tests 2000  1.56 4 0.840 40 ml
500 11.00 4
105.0 1000 21.99 40< 4
(kzg=5) ' B
2000 32.99 4 0.840 40 ml
500 20.81 4
Load 198.8
1000 41.63 40< 4
tests  (kpzg=7)
2000 62.44 4 0.840 40 ml
500 33.87 4
3234 1000 67.73 40< 4
(kpzg=9) ' B
2000 101.60 4 0.840 40 ml
Total / / / / 48 3.36 /

Figure 39 — Oil samples collected after each power loss load stage.

An oil sample is also collected(Figure 39) in the end of each load stage with
approximately 40ml, in order to be submitted to a direct ferrometry an analytic

ferrografy analysis (seen chapter 3.5).

A low oil version of this test was also made and the results are compared with

the standard oil level version in chapter 4.
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3.4. Churning loss test procedure

During this work arose the need to study the oil level influence and in order to
do so a more extended version of the churning loss test was developed, once the
standard churning loss test is coincident with the running in stage (FZG K1 stage) of the
standard FZG Power loss test. All gear geometries were submitted to this test described
in Table 18 except the ADI gears (see chapter 6).

Besides this difference in the churning loss test, all the other post test analysis
procedures like the roughness measurement, oil analysis and mass loss remain the same
(Table 18)

Table 18 — Test conditions for churning loss test.

Wheel  Wheel Initial Operating  Number Lubricant
Test Torque Speed temperature time of cycles  Monitoring
type
[Nm] [rpm] [°C] [hours] [x10°%] Samples
500 4
750 4 0.54 40 ml
1000 4
1250 4
Chtl(i;rtlsing (ka.zil) 1500 temlz)(z:(r)zure 4 1.08 40 ml
1750 4
2000 4
2250 4 1.62 40 ml
2500 4
Total / / / 36 3.24

3.5. Surface Roughness and Topography Measurement

The roughness is a parameter of extreme importance as mentioned before;
therefore an accurate measurement of different roughness parameters is critical to a
complete study of surfaces submitted to in this case a power loss test. The equipment
used in this research is the Hommelwerke test rig (Figure 40) with a TK300 probe
covering a total measuring length of Lt = 4.8mm and a cut-off filter A.=0.8mm with a
velocity Vi=0.5mm/s, being the roughness profile digitally filtered (Figure 41)[32] with
the help of the TurboWave software provided by the machine manufacturer, and using
the TK300 Gear program.
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HOMMELWEHRK!

Figure 40 — Photograph of a Hommelwerke TK300 measurement rig.
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Figure 41 — Roughness measurement and Digital filtering sheet of the Turbowave
software from Hommelwerke.
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Figure 42 — TK300 gear program datasheet, used in the roughness measure

filtering.

The TK300 Gear program calculates a few of the most important roughness

parameters mentioned below[32];

v

The average Roughness, R, — used mostly to supervise a production process
where gradual changes in the surface finish due to cutting tool wear, may occur;
The root mean-square profile, R, — is basically the standard deviation from
statistics.

The mean peak to valley height, Rzpiv — gives the description of the
amplitude of the roughness that is not too sensitive to freak events, like a single
abnormally deep valley in the profile.

The reduced peak height, R, and the reduced valley depth. Ry, — Ry is the
average height of the highest peaks above the core roughness, and Ry is the
average depth of the lowest valleys below the core roughness.
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//m/

Figure 43 — Roughness measurement location (FZG Type A pinion tooth).

The power loss test procedure is not only the FZG power loss test, a roughness
measurement is taken in the first and fifth tooth of each wheel and pinion of the tested
gear set in the beginning of the FZG power loss test and another measurement is taken
in the end of the test, being both measurements made in the axial direction of the gear
teeth. In each tooth are taken three roughness measurements, one below the pitch line,
another above the pitch line and the third the close as possible of the pitch line in order
to get an accurate representation of the tooth roughness, therefore six roughness
measurements are made in each gear. An example of the roughness measuring in a gear
tooth is found in Figure 43, being the image representative of a measurement in a FZG
type A gear pinion tooth used to exemplification only, due to the fact that this study is
conducted only in helical gears, but the measurement technique remains the same and is
easy to understand using this example.

3.6. Mass loss procedure

A mass measurement (Figure 44) was also made before and after each complete
power loss test, they were weighted with significant accuracy (0.001g) in order to
determine the gear mass loss during the FZG power loss test. In order to discard any
weighting measurement deviation, a reference pinion was used as comparison for each
measurement made.
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Figure 44 — Weighing scale with 0.001¢g accuracy.

3.7. Oil Analysis Procedures

Being ferrometry a condition analysis technique, it allows a lubricant assessment
in terms of particle contamination and equipment wear. This technique bases itself in
the wear particles magnetic separation present in the oil or grease. The ferrografy
technique has two types of analysis: Direct read Ferrometry (DR III) and Analytic
Ferrografy (FM III)[33].

3.7.1. Direct Reading Ferrometry: Equipment and procedure

The Direct reading Ferrogafer (DR) measures quantitatively the ferrous particles
concentration contained in the lubricant.

A 1ml sample is passed through a capillary tube submitted to a strong magnetic
field and two light beams (Figure 45).Particles bigger than Sum are deposited first and
the smaller ones deposit themselves Smm below the tube, being the density of the
deposit measured by an optical system that quantifies the intensity of light that passes
through the tube, which is directly proportional to the density of the deposited particles.

By this process are obtained the Dy and Dg indexes which represent the large
particles and small particles amount respectively. From the knowledge of these two
indexes is possible to calculate the wear particle concentration index (CPUC) and the
wear severity index (ISUC):
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D, +D

CPUC = % (Eq. 49)
D} + D

ISUC=% (Eq' 50)

Where “d” represents the dilution factor of the sample in cases of excessive
contamination. A photography of the real equipment present in the oil and lubricants
laboratory of CETRIB is shown in Figure 46.
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Figure 45 — Direct Reading Ferrogafer scheme.[33]

Figure 46 — Picture of the Direct Reading Ferrogafer.
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3.7.2. Analytic Ferrografy: Equipment and procedure

Analytic Ferrografy is used to obtain more detailed information of the lubricant
contaminant particles. The particle are deposited and fixated using the same principle as
the direct read ferrometer, but over a glass substrate as you can see in the schematic
view present in Figure 47. The larger particles deposit in the entrance of the ferrogafer
and progressively decrease in size along the time. A photography of the real equipment
present in the laboratory in shown in Figure 48.

After the ferrogram is ready, we move to the analytic part that is made using a
Bi-chromatic microscope (Figure 49) (with transmitted light and reflected light), where
several particle characteristics are observed, such as: Dimension, morphology, color,
bright, surface type, etc.

Some of these characteristics are associated to several types of wear and others
to the identification of the material that is being worn.

Supaorte Magnético

Ferrograma,

Fluxo dlen
controlada

Polos magnéticos __

Figure 48 — Picture of the Analytic Ferrogafer.
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Figure 49 — Bi-chromatic microscope.

An image of a ferrografy observed in the microscope can be seen in Figure 50 where are
present, ferrous laminar particles typical from fatigue and with large dimensions.

Figure 50 — Ferrogram taken of a P1 oil sample after k1 load stage of a power loss
test with 311 gear geometry (Appendix A: Power Loss Data Sheets) 1000x.
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4_Experimental results

The results of the stabilization temperatures measured during the gear power loss
tests are presented in this chapter, for all gear geometries, gear oils, gear materials and
oil levels. The corresponding results for surface roughness analysis and gear mass loss
are also presented. Finally a general discussion of those results is presented.

4.1. Ester base (E2) lubricant oil gear test

4.1.1. Stabilization temperatures — Ester gear oil (E2), high oil level
and steel gears

Figure 51, Figure 52 and Figure 53, show the oil maximum temperatures as well
as the stabilization temperatures of gears 311, 411 and 611, respectively, lubricated with
the ester based gear oil E2, for all the combinations of applied torque and operating
speed for high oil level.

mkl mk5 mk7 mk9 Toil-Troom

160 311 - 2 oo 160
_ 140 = - 140
8 120
g 100
E 80
2 60
g 40
= 20

0
500 1000 2000
Speed (rpm)

Figure 51 — Maximum oil temperature and stabilization temperature of gear 311:
20MnCrS steel, E2 gear oil and high oil level
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Figure 52 — Maximum oil temperature and stabilization temperature of gear 411:
20MnCrS steel, E2 gear oil and high oil level.
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Figure 53 - Maximum oil temperature and stabilization temperature of gear 611:
20MnCrS steel, E2 gear oil and high oil level.

A summary of the stabilization temperatures can be found in Figure 54 below for
each load stage, comparing the different geometries.
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Figure 54 —Stabilization temperatures of 20MnCrsS steel gears:
geometries 311, 411 and 611, E2 gear oil and high oil level.
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At 500 rpm and 1000 rpm, 611 gear always generates lower stabilization
temperatures, whatever the applied torque. At 2000 rpm, the churning losses are very

high (higher than the friction losses) and it is not possible to establish a clear difference
between the different geometries.

4.1.2. Stabilization temperatures — Ester gear oil E2, high oil level and ADI gears

The stabilization temperatures charts for the ADI gears are identical to those of
the steel gears (see Figure 51, Figure 52 and Figure 53). In Figure 54 a summary of the
stabilization temperatures is provided. In the case of the ADI gears the results are very
clear: whatever the operating torque and speed gear 612 always generates lower
stabilization temperature than gear 412, and this one lower values than gear 312, except
at very low torque (no-load conditions) where gear 312 generates lower stabilization
temperatures than gear 412.

An assessment of the main differences between steel and ADI gears when

submitted to the FZG gear power loss test, lubricated with gear oil E2 and a high oil
level is given in Figure 56.
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Figure 55 —Stabilization temperatures of ADI gears:
geometries 312, 412 and 612, E2 gear oil and high oil level.
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Figure 56 —Stabilization temperatures of 20MnCRS steel vs. ADI gears:

E2 gear oil and high oil level.

The analysis of Figure 56 clearly indicates that the ADI gears always generate
lower operating temperatures than the steel gears, when lubricated with the ester based
oil E2, whatever the operating conditions considered.
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4.1.3. Oil analysis wear particles — Ester gear oil E2, high oil level, steel
and ADI

A summary of the oil analysis results by Direct Reading Ferrography is
presented in Figure 57 and Figure 58, for steel and ADI gears lubricated with ester
based oil and high oil level.

In the case of the steel gears, geometries 411 and 611 show similar DL, CPUC
and ISUC values, in general smaller than those of gear geometry 311. This means that
gear geometries 411 and 611, not only generate lower stabilization temperatures (thus
lower power loss) than gear 311, but also generate a significantly lower amount of wear
particles, when lubricated with ester based oil E2.

In the case of the ADI gears (see Figure 58) it is clear that gear 412 generates
less wear particles that gears 312 and 612, mainly in terms of large particles DL and
CPUC.

Steel and ADI gears show different trends. Whatever the operating conditions
ADI gears generate much more wear particles than the steel gears (e.g. 411 steel gear -
CPUC =60 and 412 ADI gear — CPUC = 300, 5 times more).
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Figure 57 — Oil analysis wear particle indexes for 20MnCfrS5 steel gears:
geometries 311, 411 and 611, E2 gear oil and high oil level.
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Figure 58 — Oil analysis wear particle indexes for ADI gears:
geometries 311, 411 and 611, E2 gear oil and high oil level.

4.1.4. Surface roughness — Ester gear oil E2, high oil level, steel and ADI

Tooth flank surface roughness measurements were made on each pinion and
wheel, along the radial direction, before and after the power loss tests. Table 19 and
Table 20 show the values measured for steel gears 311 and 411, respectively, and Table
21 and Table 22 the values measured for ADI gears 312 and 412, respectively, all
lubricated with E2 ester based oil and high oil level. In the case of gears 611 and 612, it
was not possible to perform the roughness measurements.

The steel gears 311 and 411 show a very significant evolution of the tooth flank
roughness: Ra, Rq, Rz, Rmax and Rk decreased between 40% and 50% both for the
pinions and the wheels.

Roughness parameter Rpk, representative of the roughness peaks, also decreased
significantly, and Rvk, representative of the roughness valleys (and micropitting), also
decreased significantly. At the end of the power loss tests all gears showed a very good
surface finishing with a Ra of 0.14 um — 0.16 um for gear 311 and 0.12 pm — 0.15 pm
for gear 411.In the case of the ADI gears 312 and 412 the initial roughness values were
significantly higher than those of the steel gears. Gear 312 also showed a very
significant evolution of the tooth flank roughness: Ra, Rq, Rz and Rk decreased
between 20% and 50% both for the pinions and the wheels.
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Rpk also decreased significantly, between 25% and 45%, but Rmax and Rvk
increased significantly (15% and 37% respectively) in the case of 312 wheel. During
operation ADI graphite nodules become empty, losing the graphite, and generating
surface holes that contribute to the increase of roughness valleys.

Gear 412 had a completely different evolution, showing a very significant
increase of the tooth flank roughness: Ra, Rq, Rz and Rk increased between 20% and
200% both for the pinions and the wheels. Both the 412 pinion and wheel presented a
very high increase of the Rvk parameter, respectively 200% and 475%, meaning that a
significant number of graphite nodules were empted during the power loss test

Table 19 — Tooth flank surface roughness of 20MnCrS5 steel gear 311:
E2 gear oil and high oil level.

Pinion surface roughness [pm]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2

Initial wheel radial 0.29 0.38 1.77 2.76 0.4 0.83 0.60 9.23 84.9

pinion radial 0.28 0.34 1.62 1.96 0.2 0.88 0.47 7.33 85.8

. wheel radial 0.14 0.18 0.78 0.97 0.1 0.38 0.34 5.73 80.4
Final

pinion radial 0.16 0.21 0.86 1.16 0.1 0.47 0.30 870 829

Vo
12.5
10.8
6.3
6.3

Wheel Roughness evolution(%) 3057 -53.04 -55.66 -64.86 -8142 -54.00 -4333 -37.91 -530 -49.40
Pinion Roughness evolution(%) 4096 -39.81 -46.60 -40.92 -33.85 -4642 -36.17 18.64 -338 -41.79

Table 20 — Tooth flank surface roughness of 20MnCfrS steel gear 411:
E2 gear oil and high oil level.

Pinion surface roughness [pm]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2

Initial wheel radial 0.24 0.30 1.45 1.93 0.2 0.75 0.44 8.20 86.6

pinion radial 0.30 0.38 1.81 2.16 0.2 0.89 0.59 7.27 84.4

. wheel radial 0.12 0.15 0.71 0.94 0.1 0.37 0.24 6.47 85.0
Final

pinion radial 0.15 0.19 0.87 1.06 0.1 0.42 0.33 830 832
Wheel Roughness evolution(%) -50.70  -50.00 -51.38 -51.21 -51.79 -50.88 -45.45 -21.14 -1.77
Pinion Roughness evolution(%) -50.56 -50.88 -52.02 -50.93 -55.56 -52.63 -43.75 1422 -1.38

9.9
12.5

5.0

6.5
-49.56
-47.72

Table 21 — Tooth flank surface roughness of ADI gear312:
E2 gear oil and high oil level.

Pinion surface roughness [pm]

direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2 Vo

Initial wheel radial 0.76 0.96 4.29 5.07 0.7 2.47 1.06 922 88.0 26.6
pinion radial 0.81 1.01 4.59 5.60 0.7 2.57 1.31 6.83 870 299
Final wheel radial 0.54 0.79 3.19 5.85 0.5 1.37 1.46 870 822  26.6
pinion radial 0.43 0.59 2.97 4.03 0.4 1.21 1.17 810 853 223

Wheel Roughness evolution(%)

Pinion Roughness evolution(%)

-2926 -17.10 -25.56 15.53 -24.94 -4453 3774 -5.61 -6.67 O.
-47.11  -41.29 -3540 -27.99 -4585 -52.92 -10.09 18.54 -1.95 -25.38
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Table 22 — Tooth flank surface roughness of ADI gear412:
E2 gear oil and high oil level.

direction position

wheel radial
Initial

pinion radial

wheel radial
Final

pinion radial

Wheel Roughness evolution(%)

Pinion Roughness evolution(%)

Ra
0.33
0.52
0.73
0.60
120.00
16.13

Pinion surface roughness [pm]

Rq
0.43
0.62
1.28
1.05
196.15
70.27

Rz
2.42
3.07
6.57
5.17
171.72
68.48

Rmax Rpk
3.98 0.5
4.08 0.6
11.08 0.6
10.65 0.5
178.24 6.45
160.82  -24.32

Rk Rvk Mrl Mr2
1.08 0.53 9.63 88.5
1.63 0.78 10.15 87.6
1.50 3.07 8.23 83.5
1.28 2.33 9.28 84.3
38.46 475.00 -14.53 -5.65
-21.43 197.87 -8.54 -3.84

12.9
18.3
514
40.3
298.58
119.95

80
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40

mass (mg)

20

ADI Steel - E2 - Pinion Mass Loss

63
47
25
6 16 — 8
311/312 411/412 611/612

D ADI Gears

M Steel Gears

Figure 59 — Pinion mass loss of 20MnCrS5 steel vs. ADI gears:
E2 gear oil and high oil level.

4.1.5. Gear mass loss — Ester gear oil E2, high oil level, steel and ADI

During the gear power loss tests the pinion performs more cycles than the wheel
(50% more, due to the transmission ratio i = 1/1.5), and thus the pinions normally had
higher mass loss than the wheels. Figure 56 presents the mass loss of all gears (311/312,
411/412 and 611/612). The 20MnCr5 pinions (311, 411 and 611) had very similar mass

losses, between 6 mg and 10 mg, which are very low values for a new gear not run-in.

ADI pinions (312, 412 and 612) had significantly higher mass losses, between
25 mg and 63 mg, which are typical values for the ADI material since it is significantly
less hard than the carburized 20MnCr5 steel.
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4.2. PAO base (P1) lubricant oil gear tests

4.2.1. Stabilization temperatures — PAO gear oil P1, high oil level and steel gears

Figure 60, Figure 61 and Figure 62 show the oil maximum temperatures as well
as the stabilization temperatures of gears 311, 411 and 611, respectively, lubricated with
the PAO based gear oil P1, for all the combinations of applied torque and operating
speed, high oil level, and both gear materials.

A summary of the stabilization temperatures can be found in Figure 63 for each
operating load stage and speed, comparing gear geometries 311, 411 and 611. Whatever
the operating conditions, torque stage and speed, 611 gear always generates the lowest
stabilization temperatures and gear 311 the highest stabilization temperatures, while
gear 411 generated temperatures in between the other two. In load stage K9 the
behavior of gear 411 and 311 was very similar.

Mkl mk5 mk7 mk9 Toil-Troom

160 55T 160
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0 : : 0
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Figure 60 — Maximum oil temperature and stabilization temperature of gear 311:
20MnCrS steel, E2 gear oil and high oil level.
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Figure 61 — Maximum oil temperature and stabilization temperature of gear 411:
20MnCrS steel, E2 gear oil and high oil level.
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Figure 62 — Maximum oil temperature and stabilization temperature of gear 611:
20MnCrS5 steel, E2 gear oil and high oil level.

140

120

Temperature ("CL
I o ® o
S S o S

N
o

o

140

0,
Temperature (°C) ,
N B [e2) [ o N
© © © © o o

o

k1 - P1 - HO Steel

500

1000
Speed (rpm)

k7 - P1 - HO Steel

2000

.

——311

——411
611

500

1000
Speed (rpm)

2000

140

120

100

Temperature (°C)
N IN I [
o S o S

o

140

0
Temperature ( C}_‘
N DA O ® O N
o o o o o o

o

k5 - P1 - HO Steel

A
// ——311

——411

A 611

500 1000

Speed (rpm)

2000

k9 - P1 - HO Steel

f

——311

——411

v

611

500 1000

Speed (rpm)

2000

Figure 63 —Stabilization temperatures of 20MnCrsS steel gears:
geometries 311, 411 and 611, P1 gear oil and high oil level.
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4.2.2. Stabilization temperatures — PAO gear oil P1, high oil level and ADI gears

The stabilization temperatures charts for the ADI gears are identical to those of
the steel gears (see Figure 60, Figure 61 and Figure 62). In Figure 64 a summary of the
stabilization temperatures is provided. In the case of the ADI gears the results are very
clear: whatever the operating torque and speed gear 612 always generates lower
stabilization temperature than gear 412, and this on lower values than gear 312. In load
stage K7 gears 312 and 412 generated very similar stabilization temperatures.

An assessment of the main differences between steel and ADI gears when
submitted to the FZG gear power loss test, lubricated with gear oil P1 and high oil level
is given in Figure 65. When lubricated with gear oil P1, steel and ADI gears generated
similar stabilization temperatures mainly at low speed (500 rpm) when the churning
losses are smaller. At 1000 rpm and 2000 rpm the steel gears (311, 411 and 611)
generated slightly lower stabilization than the ADI gears (312, 412 and 612).
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Figure 64 —Stabilization temperatures of ADI gears:
geometries 312, 412 and 612, P1 gear oil and high oil level.
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Figure 65 —Stabilization temperatures of 20MnCrS steel vs. ADI gears:

P1 gear oil and high oil level.
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4.2.3. Oil analysis wear particles — PAO gear oil P1, high oil level, steel and ADI

A summary of the oil analysis results by Direct Reading Ferrography are
presented in Figure 66 and Figure 67, for steel and ADI gears, respectively, lubricated
with PAO based oil and a high oil level.

In the case of the steel gears, the oil analysis indicated that gear 611 generated
lower ferrographic indexes (DL, DS, CPUC and ISUC) values than gear 411, and this
one lower indexes than gear 311. This means that gear geometries 411 and 611, not only
generate lower stabilization temperatures (thus lower power loss) than gear 311, but
also generate a significantly lower amount of wear particles, when lubricated with PAO
based oil P1. It’s interesting to notice that, during the power loss test, the index for large
particles, DL, decreased or remained almost constant till the end of load stage K7, and
had a small increase during the last load stage K9.

In the case of the ADI gears (see Figure 67) it is clear that gear 612 generates
less wear particles that gear 412 and this one less wear particles than gear 312, whatever
the ferrographic wear indexes considered (DL, DS, CPUC and ISUC).

Steel and ADI gears show different trends. The amount of wear particles
generated by the ADI gears increased continuously during the gear power loss test.

Whatever the operating conditions ADI gears generate much more wear particles
than the steel gears (e.g. 411 steel gear - CPUC = 320 and 412 ADI gear — CPUC = 720,
2 times more).
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Figure 66 — Qil analysis wear particle indexes for 20MnCfrS5 steel gears:
geometries 311, 411 and 611, P1 gear oil and high oil level.
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Figure 67 - Oil analysis wear particle indexes for ADI gears:
geometries 312, 412 and 612, P1 gear oil and high oil level.

4.2.4. Surface roughness — PAO gear oil (P1), High oil level, steel and ADI

Tooth flank surface roughness measurements were made on each pinion and
wheel, along the radial direction, before and after the power loss tests.

Table 23 and Table 24 show the values measured for steel gears 311 and 411,
respectively, and Table 25 and the values measured for ADI gears 312 and 412,
respectively, all lubricated with P1 PAO based oil and a high oil level. Due to some
technical difficulties, related to the very small tooth height of gears 611 and 612, it was
not possible to perform the roughness measurements on these gears.

The steel gears 311 and 411 show a significant evolution of the tooth flank
roughness: Ra, Rq, Rz, Rmax and Rk decreased between 1% and 27% in the case of the
steel wheels and pinions. Roughness parameter Rpk, representative of the roughness
peaks, also decreased significantly (between 30% and 40 %).
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Table 23 — Tooth flank surface roughness of steel gear 311:
P1 gear oil and high oil level.

Pinion surface roughness [pum]

direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 023 030 150 21 024 071 051 89 87.67 107
Initial  pinion radial 025 032 153 1.8 024 078 042 88 8693 98
wheel radial 0.18 023 1.21 1.6 0.16 052 0.38 85 8540 7.8
Final pinion radial 0.23 0.31 1.47 2.3 012 0.70 047 58 8473 098
Wheel Roughness evolution(%) 2429 -23.08 -19.33 -2237 -32.88 -26.76 -26.62 -4.49 -259 -27.41
Pinion Roughness evolution(%) -6.67 -4.17 -3.71 26.88 -49.30 -10.68 10.24 -3472 -2.53 024
Table 24 — Tooth flank surface roughness of steel gear 411:
P1 gear oil and high oil level.
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 020 026 127 1.6 020 066 031 67 87.80 7.6
Initial  pinion radial 021 026 130 1.8 020 066 037 81 8840 84
wheel radial 0.18 0.23 1.12 1.3 0.12 058 034 72 8700 7.6
Final  Pinion radial 019 024 128 16 012 056 038 6.8 8523 80
Wheel Roughness evolution(%) 1148 -1039 -11.84 -1570 -4167 -13.07 978 7.50 -091 -0.04
Pinion Roughness evolution(%) 968 886 -103 817 -3898 -1558 3.64 -1646 -3.58 -507
Table 25 — Tooth flank surface roughness of steel gear 312:
P1 gear oil and high oil level.
Pinion surface roughness [pm]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2 Vo
wheel radial 033 043 215 325 03 097 078 888 841 15.6
Initial  pinion radial 023 030 157 228 04 075 030 1098 902 7.9
wheel radial 017 028 172 295 05 048 043 1097 835 8.2
Final  Pinion radial 053 083 442 703 05 115 177 797 795 302
Wheel Roughness evolution(%) ~50-00 -34.62  -20.16 923 4500 -50.00 -44.68 2345 -0.73 -47.49
208.03 39.13 53.33 488.89 -27.47 -11.81 283.30

Pinion Roughness evolution(

%) 128.57 177.78 181.91
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Table 26 — Tooth flank surface roughness of steel gear 412:
P1 gear oil and high oil level.

Pinion surface roughness [pm]

direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2 Vo
wheel radial 033 043 242 398 05 108 053 963 885 129

Teibel o radial 052 062 307 408 06 163 078 1015 876 183
wheel radial 053 082 470  7.87 04 128 162 737 84 288

Final  Pinion radial 057 092 497 880 04 118 198 788 817 344
Wheel Roughness evolution(%) 0000 8846 9448 9749 2581 1846 20313 -23.53 -697 123.16
9.68 48.65 6196 11551 -4324 -27.55 153.19 -2233 -6.75 88.07

Pinion Roughness evolution(%)

Roughness parameter Rvk, representative of the roughness valleys (and
micropitting), increased slightly (between 4% and 10 %). In the case of the 311 steel
wheel, Rvk decreased 27%. At the end of the power loss tests all gears showed a very
good surface finishing with a Ra of 0.18 pm — 0.23 pm for gear 311 and 0.18 um — 0.19
um for gear 411.

In the case of the ADI gears 312 and 412 the initial roughness values were
slightly higher than those of the steel gears. Gear 312 also showed a very significant
evolution of the tooth flank roughness: Ra, Rq, Rz and Rk decreased between 20% and
50% for the wheels and an increase between 40% and 180% for the 312 pinion. Gear
412 shows a even more pronounced evolution of the tooth flank roughness: Ra, Rq. Rz
and Rk increase between 20% and 95% for the wheels and for the pinion an increase
between 10% and 60% for the Ra, Rq and a decrease of around 30% for the Rk.

For 312 ADI gear wheel, a decrease of 45% was identified in the Rvk parameter,
contrasting with the increase of near 490% occurred in the pinion. In the 412 the Rvk
increase was slightly lower than in 312 being 150% and 200% for the pinion and wheel
respectively.

4.2.5. Gear mass loss — PAO gear oil E2, high oil level, steel and ADI

During the gear power loss tests the pinion performs more cycles than the wheel
(50% more, due to the transmission ratio i = 1/1.5), and thus the pinions normally had
higher mass loss than the wheels. Figure 68 presents the mass loss of all gears (311/312,
411/412 and 611/612).

The 20MnCr5 steel pinions (311, 411 and 611) had very similar mass losses,
between 5 mg and 11 mg, which are very low values for a new gear not run-in. ADI
pinions (312 and 412) had significantly higher mass losses, between 29 mg and 40 mg,
which are typical values for the ADI material since it is significantly less hard than the
carburized 20MnCrS5 steel. The result for ADI pinion 612 is not available.
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Figure 68 — Pinion mass loss of 20MnCirS5 steel vs. ADI gears:

PAO gear oil and high oil level.
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4.3. Steel vs. ADI gears and Ester vs. PAO gear oils

In Figure 69, Figure 70 and Figure 71 are represented the stabilization
temperatures plotted against the input power, for the steel and ADI gears when
submitted to power loss test with high level of P1 and E2 lubricant oils, for gears
311/312,411/412 and 611/612, respectively.

Figure 69 shows three levels of temperatures that correspond to the three
operational speeds of the FZG power loss test. The 311 steel gear with E2 oil has the
lower stabilization temperature for nearly all values of speed and input power, and gear
312 lubricated with the same E2 oil had a very close behavior, but only at low input
power and low speed, having the highest temperature at 2000 rpm for almost all values
of input power.
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Figure 69 — Variation of stabilization temperatures with Input Power for 311 steel
and 312 ADI gears with E2 and P1 high oil level.
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The 311 steel gear has virtually the same behavior with P1 and E2 oil, for any
input torque at 2000 rpm, but at 500rpm and 1000rpm oil E2 always generates lower
temperatures for any input power. The 312 ADI gear with P1 and E2 oils has the highest
temperatures at 2000rpm for any input power, but for 500rpm and 1000rpm oil E2 has
lower temperatures for low input power and the P1 has lower temperatures for high
input power. ADI gears with P1 and E2 oils have very similar temperatures to the steel
gears with P1 oil for 500rpm and 1000rpm, being the steel gears for any oil better than
the ADI ones for any oil at any input power and 2000rpm.
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Figure 70 — Variation of stabilization temperatures with Input Power for 411 steel
and 412 ADI gears with E2 and P1 high oil level.
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Figure 70 shows the variation of stabilization temperatures function of input
power, and after analyze it we see that 412 ADI gear with E2 oil has the lower
stabilization temperature for all input power values at 500 rpm and 1000 rpm being only
overcome by steel gears with E2 andP1 oils at 2000 rpm and higher input power. The
411 steel gears for both oils have intermediate stabilization temperatures being the
worst case represented by the 412 ADI gear with P1 oil, by having the highest
temperatures for all input torque values at all rotating speeds.

Figure 71 shows once again that the ADI (612) gear with E2 oil has the lower
temperature for all input power values at all speeds, being the second best also the 612
gear but with P1 oil. 611 steel gear with E2 oil has almost the same stabilization
temperatures as 612 ADI gears with P1 oil at 500rpm for all input power values but for
1000 rpm and 2000 rpm has the higher stabilization temperature.
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Figure 71 — Variation of stabilization temperatures with Input Power for 611 steel
and 612 ADI gears with E2 and P1 high oil level.
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611steel gear with P1 oil has the higher temperature for almost all input power at
500rpm having the second higher temperature for almost all input power values at
1000rpm and 2000rpm.

Figure 72 shows that in general, gears lubricated by oil E2 have larger amount of
mass loss, 612 gear with P1 oil does not have a mass loss value due to reasons out of
my responsibility.

Figure 73 shows the concentration of wear particles at the end of FZG load stage
k9, being clear that, for steel gears, E2 oil promotes a lower amount of wear, while the
opposite occurs ADI gears.
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Figure 72 — Pinion mass loss of 20MnCrS steel vs. ADI gears:
PAO and Ester gear oil and high oil level.
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Figure 73 — CPUC Ferrometric Index values for all Steel and ADI gears in the end
of k9 High oil Power loss test.
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4.4. PAO based gear oil (P1) with low oil level

4.4.1. Stabilization temperatures — PAO (P1) gear oil, low oil level and steel gears

The maximum oil temperature reached during the gear power loss tests,
performed with gear oils E2 and P1, showed that the churning losses were very high,
although the maximum operating speed was only 2000 rpm.

The main reason for these high temperatures was the high oil shearing in the
contact between the pressure pads and the gear wheels. The low loss gear concept
implies the use of helical gears and these can only be tested in the standard FZG test
gear box if pressure pads are used.

In order to decrease the influence of the pressure pads and generate lower
churning power losses, the gear power loss test performed with PAO based gear oil (P1)
was repeated using a lower oil level, corresponding to 1000 cm’, instead of 1500 cm’.

Figure 74 shows the stabilization temperatures measured during the gear power
loss test performed with steel gears and PAO based oil P1, with a low oil level. Once
more, gear 611 generated the lowest stabilization temperatures, followed by gear 411
and 311, whatever the operating conditions (torque stage and speed) considered.
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Figure 74 — Stabilization temperatures of steel gears:
geometries 311, 411 and 611, P1 gear oil and low oil level.
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In Figure 75 the stabilization temperatures obtained with high and low oil levels
are compared, for steel gears lubricated with P1. As expected, a lower oil level
generates lower stabilization temperatures, although such differences are smaller at low

operating speed.
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Figure 75 — Resume of stabilization temperature differences between the three
gear geometries for high oil and low oil FZG Power Loss test, with P1 lubricant oil.

97



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

At 1000 rpm and 2000 rpm the differences in stabilization temperature might be
significantly high: more than 20 °C at 2000 rpm with gear 311 and around 10 °C at 1000
rpm with gear 411. It’s interesting to notice that gear 611 is less sensitive to the oil
level, since the stabilization temperatures are very similar both at 500 rpm and 1000
rpm.
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Figure 76 — Variation of stabilization temperatures with Input Power for 311 steel
gear with E2 and P1 high oil level and P1 Low oil level.

Figure 76 shows that for 311 steel gears the P1 low oil level has the lower stabilization
temperature for any input power value at 1000 rpm and 2000 rpm being the lower
temperature for 500 rpm obtained by the 311 with E2 high oil level. The 311 gear with

high level of P1 oil has the higher temperatures for all input power values at 1000rpm
and 2000 rpm.
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Figure 77 — Variation of stabilization temperatures with Input Power for 411 steel
gear with E2 and P1 high oil level and P1 Low oil level.

Figure 77 shows at 411 gear with low P1 oil level has the lowest stabilization
temperatures for all input power values at 1000 rpm and 2000 rpm having the same
behavior as the 311 gear with the same oil and level. Once again the 411 steel gear with
high E2 oil level has the lower stabilization temperature for all input power values at
500 rpm and the higher at 1000rpm and 2000rpm for all input power values. The 411
with high P1 oil level has an intermediate stabilization temperature for almost all input
power values and rotational speeds.
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611 -E2HOvs P1 HOvs P1LO

140
120
100 \ 2000 rpm
A
&
o 80 =B
h - -
= 277
= —a&— P1 High Oil
*]
E- 1000 rom E2 High Oil
= /J& --A--P1 Low Oil
-

200 300 400 500 600 700

Input Power (kW)

Figure 78 —Variation of stabilization temperatures with Input Power for 611 steel
gear with E2 and P1 high oil level and P1 Low oil level.

Figure 78 shows almost exactly the same results for 611 steel gear in
comparative terms to 411 and 311 gears, being the 611 steel gear with P1 low oil level
the one with lower stabilization temperatures for all input power values at 1000rpm and

2000rpm, being the E2 with high oil level the one with the lower temperature at
500rpm.
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4.4.2. QOil analysis wear particles — PAO (P1) gear oil, low oil level and steel gears

Figure 79 shows the wear particle indexes, measured by Direct Reading

Ferrography, of the gear oil samples gathered during the gear power loss tests with low
oil level.

Gears 311 and 411 generated very low and similar wear particles indexes, with

an index for large particles (DL) between 30 and 35, at the end of the test. Gear
611presented higher values (DL = 63 at the end of the test) but still a low value for

gears.
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CPUC at k9 load Stage for Steel gears with High and Low
Oil Level
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Figure 80 — CPUC Ferrometric Index values for Steel gears in the end of k9 High
oil and Low oil Power loss tests.

Figure 80 shows that steel gear with a low level of P1 lubricant oil have a lower
wear particle concentration being the same oil but with the high level the one promoting
the higher amount of wear particles for all steel geometries. The high level of E2 oil
prove to generate less than half the wear concentration particles of the high level of P1
oil being very close to the levels of the low level of P1 oil, indicating that a future low
oil version of E2 oil would promote even lower wear particles than the low oil level of
PI.

4.4.3. Surface roughness — PAO gear oil (P1), low oil level, steel

Table 27, Table 28 and Table 29, show the roughness parameters measured on
each pinion and wheel along the radial direction, before and after the gear power loss
test. In the case of gear 311, lubricated with low oil level, all the pinion and wheel
roughness parameters increased very significantly (between 47% and 189%), although
the final roughness parameters were small (Ra = 0.18 um for the pinion and Ra = 0.20
um for the wheel).

Table 27 — 311 Steel Gear Geometry roughness parameters for the wheel and
pinion before and after the Standard FZG power loss test with low level of P1
lubricant oil.

Pinion surface roughness [pm]

direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2 Vo

wheel radial 012 013 0.65 1.0 010 035 0.20 7.1 8235 43

Initial  pinion radial 0.10  0.10 0.53 09 010 020 0.15 99 8792 28

wheel radial 020 023 1.10 14 012 058 0.40 49 8265 84

Final  Pinion radial 0.18 023 1.07 14 012 055 0.43 6.7 8428 87
Wheel Roughness evolution(%) 7143 7500 69.23  47.37 1667 66.67 100.00 -31.13 036 9647
83.33 133.33 100.00 50.91 16.67 175.00 188.89 -3221 -4.13 213.25

Pinion Roughness evolution(%)
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Table 28 — 411 Steel Gear Geometry roughness parameters for the wheel and
pinion before and after the Standard FZG power loss test with low level of P1
lubricant oil.

Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Pinion surface roughness [pm]

direction position Ra Rq Rz Rmax Rpk Rk Rvk Mrl Mr2 Vo
wheel radial 0.22 0.28 1.37 1.8 0.17 0.67 0.48 8.1 85.53 9.7
Initial pinion radial 0.10 0.15 0.70 1.1 0.15 0.32 0.17 10.0 86.18 4.1
wheel radial 0.17 0.23 1.10 1.5 0.13 0.47 0.45 6.5 83.23 8.5
Final pinion radial 0.18 0.23 1.10 1.4 0.13 0.55 0.35 8.5 83.33 7.1
Wheel Roughness evolution(%) -23:08 -17.65 -19.51 -1560 -2000 -30.00 -690 -20.04 -2.69 -12.03
Pinion Roughness evolution(%) 83-33 5556 5714 2813 -1L11 73.68 11000 -1519 -331 76.13
Table 29 — 611 Steel Gear Geometry roughness parameters for the wheel and
pinion before and after the Standard FZG power loss test with low level of P1
lubricant oil.
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.18 0.22 1.05 1.3 0.12 0.53 0.33 6.7 83.78 6.9
Initial pinion radial 0.28 0.37 1.70 2.2 0.27 0.85 0.52 6.8 8233 104
wheel radial 0.22 0.27 1.40 1.8 0.20 0.73 0.37 7.1  88.00 8.6
Final pinion radial 0.28 0.30 1.68 1.9 0.20 0.73 0.53 6.3 82.60 10.2
Wheel Roughness evolution(%) 1818 23.08 3333 3636 7143 3750 1000 569 503 2451
0.00 -18.18 -0.98 -1439 2500 -13.73 323 -7.56 032 -2.09

Pinion Roughness evolution(%)

In the case of gear 411, the wheel roughness parameters decreased (Ra decreased
from 0.22 um to 0.17 pum), but the pinion roughness parameters increased significantly
(between 28% and 83%). In the case of gear 611 the evolution of the pinion and wheel
surface roughness was very small, with a slight increase on the wheel and decrease on

the pinion.

4.4.4. Mass loss — PAO gear oil (P1), low oil level, steel

Figure 81 presents the mass loss of gears 311, 411 and 611 lubricated with low
and high oil levels of gear oil P1 and also of gear oil E2 with high oil level. The steel
pinions (311, 411 and 611) had very similar mass losses, between 2 mg and 11 mg,
which are very low values for a new gear not run-in. In general, the gears lubricated
with low oil level generated similar or lower mass loss then the gears with high oil level
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Pinion mass loss - E2 HO vs P1 HO vs P1 LO
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Figure 81 — Pinion mass loss in FZG power loss test for the Steel gear geometries
with high and low P1 Lubricant oil level.
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4.5. “No load” power loss tests with oil P1

4.5.1. Stabilization temperatures — PAO (P1) gear oil, low and high oil level and
steel gears

As mentioned before, the “no load” or churning power losses were very
important in these gear power loss tests performed with the pressure pads, necessary to
support the axial loads introduced by the helical gears. In order to have a better
assessment of these “no load” losses an extensive experimental study was performed,
using steel gears 311, 411 and 611, oils E2 and P1, and two oil levels, 1000 and 1500
cm’. These “no load” gear power loss tests were all performed in load stage K1 (very
low applied torque) and wheel speeds between 500 rpm and 2500 rpm. The test program
with oil E2 is not yet completed.

Figure 82 presents the stabilization temperatures at the end of each stage, for all
the conditions tested and shows, as expected, that a lower oil level generates lower
stabilization temperatures. In the case of the high oil level, gear geometries 311 and 411
generate very similar stabilization temperatures, which are slightly smaller in the case of
geometry 611. In the case of a low oil value gear 311 generates slightly lower
stabilization temperatures than gears 411 and 611. However, the stabilization
temperatures are only slightly dependent on the gear geometry, for each oil level.
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Figure 82 — Stabilization temperature for 311, 411 and 611 steel gears:
gear oil P1, low and high oil levels.
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4.5.2. Oil analysis wear particles — PAO (P1) gear oil, low and high oil level and
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Figure 83 shows the Direct Reading Ferrography wear indexes (DL, DS, CPUC
and ISUC), at the end of the “no load” gear power loss tests, performed with steel gears
and lubricated with P1 gear oil and two different oil levels.

311

- 4= DL =@~ DS

PS
L g
e

¥
.'

High Oil LOW Oil

411
=%= DL ={l-= DS

DS
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

DS

70
60

50

40
30

20

10

High Oil LOW Oil

DS
70

60
50

40

30
20

10

High Oil LOW Oil

311
CPUC = == CPUC
ISuC
100.0 == ISUC 3500.0
s
60.0 Kl >0
: 7 2000.0
40.0 A 1500.0
’/ R 1000.0
20.0 e 500.0
0.0 m 0.0
High Oil LOW Oil
411
CPUC - «p == CPUC ISUC
100 == _15UC 3500
80 - 3000
- 2500
60 - | 2000
40 == -~ 1500
__-a - 1000
0 . 0
High Oil LOW Oil
611
CPUC === CPUC ISUC
100 == ISUC 3500
- 4
80 " 3300
60 | 3100
C 4
40 —= - 2900
[
20 2700
0 . 2500
High Oil LOW Oil

Figure 83 - Oil analysis wear particle indexes at high and low oil levels:
“no load” power loss tests and steel gears lubricated with P1 gear oil.
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Figure 83 indicates that the wear indexes (DL, DS, CPUC and ISUC) are always
higher in the case of the low oil level (1000 cm?), whatever the geometry considered
(311, 411 or 611). Gear 411 had the lowest wear indexes, whatever the oil level,
followed by gear 311 and finally gear 611 with the highest values. This means that gear
geometry has some influence on gear wear.
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5.Conclusion

The analysis of the experimental results allow several statements about the
general ADI and steel performance when tested with the Ester oil E2 and
Polyalphaolefine oil P1.

5.1. Gear geometries
5.1.1. Stabilization temperatures

The different gear geometries have in most cases, a very distinct behavior. The
311/312 gears have in general the highest stabilization temperatures, 411/412 gears have
lower stabilization temperatures than 311/312 gears, and finally the 611/612 gears have
lower stabilization temperatures than both preceding gear geometries as shown in
Figure 54, Figure 55, Figure 63 and Figure 64. In the case of steel gears lubricated with
ester E2, the difference between the different gear geometries is very small.

5.1.2. Mass loss

In general, gears 311/312 generate higher CPUC indexes than 411/412, and this
one higher values than 611, whatever the lubricant considered (see Figure 73). Gear 612
doesn’t follow this trend. However, the mass loss results are less conclusive. All steel
gears (311, 411 and 611) have very low mass loss, between 5 mg and 11 mg, and ADI
gears between 25 mg and 63 mg (see Figure 72).

5.2. 20MnCr5 carburized steel vs ADI (Austempered Ductile

Iron)
5.2.1. Stabilization temperatures

412 and 612 ADI gears have lower stabilization temperatures than the 411 and
611 steel ones when lubricated with ester oil E2 (see Figure 56). However, 311 steel
gear has lower stabilization temperature than the 312 ADI one for all speeds and load
stages.

311 and 411 steel gears have lower stabilization temperatures than the 312 and
412 ADI ones, when lubricated with P1 oil (see Figure 65), for all load stages and
speeds. 611 steel gear generates slightly higher operating temperatures than gear 612.

5.2.2. Mass Loss

As shown in Figure 72, ADI gears have a mass loss significantly higher than
steel gears, whatever the lubricant considered.

The same trend is observed when the CPUC results are compared (see Figure
73).
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5.3. Ester base oil E2 vs PAO base oil P1
5.3.1. Stabilization temperatures

The influence of the oil formulation on the stabilization temperature is complex,
because it depends both on gear geometry and material, as shown in Figure 69, Figure
70 and Figure 71. Besides this, the operating temperature depends both on the lubricant
viscosity and operating speed, which have a strong influence in the churning power
losses.

However, in the case of ADI, the Ester oil always generates lower stabilization
temperatures than PAO.

5.3.2. Mass Loss

As shown in Figure 72, the influence of the oil formulation in mass loss is very
small, whatever the gear material. In what concerns to CPUC index, Figure 73, clearly
shows that in the case of steel gears, P1 generates more wear particles than E1

5.4. Oil level
5.4.1. Temperatures

Comparing the P1 and E2 high oil level with P1 low oil level for steel gears,
311, 411 and 611 gear geometries with a low P1 oil level have lower stabilization
temperatures at 1000rpm and 2000rpm for all input power values. Nevertheless, high E2
oil level is the one with lower stabilization temperature for 500rpm in steel gears,
because of its lower viscosity than P1.

5.4.2. Mass loss

As shown in Figure 80, gears 311, 411 and 611 generate less wear particles if the
oil level is lower. The main reason for such behavior is that low oil level generates
lower operating temperatures, higher film thickness, and, thus, lower wear. However,
similar results were obtained with the high level of oil E2. This behavior is observed in
Figure 81, where gears lubricated with low oil level generate lower mass loss.

5.5. Churning Losses

The churning loss test, showed that a decrease in the gearbox oil level of 1/3 of
the oil volume is enough to decrease the stabilization temperatures up to near 40% in
the case of 311 gear geometry. Such decrease in the stabilization temperature s observed
for all speeds and gear geometries. As a consequence of this temperature decrease and
corresponding augmentation of film thickness, the corresponding ferrometric indexes
decreased as well.
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5.6. General conclusion

The E2 lubricant oil with 611 steel gears has proven to be the most efficient
among the steel geometries, and the 612 ADI gears are also the better among ADI
geometries with the same lubricant.

ADI gears have the better behavior in almost all geometries regardless oil
formulation, being a valid, cheap and easy to manufacture option when compared with
the standard carburized steel.

E2 ester oil prove to be a good choice, joining great performance in power loss
tests for both materials and the three geometries when compared with the high
performance industrial oil P1, being better in most material and geometry combinations,
having also the advantages of the biodegradable and low toxicity properties.
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6. Future Work Perspectives

The work presented in this thesis is not yet completed, a wide group of tests are
still to be done using these gear profiles, and a large amount of post test analysis that
can and will be done. A great breakthrough step is a computerized energetic model that
will allow us to simulate and modulate the different components of heat dissipation of
the FZG test box, which unfortunately, was not ready in time to make part of this thesis.
Several analyses of the teeth surfaces are still yet to be done among other procedures,
the work that will be performed hopefully soon is described in the topics below:

= Analyze the oil samples in the Reometer to obtain the reologic properties
of the lubricant after the power loss tests;

= Perform the power loss test with a low oil level of E2 lubricant oil;

=  Perform churning loss test to the different gear geometries with E2
lubricant oil with high oil level and low oil level;

=  Perform a low oil version of the FZG power loss test to the ADI gears;

= Perform churning loss tests to the ADI gears with high and low oil levels;

= Proceed to the substitution of the current FZG spur gear test gearbox that
obligate the use of pressure pads by a helical gear FZG test gearbox and
repeat if not all the test performed before at least the more important, in
order to remove from results the losses introduced by the pressure pads.
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Appendix A: Power Loss Data Sheets
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311 Gear Power Loss High Oil — E2

FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref:: PL HO
Gear Ref.: 311

Oil ref.: E2

Date:

29-06-2009

Side: A Material: 20MnCr5+case hardned
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG il Env. Oil Env. Oil Env. Hours 12 24 36 48
K1 39.7 21.8] 62.4 22.4 101.3 22.3] d 0.1 0.1 0.1 0.1
K5 477 21.7] 729 22.9 116.1 227 DL 74 93 10.1 124
K7 50.2 20.7] 76.1 21.5) 119.7 22 DS 3.4 3.5 4.2 4.4
K3 57.1 19.9 86.9 20,9 139.5 21.7 CPUC 108.0 128.0 143.0 168.0
i ISUC 4320.0 7424.0 8437.0 13440.0
Tass 10Ss Imq]
running in+k9
pinion 5
DL ——DL —#—DS Ds
0500 rpm 81000 rpm m2000 rpm o o o 15 s
13 13
160 140 " + 1
140 9 19
140 M| 120 ! 17
120 —a——u
120 116 | 3 3
T 100 1 41
101 A -1
100 0 10 20 30 40 50
80 hours
80 1
60 suc R —— crue
57
60 15000 1800
13000 1800
0 40 11000 1400
=
7000
20 800
20 5000 .
20 2 3000 s
1000 200
0 0 -1000 1 1 00
K1 K5 K7 K9 o 2 a0
hours
Pinion surface roughness [am]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.29 0.38 1.77 276 04 0.83 0.60 923 849 125
Initial pinion radial 028 0.34 1.62 1.96 02 0.88 0.47 7.33 858 10.8
wheel radial 0.14 0.18 0.78 0.97 0.1 0.38 0.34 573 80.4 6.3
Final pinian radial 0.16 0.21 0.86 1.16 0.1 0.47 0.30 8.70 829 6.3
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FZG Gear Power Loss Test

Mactriea o Goned indural
TEST DATA SHEET
Test Ref: PL HO Oil ref.: E2
Gear Ref.: 311 Date: 29-06-2009
Side: A Material: 20MnCr5+case hardned Page 212
K1 K5
T oil 0.5K[C] T oil 1] T 0il 2K[T] T oil 0.5K[C] —T oil 1[TC] —T oil 24]
T env 0.5K[C] —T env 1k [T] —T env 2k[T] T env 0.5K[C] —Tenvik[T] T env 2K[C]
120 120
100 100
80 80
G &0 g &0 /———f
= /" =
40 - 40 —
20— 20 fe— —
0 o]
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T 0il 0.5K[T] — il 1T e T 01l 2] T oil 0.5KT] —Toll 1T —T 0l 2{T]
T env 05K — Tenvik[T] — ey 2K T env 0.5k[C] —T envik [C] —T e 2K[C]
140 160
120 140
100 120
100
80
E /-——_— g 80
= 0 = /
v 60
40 P — 40 — .
s
20 p — 20 —
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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411 Gear Power Loss High Oil — E2

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref.: PLHL Oil ref.: E2
Gear Ref: 411 Date:  29-06-2009
Side: A Material: 20MnCr5+case hardned
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Qil Env il Env Gl Env. Hours 12 24 E 48
1 45.1 22.2 69.1 23.5 114.3 24] d 0.1 0.1 0.1 0.1
K5 47 9 22 2] 723 227 117 6 227 DL 52 51 44 35
K7 51.8 23.2 77.4 24 124.5 25.1 DS 3 2.9 24 24
K9 58 23.6 85.8 244 133.3 25.1 CPUC 82.0 30.0 68.0 58.0
1ISUC 1804.0 1760.0 1360.0 £49.0
Mass loss [mg]
running in+k%
pinion 10
DL D D5 Ds
o500 rpm 21000 rpm m2000 rpm o o o 15 "
13 13
140 133 140 " 1"
125 g a
120 114 118 1 120 7 7
5 5
3 3
100 1 100 1 1
86 4l 1
0 10 200 30 40 50
80 72 1 80 hours
60 52 58 1 80 Isuc
48 15000
13000
40 1 40 11000
2000
— 7000
2 22 | 24 | 24 22 (23|23 23 | 24| 25 24 24|25 20 5000
3000
1000
0 0 -1000
K1 KS K7 K9 0 0 4
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Ve
wheel radial 0.24 0.30 1.45 1.93 0.2 0.75 0.44 8.20 86.6 9.9
Initial pinion radial 0.30 0.38 1.81 218 0.2 0.89 0.59 7.27 84.4 12.5
wheel radial 012 0.15 07 094 01 0.37 024 6.47 850 50
Final pinian radial 0.15 0.19 0.87 1.08 0.1 042 0.33 8.30 83.2 6.5
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FZG Gear Power Loss Test @ Inegl
i
TEST DATA SHEET
Test Ref. PL HL Oilref: E2
Gear Ref.: 411 Date: 29-06-2009
Side: A Material: 20MnCr5+case hardned Page 2/2
K1 K5
T oil 0.5K[C] =T oil 1k[T] T 0il 2k[T] T il 0.5K[TC] =T oil 1K[T] T 0il 2K[TC]
120 T env 0.5k[T] —T envik [T] —T eny 2k[T] 120 Tenv 0.5¢[T] —Tenvik [T] w—T env 2K[T]
100
a0
T 60 o
= =
40 . — = -
20 — : 20—
] 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T oll 0.56[C] —Tall KT — ol 2T T oil 0.5K[T] —T oil 1K[T] —T 0l 2K[T]
Tew05KT] ——Tewlk[C]  =m=T env 2KT] Tenw 0.5C]  ——Tenvik [T] —T env 26T
140 160
120 140
100 120
100
- 80
3 S a0
= 60 = /’——"
— — 60 —
0 40
20 [ = o —
0 1]
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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611 Gear Power Loss High Oil — E2
FZG Gear Power Loss Test @ lnegl

Instituto de Engenharia
Mecénica e Gestao Industrial

TEST DATA SHEET

CETRIB
Test Ref - PL HL Oilref.: E2 o e ¢
Gear Ref.: 611 Date:  14-04-2009
Side: A Material: 20MnCr5+case hardned Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Qil Env Ol Env Oil Env. Hours 12 24 36 48
K1 41.3 23.2 51.8 23.7 107.3 24.2 d 0.1 0.1 0.1 0.1
K5 45.7 23 §9.2 24.1 115.8 24.8 DL 24 6.2 47 3.1
K7 49.7 239 74.9 25.1 125.4 257 DS 1.3 5.4 3.9 29
K9 57.3 249 86.6 264 142 26.6 CPUC 370 116.0 86.0 60.0
. 1ISUC 407.0 928.0 588.0 120.0
TMass 105 mgl
running in+k%
pinion 3
DL —+—DL —8—DS Ds
0500 rpm 81000 rpm m2000 rpm [m} 15 115
13 13
160 140 1 1M1
142 ] 19
140 T 7 17
125 120 ; 1:
120 116 M - 3 3
107 MM 100 1 + 1
T -1 -1
100 0 10 20 30 40 50
80 hours
80 —
62 So Isuc e [SUC s CPUC cpuc
60 —_— 2000 180.0
— 1800 601
n= 40 1600 i
40 — 1400 120.0
= }égg 100.0
20 {2324 24 23|24 | 25 L &0 0
300 0
) 20
0 0 0 0o
K1 K5 K7 K9 0 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial Not done
Initial pinion radial Not done
wheel radial Not done
Final pinion radial Not done
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FZG Gear Power Loss Test @ Inegl
Vi « Gouoe v
TEST DATA SHEET
Test Ref.: PL HL Oil ref.: E2
Gear Ref.: 611 Date: 14-04-2009
Side: A Material: 20MnCr5+case hardned
K1 K5
T oil 0.5k[C] —T oil 1[C] T il 2k[C] T oil 0.5k[T] —— T oil 1K[T] —T gil 2k[T]
120 T env 0.5k[T] =T envik [T] T env 2k[T] 120 T env 0.5k[T] —Tenvik[T] T cnv 2k[T]
100 100
80 80
5 6 [ T 60 /-—-7
= / =
40 - - — - 40 - e
20— 20— =
0 0
0 5000 10000 15000 Q 5000 10000 15000
t[s] t[s]
K7 K9
T ol 0 5K[T] T oil 1T] —_—T ol 24T T oil 0.5K[T] T oil 1T] —T oil ZK[T]
Tenv 0.5KT] T envik [C] —T eny 2KT] Tenv03SKT]  =—Tenvik[T] =T env 2KT]
140 160
120 140
100 120
100
80
g | _— g w
a0 £ /’-"
/ _ @0
40 - a0 |
20— - "* 20
0 0
a 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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311 Gear Power Loss High Oil — P1

FZG Gear Power Loss Test @ Inegl
TEST DATA SHEET ca e Gesida Indusirial
CETRIB
Test Ref.: PLHL Oil ref.: P1 i
Gear Ref.: 311 Date:  13-03-2009
Side: A Material: 20MnCr5+case hardned Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env. Oil Env il Env. Hours 12 24 36 48
K1 44 9 19.9 69.1 20.1 105.5 21.4 d 0.1 01 0.1 0.1
K5 49.8 19.3) 75.4 20.5) 114.3 22.4 DL 39.1 36.2 218 26.8
K7 553 ZOB-I 82 21.7) 123.5 23.4 DS 166 18.1 139 14.9
K9 61.4 21.3] 91.1 223 1427 23.8 CPUC 557.0 543.0 357.0 417.0
|SUC 125325.0 | 958283.0 28203.0 49623.0
1 —
ﬂﬂSS 0SS mgl
running in+ks
pinion 5
DL —+—0OL —8—0S DS
0500 rpm 51000 rpm m2000 rpm [m} 45 4 20
40 13
160 140 35 1‘51
14 2 i
140 120 20 »
124 15 :
120 114 I — 10 4
106 T 100 5 2
100 ’ °
80 0 10 20 30 40 50 e
80 S
61 Bo Isuc e [SUC ==t CPUC CPUC
60 130000 e000
40 110000 5000
40 90000 w00
1L 70000 om0
— 20 50000 -
2 20 | 20 | 21 21 2 20000 2000
10000 1000
0 0 -1o000 [ 1 00
K1 K5 K7 K9 0 m 20 30 40 50
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.23 0.30 1.50 21 0.24 0.7 0.51 89 87.67 10.7
Initial pinion radial 0.25 0.32 1.53 1.8 0.24 0.78 0.42 8.8 86.93 9.8
wheel radial 0.18 0.23 1.21 1.8 0.16 0.52 0.38 8.5 85.40 7.8
Final pinion radial 0.23 0.31 147 23 0.12 0.70 0.47 58 84.73 9.8
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FZG Gear Power Loss Test @ Inegl
e o Govas vl
TEST DATA SHEET
CETRIB
Test Ref - PL HL Oil ref.: P1 S e
Gear Ref.: 311 Date: 13-03-2009
Side: A Material: 20MnCr5+case hardned Page 2/2
K1 K5
T oil 0.5k[C] —T ail 1k[T] T oil 2k[T] T oil 0.5k[T] =T oil 1k[T] T oil 2k[T]
120 T env 0.5k[T] =T envik [T] T env 2k[T] 120 T env 0.5K[C] =T envik[T] T env 2k[T]
100 100
80 80
g 60 /’k g &0 /‘f
[= =
40 — 40
-
20 20 ——
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] tls]
K7 K9
T oil 0.5 —T il KT — ol 2K T oil 0.5K[T] —Toil 1K[T] T 0l 2K[T]
Tew 05KT] =———Tenvik[C]  ====T env2K[T] Tenv05KT]  ——Tenv1k[T] =Tenv 2K[T]
140 160
120 140
100 120
100
80
g /’7 g a0
F 50 ’ =
e 60 e
40 0
20 20
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] tls]
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411 Gear Power Loss High Oil - P1

FZG Gear Power Loss Test
TEST DATA SHEET
CETRIB
Test Ref.: PL HO Oil ref.: P1 [r—
Gear Ref.: 411 Date:  26-04-2009
Side: A Material: 20MnCr5+case hardned Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG il Env. Oil Env. Oil Env. Hours 12 24 36 48
K1 42.7 21.9) 64.6 22.9 99.9 23.4 d 0.1 0.1 0.1 0.1
K5 49.6 23 73.5 24.2 110.9 25.4 DL 8.6 17 16 175
K7 53.1 24 77.2 25.1 114.9 26.3] DS 5.7 6.7 6.3 5
K& G7.5 24.8] 100 262] 1446 27.9 CPUC 143.0 237.0 223.0 225.0
s
1ISUC 4147.0 | 244110 | 216310 28125.0
Mass l0ss mgI
running in+k9
pinion 5
DL —+—DL —8—DS DS
0500 rpm 51000 rpm m2000 rpm [m} 30 20
18
160 140 5 10
111_5_ 20 I
140 120 15 10
115 1 2
120 1
11 100 5 g
100 100 100 0 o
80 0 10 20 30 40 0 e
80 —
Ea EU 1suc —— |SUC e CPUC cPUC
60 60000 s000
C Y 3500
40 40 50000 w000
40000 2500
30000 2000
20 23 25 | 26 28 20 20000 &« 150.0
100.0
10000 00
0 0 0 0.0
K1 K5 K7 K9 0 20
hours
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.20 0.26 127 1.6 0.20 0.66 0.31 6.7 87.80 7.6
Initial pinion radial 0.21 0.26 1.30 1.8 0.20 0.66 0.37 8.1 88.40 8.4
wheel radial 0.18 0.23 1.12 13 0.12 0.58 0.34 7.2 87.00 76
Final pinion radial 0.19 024 128 16 0.12 0.56 0.38 6.8 8523 80
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FZG Gear Power Loss Test

TEST DATA SHEET

@ neg

Institute de Engenharia

Mecénica e Gestae Industrial

CETRIB
Test Ref.: PL HO Oil ref.: P1 g
Gear Ref.: 411 Date: 29-04-2009
Side: A Material: 20MnCr5+case hardned Page 2/2
K1 K5
T oil 0 BK[T] —T oil 1K[T] —T oil 2] T 0il 0.5K[C] —Toil K[T] w—T oil 2K[C]
1op T env 05KT] Tenvik [T] —T env 2k[C 120 Tenv05KT]  ——Tenvik[T] —T env 2T
100 100
80 80
g 80 /”7 g 60 /——"
(= =
40 o - - 40 e '
20 [— o (——
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T oil 0.5K[T] T il 1K[T] T il 2K[T] Toil 0.5K[T] —Toil1KT] =Tl 2K[T]
Tenv 05K[T] Tenvk[C] =T env 2KT] Tenv05KT]  ——Tenvik[T] =T env 2K[T]
140 160
120 140
100 120
100
80
g _— S 80
= =
50
( B ~ 60 _
40 B 40 |-
20 — 20
0 0
a 5000 10000 15000 0 5000 10000 15000
t [s] tIs]
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611 Gear Power Loss High Oil - P1

FZG Gear Power Loss Test @ lnegl

Instituto de Engenharia
Mecénica e Gestao Industrial

TEST DATA SHEET

CETRIB
Test Ref:: PL HO Oilref.: P1 rmn vstes s
Gear Ref.: 611 Date:  13-03-2009
Side: A Material: 20MnCr5+case hardned Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env. Oil Env Oil Env. Hours 12 24 36 45
K1 36.3 204 53.8 20.6 87.6 21.8] d 0.1 0.1 0.1 0.1
K5 43.6 19.6] G4.3 20 102.1 20.6] DL 8.6 17 16 17.5
K7 48.3 19.9 69.3 19.7 106.5 20.6 DS 57 6.7 6.3 5
K9 51.4 21.1 755 22.4 114.9 23.1 CPUC 1430 237.0 2230 2250
ISUC 4147.0 24411.0 21631.0 281250

TTass 10ss [mg)

running in+k%
pinion 11
DL ——DL —8—08 DS
0500 rpm 51000 rpm m2000 rpm [m} 30 20
18
140 140 = 16
20 14
12
120 15| 120 1= I
102 107 I 10 §
100 i 1 100 5 3
88 0 0
80 76 1 80 0 10 20 30 40 e
GD 51 - 60 Isuc g |SUC s CPUC cPuC
60000 400.0
40 1 40 50000 J:E
40000 2500
30000 200.0
20 g + 20 ./ 5
20 | 21 | 22 20| 20 | 21 21 = 20000 oo
10000 00
0 0 0 0o
K1 K6 K7 K9 0 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial Not done
Initial pinion radial Not done
wheel radial Not done
Final pinion radial Not done
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FZG Gear Power Loss Test @ Inegl
et o Gesi e
TEST DATA SHEET
CETRIB e
Test Ref: PL HO Oil ref.: P1 Tt v 5 j
Gear Ref.: 611 Date: 13-03-2000 -
Side: A Material: 20MnCr5+case hardned Page 212
K1 K5
T oil 0. 5K[T] —Toail 1T —T il 2k[T] T oil 0.5k[T] ——T ail 1K[T] —T oil 26[C]
120 T env 0.5K[T] —T envik [T] w—T env 2K[T] 120 T env 0.5K[C] =T envik [T] w—T eny 2k[T]
100 100
80 80
g 60 g &0 /..—-———
= =
10 /, ] N B B B
20 i — 20
0 a
0 5000 10000 15000 Q 5000 10000 15000
t[s] t[s]
K7 K9
T oil 0.5K[C] T oil 1K[T] =T ail 2[T] Toil 0.5KT] —Toil 1k[T] =T il Zk[T]
T env 0.5([T] Tenvik[C] =T env 2KT] Tenv08KT]  ——Temwik[T] =T env 2K[T]
120 120
100 100
80 80
E a0 /’—’— g 60 /—_'—7
= =
40 40
20 20 : T
0 a
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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312 Power Loss High Oil — E2

FZG Gear Power Loss Test @ Inegl
i
TEST DATA SHEET !
CETRIB
Test Ref.. PL-C14 Oil ref.: E2 e @
L
Gear Ref.: 312 Date: 20-11-2009
Side: A Material: ADI Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env. Oil Env. [oil Env. Hours 12 24 36 48
K1 40.9 232 63.8 243 104.6 26.1 d 0.1 01 0.1 01
K5 49.1 23.8 756 253 1289 273 DL 8.6 23 282 428
K7 579 24 4 90.3 26.1 151.7 28.5 DS 39 8.2 8.8 129
K9 70.3 242 104.5 257 166.6 28.1 CPUC 125.0 312.0 370.0 557.0
Isuc 5875.0 46176.0 71780.0 | 166543.0
Mass [oss [mg PLP [%] 3.8 4.7 52 54
running in+k6
pinion
0500 rpm 21000 rpm 02000 rpm o o o
100 50
90 45
180 140 80 40
167 70 35
160 152 - « b
T 1 120 b ol 3
140 - 30 15
129 20 - 10
10 4 5
120 105 0 T T T T t
0 10 20 0 40 50
100 ours
a0 76 sue — e —x e
500000 8000
60 49 450000 P e
400000 — 5000
— 350000 o7 2000
40 1 — 300000 "
Mk 2 =
20 24|28 150000 v 2000
Iggggg T 1000
0 T T T 0 0 00
K1 K5 K7 K9 0 20 40
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.76 0.96 4.29 5.07 0.7 247 1.06 922 88.0 266
Initial pinion radial 0.81 1.01 4.59 5.60 0.7 2.57 1.31 6.83 87.0 299
wheel radial 0.54 0.79 3.19 585 05 1.37 1.46 8.70 822 266
Final pinion radial 0.43 0.59 297 4.03 0.4 1.21 1.17 8.10 853 223
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FZG Gear Micropitting Test

@ neg:

TEST DATA SHEET
CETRIB
Test Ref.: PL-C14 Qil ref.: E2 o v i
e
Gear Ref.: 312 Date: 20-11-2009
Side: A Material: ADI Page 2/2
K1 K5
T oil 0.56[°C] —T ail 1[*C] —T 0l 2[°C] —— T oil 0.5K[*C) e T il TK[C] — 0il 2K[°C]
490 T env 05K —T envik [C] w—T ey 2K[°C) 140 T env 0.5K[°C] —Tenvik [°C] —T onv 2K[°C]
____—___-__
100 120 /
/ 100
80
/ 60
i /' L)
a0 _ - i~ I
- 40—
é S ——
20 o1
0 T T 0 T T
0 5000 10000 15000 5000 10000 15000
t[s] t[s]
K7 K9
T ol 0.5K¢C] T ail 1KFC] T ol 24¢C) —— Toil 0.5K[°C] —T ol 1KFC] —T 0il 2K[*C]
T env 0.5kFC] Tenvik [°C] T env 2K°C] ’ —— T env 0.5k[°C] T envik [°C] T env 2k[°C]
160 180
— 160 p——————
140
- / o //
100 / 120 7
—_ r e — _. 100
O, 80 2 /
= F 80
60 e —
- 60 T
40 = 40 {—=—
20 — o | ——
0 T T 0 T T
0 5000 10000 15000 0 5000 10000 15000
tis] t[s]
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412 Power Loss High Oil — E2

FZG Gear Power Loss Test @ Inegl
de Engenharia
TEST DATA SHEET s Covend
CETRIB
Test Ref.. PL HO Oilref.: E2 e
Gear Ref.: 412 Date:  02-05-2010
Side: B Material: ADI Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env B Env Oil Env Hours 12 24 36 48
K1 48 8| 27.2] 74 28.2 123.3 29.8 d 0.1 0.1 0.1 01
K5 48 8| 27 5] 734 28.5 124.9 30.4 DL 15.6 122 155 235
K7 52.5] 27 §| 784 29.3 135.6 32 DS 4.6 5.6 5] 7.8
K9 650.4 20.1] 89.1 30.4 155.5 33.4 CPUC 202.0 178.0 215.0 313.0
) ISUC 22220.0 11748.0 20425.0 49141.0
Mass loss (mg)
running in+k6
pinion 24
DL —DL ——D5 DS
o500 rpm 81000 rpm 02000 rpm (=] o o
30 20
18
180 140 % 16
20 14
12
160 158 120 15 10
8
140 28 136 10 ._,_,..——I/. :
123 5 100 5 2
120 0 0
100 | a0 0 10 20 30 40 W s
80 60 suc [ —— crue
60 &3 60 60000
40 50000
- 40000
40 | a3
30 30 29 30000
28 20
20 20000 ;
10000 50
0 0 0 0.0
K1 K5 K7 K9 20
hours
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.33 043 242 3.98 0.5 1.08 053 963 88.5 12.9
Initial pinion radial 0.52 0.62 3.07 4.08 0.6 1.63 0.78 10.15 a7.6 18.3
wheel radial 0.73 1.28 6.57 11.08 0.6 1.50 3.07 8.23 835 514
Final pinion radial 0.60 1.05 517 10.65 0.5 1.28 233 9.28 843 403
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FZG Gear Power Loss Test

o o Goss v
TEST DATA SHEET
Test Ref: PL HO Oil ref.: E2
Gear Ref.: 412 Date: 02-05-2010
Side: B Material: ADI Page 2/2
K1 K5
T oll 0.5KT] —T 0l KT e T 01l 2K[T] ——Tail 05K[T] Toil 1KT] T il 2K[C]
140 T env 0.5K[C] Tenvik[T) —T v 2K[C] 140 T env 0.5k —T envik ] —T eV 26[T]
120 120 /
100 100 /
80 80
=) 8
40 - - 40 - N
20 | 20
0 T 0 T
a 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T ol 0 KT - p— T il 0.5K[T] —T ol KT —T 0l 2K[T]
Tenv0SKT]  =——Tenvik[C] —T env 2K[T] . Tenv0.5KT] Tenvik[e] T e 2T
160 180
140 160
120 140
120
100
—_ - — 100 =
Q. 80 %)
F K_——i F 80 /—/
80 - o .
40 - - 40
20 — o . 20 =
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

612 Power Loss High Oil — E2

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref.: PL-C14 Oil ref.: E2 s et
Gear Ref: 612 g Date:  27-11-2009
Side: A Material: ADI Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env ol Env oil Env Hours 12 24 36 48
K1 38.6 23.5) 56.1 24.1 95.6 25.7 d 0.1 0.1 0.1 0.1
K5 40.7 22.4 59.8 23.21 100 25 DL 6 1.3 211 39.7
K7 443 23] 64.7 24 107.7 257 DS 2.2 5.1 97 18.9
K9 48.1 22.9] 70.8 24 1157 25.9 CPUC 820 164.0 308.0 586.0
Isuc 3116.0 10168.0 35112.0 | 121888.0
Mace 1058 1Ma] PLP [%] 4.6 3.8 37 3.5
running in+k6
pinion
DL ——DL ——D5 DS
o500 rpm 81000 rpm 02000 rpm o o o
50 50
45 45
140 140 40 #1 40
35 35
30 30
120 16 | q20 5 2
20 20
100 103_ 15 15
10 10
100 96 . 1 100 5 5
0 ]
20 1 g0 0 10 20 30 40 9 s
60 1 60 sue 8 (SUC b CBUC crue
44 48 500000 o
450000 R
40 + 40 400000
350000 o
g
20 26 T 20 200000 °
24 (24 2 23 23 150000 o
1
0 0 0
K1 K5 K7 K9 0 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial not made
Initial pinion radial not made
wheel radial not made
Final pinion radial not made
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test

TEST DATA SHEET

@ mnegi

sto de Engenharia
ca & Gestdio Industrial

CETRIB
Test Ref: PL-C14 Oil ref.: E2 Ty viins
Gear Ref.: 612 g Date: 27-11-2009
Side: A Material: ADI Page 2/2
K1 K5
T 0l 0.5K[] —T ol [T —T il 2K[T] —— Toil 0.5KC] ——T il 1K) —T il 24[C]
T env 0.5KT] Tenvik[T] —T ey KT T env 0.5K[T] —Tenvik[T] —T v 2K[T]
120 120
100 100
80 80
T &0 o 80
) i /-—"—f
10 /’- - 40 — _
20 T a0 —
0 T 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T il 0.5K[T] T oil 1T] —T 0il 2] Tal 05T Tal KT =Tl 2T
T ey 0 5K T eIk [T T env 24 . Tenv 0.54C) —Tenvik[T] —T eny 26T
120 140
100 — 120
100
80
80
g 60 o)
e—
= /,—-——— F o —
40 - — — = _
40 —
20 — 20
0 T 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

312 Power Loss High Oil — P1

FZG Gear Power Loss Test @ Inegl
TEST DATA SHEET .G
CETRIB
Test Ref.: PL HO Oil ref.: P1 T Vet
Gear Ref.: 312 Date:  08-04-2010
Side: A Material: ADI Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env Ol Env Oil Env Hours 12 24 36 48
K1 49.6 225 77.8 23.9 121.7 25.6 d 1 1 1 1
K5 52.5 23] 79.9 23.8 125.4 25.6 DL 50.8 49.4 59.1 94.4
K7 53.9 222 84.4 233 131.2 254 DS 14.7 17.2 16.7 30.8
KG 66.3 22.6 104.6 24.2 168.2 274 CPUC 655 66.6 75.8 125.2
1ISUC 2364.6 2144.5 3213.9 7962.7
—
ﬂﬁSS 0SS mg|
running in+k6
pinion
DL —— DL ——D5 Ds

0500 rpm 21000 rpm m2000 rpm o u] n}

%0 / 35
180 58 140 s Al

60 25
160 120 50 20
40 15
140 131 0 10
122 125 100 ?3 5
120 105 0 a
100 1 a0 0 10 20 30 40 Ds
a0 78 80 ad e e ——-
66 60
10000
60 50 53 54 5000 »
© oo
40 EHES 80.0
— — 1 27 100
20 23 |24 | 26 23 | 24| 26 22 | 23| 25 23 | 24 20 g0
2000 |
0 0 0 00
K1 K5 K7 Ko 0 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.33 0.43 2.15 325 0.3 0.97 078 8.88 84.1 15.6
Initial pinion radial 023 0.30 157 228 04 075 030 1098 902 749
wheel radial 0.17 0.28 1.72 295 0.5 0.48 043 10.97 83.5 8.2
Final pinion radial 0.53 0.83 442 7.03 0.5 1.15 1.77 7.97 79.5 30.2
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test @ Inegl
Wbt o Gend ol
TEST DATA SHEET
TestRef.: PL HO Oilref.: P1
Gear Ref.: 312 Date: 08-04-2010
Side: A Material: ADI Page 2/2
K1 K5
T ol 0.5K[C] T ol 1k[C] —T 0il 2K[C] —— Toil 0.5K[T] —Toil 1KT] T il 2K[C]
140 T env 0.5k[T] Tenvik[T] —T env 2K[T] 140 T env 0.5k[T] =T envik[T] T cnv 2k[TC]
120 120 /
100 100 /
80 80
o g
= 6o = 60
40 | - T —
20 1= — 20
0 T 0 T
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
Tol 05K T ol 1] T ol 2] T oil 0.5K[C] —Toail 1K[€] =T oil 2K[*]
Tenv 0.5KT) T envik [C] —T eny 2K[T] . T env 0.5KT] Tenvik[T] T env 2T
140 180
) e ——
120 160
140
100
120
. 80 — 100
o, 9,
) - 60 — S — .
40 S
40 4
1] 0
o] 5000 10000 15000 0 5000 10000 15000
t[s] t[s]

144



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

412 Power Loss High Oil — P1

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref.: PLHO Oil ref.: P1
Gear Ref: 412 Date:  26-05-2010
Side: A Material: ADI
Stahilisation temperature [*C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG il Env il Env. [] Env. Hours 12 24 36 45
K1 53.7) 27.1 779 26.4 119.7) Xl | d 0.1 0.1 0.1 0.1
K& 56.2 28.6 81.6] 29.9 126.4 32.3) DL 29.9 278 459 60.7
K7 52.8 28.7 89.9) 29.8 139.5) 32.7) DS 8.2 9.7 11 12.8
KG 73.7 29.2 105.3] 30.4 166.4] 32.7] CPUC 3681.0 3750 569.0 7350
ISUC 82677.0 57875.0 198581.0 | 352065.0
U|ass 0SS |mg
running in+k&
pinion
DL —— D5 Ds
0500 rpm 51000 rpm m2000 rpm o o o 100 ! %0
90 a5
180 140 &0
166 7 2
60 =
160 120 50 20
140 b 15
140 126 0 e
120 100 10 3
120 0 0
1} 10 20 30 40 50
100 80 Tours
8'] ?8 80 1sUC e [SUC —p— CPUC CcPUC
400000
60 o4 40 350000
300000
40 250000
31 200000
20 27 | 28 20 150000
100000
50000
0 0 0
K1 K5 K7 K9 0 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 033 043 242 398 05 1.08 053 963 885 12.9
Initial pinion radial 052 0.62 307 408 0.6 1.63 0.78 10.15 876 18.3
wheel radial 0.53 0.82 470 7.87 0.4 1.28 1.62 737 824 288
Final pinion radial 0.57 0.92 497 8.80 04 1.18 1.98 7.88 81.7 344
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref.: PL HO Oil ref.: P1
Gear Ref.: 412 Date: 26-05-2010
Side: A Material: ADI Page 2/2
K1 K5
T il 0.5K[C] —Tail 1KT] e T 0l 2K[C] —— T il 05K[T] —Toil 1KT] T il 2[C]
140 T env 0.5K[C] —Tenvik[T] T env 2K[C] 140 T env 0.5K[TC] =T envik[T] —T env 2K[T]
120 120 /
100 100 /
80 80
g g
= 60 = 60 - —
40 |- - 40
20 |- 20
0 T 0
0 5000 10000 15000 0 5000 10000 15000
t[s] ts]
K7 K9
T 0l 0.5KT] —T 0l KT — gl 2T T ol 0.54T] —ToalKT] T ol 2H[T]
Tenv 05K T envik [€] T env 24T . T env 0.5k —Tenvik[T] —T env 2KT]
160 180
140 160
120 140
120
100
—_ — 100
Bw| _—— gl
= = a0
60 — T 60 ——
40 40
20 - 20
0 T 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

612 Power Loss High Oil — P1

FZG Gear Power Loss Test
TEST DATA SHEET
CETRIB
Test Ref: PL-C14 Oil ref.: P1 g, Ve
Gear Ref.: 612 Date:  10-12-2009
Side: A Material: ADI Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm | 2000 rpm k1 k5 k7 k9
KFZG Oil Env. il Env. Oil Env. Hours 12 24 K 48
K1 44.1 22 8| 64.7 23.6 104.6 25 d 0.1 0.1 0.1 0.1
K5 45 6| 22 61.9 22.7 100.8 24.1 DL 56 11.3 126 332
K7 45.81 21 ?:I 67.1 22.3 107.4 24.1 DS 2.7 4.7 5.6 9.2
K9 49] 21 7] 72.9 22.7 117.2 248 CPUC 830 160.0 182.0 4240
i ISUC 2407.0 10560.0 12740.0 [ 101760.0
WESS 0SS mgl
running in+k6
pinion
DL ——DL ——DS DS
o500 rpm 81000 rpm 02000 rpm o o o
40 120
5 18
140 140 16
0 14
2% 12
120 = N7 | 429 fg o
108 101 T 10 :
100 1 100 5 M
0 0
0 10 20 30 40
80 73 + 80 Wurs
67
65 62
60 1 60 suc —a—isuc —e—couc -
49
44 46 46 150000 0.0
130000 o
40 140 110000 o
= 90000 .
 — 70000
20 23 |24 | 25 22 | 23 | 24 21 | 22 | 24 22|25 12 50000 :
30000 o
10000 3
0 0 -10000
K1 K5 K7 K9 0
Pinion surface roughness [um]
direction  position Ra Rg Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial
Initial pinion radial
wheel radial
Final pinion radial
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Micropitting Test

TEST DATA SHEET
Test Ref.: PL-C14 Oil ref.: P1
Gear Ref.: 612 Date: 10-12-2009
Side: A Material: ADI Page 2/2
K1 K5
T oil 0.5KC] Toil 1K[T] T 0l 2K[T] —T ol 1KT] — oil 2K[T]
120 T env 0.5k[T] w—T env 1k [T] —T ey 2K[T] 120 T envik [T] T env 2K[T]
100 100
80 80
g * /-"‘—' g G0
= = /—-’
40 _ 40 i - - -
20 [ 20
0 T 0 T
a 5000 10000 15000 5000 10000 15000
t[s] t[s]
K7 K9
T 0l 05K —T 0l K] —T 0l 2K T Ol KT —Tol2KT]
T env 05KT] Tenvik [T] T env 2T ) T env 0.5k[C] —Tenvik[T] T env 2K[T]
120 140
100 | 120
100
80
80
S 60 o
= = /-'-__'_—
- L
40 - _— B -
40
20 - 20
0 T 0
0 5000 10000 15000 5000 10000 15000
ts] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

311 Power Loss Low Oil - P1

FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref: PL LO Oil ref.: P1
Gear Ref.: 311 Date:  15-04-2010
Side: B Material: 20MnCr5 + Case Hardened

CETRIB x

oy, Yaeogtes s
e e

Page 1/2

Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG oil Env. Gl Env. Oil Env. Hours 12 24 36 48
K1 51 23.1 68.4 24.2) 89.3 25.4) d 1 1 1 1
K5 55.2] 237 74 24.9 102.5 26.1 DL 32 44 339 348
K7 59.2] 238 79.6 25.3 110.2 26.5) DS 17 18.4 223 19
K3 66 24.5 90.1 25.7| 122.7 27 .4 CPUC 49.3 62.6 56.2 53.8
) ISUC 754.3 1615.1 651.9 850.0
Mass loss [mg)]
running in+k6
pinion 3
DL —DL D5 DS
0500 rpm 821000 rpm m2000 rpm a o O 100 m
90 35
140 140 80
70 30
123 60 25
e 50 20
120 110 120 2 7<_\_= 15
E— 30
100 e 100 b ;O
10
89 90 0 0
80 )
80 74 30 0 10 20 30 40 W e
68 86
60 - 55 59 | suc [—— ——coic
3000
40 40 2500 /\0‘.
2000
— — 1 1500
20 23 | 24 | 25 24| 25| 26 24| 25| 27 20 1000
500
0 0 0
K1 K5 K7 K9 20
hours
Pinion surface roughness [um]
direction  position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.12 0.13 0.65 0.95 0.1 035 0.20 7.07 824 43
Initial pinion radial 0.10 0.10 0.53 0.92 0.1 0.20 0.15 9.88 879 28
wheel radial 0.20 0.23 1.10 1.40 0.1 0.58 0.40 4387 827 84
Final pinion radial 0.18 0.23 1.07 1.38 0.1 0.55 043 6.70 843 87
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref.: PL LO Oilref.: P1
Gear Ref.: 311 Date: 15-04-2010
Side: B Material: ADI Page 2/2
K1 K5
T oil D.5K[C] —Toil 1KT] T 0il 2K[C] ——Toil 0.5KT] ——T oil 1T] T 0il 2K[T]
140 T env 0.5k[T] —T ek [T] —T 0y 2k[T] 120 Tenv 0.5k[C] —T envik [T] T eny 2k[TC]
120 100
100
80
80 /”
o) g 60
L /’f = —
i " - 40
40 —
20 — — 20 =
0 0
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
T ol 0.5K7C] T ol K] T o 24 T oil 0.5k[C] T ail 1K[T] T il 2K[T]
T env 0.5k[T] e T 2NV 1K [T] w—T v 2k[TC]
120 Terw05KT]  =——Tenvik[C] —T ey 2K[T] 140
100 — 120
/ 100
80
/,— 80
g 60 S oy
= - - F 60 — _
40 T
s 40
- - — e —— _——
20 20 —
0 0
0 5000 10000 15000 0 5000 10000 15000
tls] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

411 Power Loss Low Qil — P1

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref.: PL LO Oil ref.: P1
Gear Ref.: 411 Date:  29-04-2010
Side: B Material: 20MnCr5 + Case Hardened
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG il Env. Ol Env il Env. Hours 12 24 36 48
K1 49.9 25.5 G7.4 25.8 87.5 27.5 d 1 1 1 1
K5 52.4 26.1 709 275 99.2 28.2 DL 36.6 426 315 30.6
K7 56.8 27.3 76.1 28.3 105.2 20.7 DS 19.9 15.6 15.8 144
K9 62.3 25.4 85.7 25.9 117 28.3 CPUC 56.5 582 473 450
ISUC 943.6 1571.4 742.6 729.0
Mass loss [my]
running in+k8
pinion 5
DL DL —8DS DS
o500 rpm 821000 rpm m2000 rpm o =] u] 100 40
90 a5
140 140 80
70 30
50 25
117 50 20
120 NE 1 420 b :> & z "
105 30
99 bt 10
100 . + 100 10 5
88 86 0 0
80 7 76 1 80 L T
67
62 -
60 57 L1 60 \suc —a— 5 —e—coluC crue
50 2
3000
40 1 40 2500
2000 N
7 — 1500
20— 26 | 26 | 28 26 | 28 | 28 27 |28 | 30 25|26 | 28 1 20 wzm ./.\._.
500 10.0
0 0 a 0o
K1 K& K7 K9 0 20
hours
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.22 028 1.37 1.82 02 0.67 048 8.07 855 9.7
Initial pinion radial 0.10 0.15 0.70 1.07 02 032 0.17 9.98 86.2 41
wheel radial 0.17 023 1.10 1.53 0.1 0.47 0.45 65.45 832 85
Final pinion radial 0.18 023 110 137 0.1 055 0.35 847 833 7.1
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test

TEST DATA SHEET

@ mneg:

de Engenhoria
¢ Gestao Industrial

CETRIB
Test Ref.: PLLO Oilref.: P1 g
Gear Ref.: 411 Date: 29-04-2010
Side: B Material: ADI Page 2/2
K1 K5
T ol 0.5K[C] —Toil 1KT] T il 2K[T] —— T ail 0.5KT] T oil 1] T il 2]
140 T env 0.5K[T] Tenvik[T] —T ey 2K[C] 120 T env 0.5K[C] —Tenvik[T] T eV 2]
120 100
100
a0
80
5 5 60 /,"
E - [=
40
./’
20 -
. 0 .
0 5000 10000 15000 5000 10000 15000
tls] tls]
K7 K9
Toll 05T —Tol 1KT] —T 0ll 2K[T] 1 ol 005';[;%] _I of 1:‘5&]0] _I ol ZZ[IE:]
env 0. —T NV —T CNV
120 T env 0.5k[C] Tenvik [C] T env 2k[T] 140
100 e 120
100
80
80
2 60 o
= — = 60 — _ _ _
40 -
I 40
—
20 20 F =
0 T 0
0 5000 10000 15000 5000 10000 15000
t[s] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

611 Power Loss Low Oil — P1

FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref.: PL LO Oil ref.: P1
Gear Ref.: 611 Date:  19-05-2010
Side: B Material: 20MnCr5 + Case Hardened Page 1/2
Stabilisation temperature [°C] Qil analysis - Ferrometry
500 rpm 1000 rpm 2000 rpm k1 k5 k7 k9
KFZG Oil Env. Oil Env il Env Hours 12 24 36 48
K1 47.1 24.5 63.2 25.1 84.2 75.6] d 1 1 1 1
K5 51 24.3 67.2 25 93.9 25.9 DL 62.7 83.5 7386 63.9
K7 53.7] 24 4 734 261 100.5 27.8] DS 204 335 298 33
K9 59 5] 26.6 81.7 28] 111.4 29.5) CPUC 921 117.0 103.4 96.9
ISUC 3066.9 5850.0 4528.9 2004 .2
Mass loss [mg]
running in+k6
pinion 2
DL ——DL —8—D5 Ds
o500 rpm 21000 rpm m2000 rpm o o u] 100 40
50 S
80
120 T 140 e 27'\-<: p
60 25
101 50 20
100 94 . 120 20 15
- 30 10
84 20
82 100 10 5
80 73 0 0
63 67 80 0 10 20 30 40 %Guws
60
60 51 54 S —
47 1 60 sue —m—SUC —e—calC crue
10000
40 S000
40 8000 ‘/‘\’\.
7000
- B
500!
2 25 | 25 | 26 24 | 25 | 26 24 | 26 | 28 27| 28|30 [ 50 000 /\-\.
2000
0 0 1000 -
K1 K5 K7 K9 1] 20
hours
Pinion surface roughness [um]
direction position Ra Rq Rz Rmax Rpk Rk Rvk Mr1 Mr2 Vo
wheel radial 0.18 0.22 1.05 1.28 0.1 053 0.33 6.73 838 6.9
Initial pinion radial 0.28 037 170 220 03 0.85 052 6.83 823 104
wheel radial 0.22 0.27 1.40 1.75 0.2 073 0.37 712 88.0 8.6
Final pinion radial 0.28 0.30 1.68 1.88 0.2 0.73 0.53 6.32 82.6 10.2
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test

ute de Engenharia
ica & Gestao Industrial
TEST DATA SHEET
CETRIB
TestRef: PLLO Qil ref.: P1 T s
Gear Ref.: 611 Date: 19-05-2010
Side: B Material: ADI Page 2/2
K1 K5
T ol 0.5K[C] —Toil K] —T 0l 2K[T] —— T oil 0.5K[T] —Toil KT T 0l 2H[C]
140 T env 0.5K[T] Tenvik[T] —T ey K] 100 T env 0.5K[T] —Tenvik[T] — T v 2K[T]
90
120
80
100 70 =
w0 60 /_—-f
o o 50 - —
E = —— -
&0 40
40 - - 30 | =
) — —
20
20
10
0 T 0
Q 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
K7 K9
P Tl 1K) T ol 20T Toll 0.5kt T ol 1K) — 0l 2K[C]
T env 0.5KT] Tenvik [T —T eny 2KT] . Tenv0.5KT] Tenvik[T] T env2KT]
120 120
100 ! 100
[= - = P -
40 40 |~
— =
20 20
0 T 0
0 5000 10000 15000 0 5000 10000 15000
tls] t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

311 Churning Loss high and Low Oil — E2

FZG Gear Power Loss Test
TEST DATA SHEET
CETRIB
Test Ref.: CL HO Qil ref: E2 et rheciess
Gear Ref.: 311 Date:  19-03-2010
Side: B Material: 20MnCr5 + Case Hardened Page 1/2
Stabilisation temperature [°C]
High Oil Low Oil
KFZG il Env. Ol Env on Analysis - Ferrometry
500 47.4 231 44.8 22.8 High Ol Low Oil
750 61 23.7] 54.3 23.6 Hours 36 36
1000 722 23.9 56.1 23.7 d 1 1
1250 827 241 63.5 247 DL 17.8 30
1500 94 251 67.5 23.8 DS 74 10
1750 104.3 25 4] 71.3 247 CPUC 252 40.0
1000] 115.2 24 §I 74 5] 247 1ISUC 2621 800.0
2250, 127.2 250 78.9 23.8
25GUI 145 253.3] 88.1 24 f.-.
DL ——DL —.—DS 1suc —8—ISUC ~ —#—CPUC
b 1000 450
90 i
a0 900 00
: . L—
60 600 )le
50 s0 | * 0
40 400 200
30 * 300 +—m 10
ol E
13 u : B 0 00
High Qil Low Ol houre High Qil Low Qil hours
OHigh Oil BLow Qil OEnv. OEnv.
160 140
145
140 127 120
= 120 118
104 ] 100
100 94 1
83 ] 8 a0
80
64 60
60
40
40
20 24|25 2504 20
0 T 0
500 750 1000 1250
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

FZG Gear Power Loss Test @ I“egl
necini + Goni v
TEST DATA SHEET
CETRIB
Test Ref: CL HO Oil ref.: E2 e, e
Gear Ref: 311 Date: 19-03-2010
Side: B Material: ADI Page 2/2
500 - 750 - 1000 1250 - 1500 - 1750
T oil 0.5K[T] T oil 1K[T] T ol 2K[C] ——Toil 0.5K[T] T cil 1K[T] T 0il 2K[T]
140 Tenv 0.5¢T] T envik [T] —T env 2K[T] 120 T env 0.56[C] —T envik [C] w—T nv 2K[T]
120 100 S
100 L N
so [ - -
80
) G 60
oo =
— N . 40
40
20 - 20
0 0 T
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
2000 - 2250 - 2500
T oil 0.5K[T] —Toil 1T] T 0il 2K[C]
160 T env 0.5K[T] —T env1k [T] T env 2k[C]
140 —
120 f—" —
I —
g a0
=
60
40
20
0
0 5000 10000 15000

t[s]
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

311 Churning Loss high and Low Oil - P1

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref.: CL HO Oilref: P1
Gear Ref - 311 Date:  19-03-2010
Side: B Material: 20MnCr5 + Case Hardened Page 1/2
Stabilisation temperature [°C]
High OIl Low Oil
KFZG oil Env il Env. Oil Analysis - Ferrometry
500 478 21.5] 43.2 21.2] High Oil Low Oil
750 62.1 22.4] 47.9 21.7] Hours 38 36
1000 74.2 23.4] 53.2) 21.§] d 1 1
1250 821 23.3] 584 21.7] DL 13 431
1500 S0.8 23.4 64.2 22.3] DS 7.8 24
1750 96.3 251 69.7 22 8j CPUC 205 67.1
1000 102.4 24.9] 72.8 22.7| ISUC 112.8 1281.6
2250 114.2 25.9) 77.9) 23.6)
2500 127 ﬂ 27.2] 84 23.5)
oL ——Cl —8—D5 1suc e [SUC et CPUC
1500 600
1200 » ma
1100 €0.0
500 £0.0
700 400
* 500 0.0
[ 300 S 2 200
& 100 | ] g
-10i g
N ) High il Low il
High Oi Low Cil hours hours
OHigh Oil BLow Oil OEnv. OEnv.
140 140
128
120 114 1 120
102
M 100 ] 1 100
80 L 80
62
€0 80
48
40 40
27 [
20 22| 21 22[ 22 25 26|94 24 20
0 0
500 750 1000 1250
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FZG Gear Power Loss Test

TEST DATA SHEET
Test Ref.: CL HO Qil ref - P1
Gear Ref.: 311 Date: 19-03-2010
Side: B Material: 20MnCr5 + Case Hardened Page 2/2
500 - 750 - 1000 1250 - 1500 - 1750
T oil 0.5KT] —Tail 1K[T] —T il 2K[T] Toil 0.5K[T) —Tail 1KT] T il 2H[C)
140 T env 0.5K[T] —Tenvik[T] —T en1yv 2K[C] 120 Tenv 0.5k[T] ——Tenwik[T] T v 2K[T]
120 100
fpum—
100
80 —
- a0 —
Q Q 60
F 50 - =
— 40
40 -
20 — 20 —
0 0
0 5000 10000 15000 1] 5000 10000 15000
t[s] t[s]
2000 - 2250 - 2500
T oil D.5K[T] —Tail 1H[T] T il 2[T]
Tenv 0.5k[] Tenvik [T] T env 2k[T]
140
120 | =
100 —
_. 80
1A e
= &0 4
40
20 +
0]
0 5000 10000 15000
t[s]
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411 Churning Loss high and Low Oil — P1

FZG Gear Power Loss Test
TEST DATA SHEET
Test Ref: CL HO Onl ref: P1
Gear Ref: 411 Date:  24-04-2010
Side: B Material: 20MnCr5 + Case Hardened Page 1/2
Stabilisation temperature [*C]
High Oil Low Oil
KFZG il Env Gl Env Qil Analysis - Ferrometry
500 52 24] 49.9 25.5) High Qil Low Oil
750 55.2 24 9| 60.1 26 Hours 36 36
1000 76.1 25.1 67.4 25.8] d 1 1
1250 83.7 25 736 26.5) DL 275 366
1500 91.9 25.9) 79.2 266} DS 125 199
1750 96.7 26.3] 82.3 26.5] CPUC 40.0 56.5
1000 102.8 26.5] 87.5 27.5) ISUC 600.0 943.6
2250 114.9 27 8] 93 27 .7}
2500 125) 28.7) 100.7 27]
DL ——L ——05 1suc —8—ISUC  —e—CPUC
100
En 1500 €0
80 1300 * a0
70 1100
60 s00 | ® u g
50 700 w0
40 ¥ o | @ =
30 * 00
20 L 100 oo
10 u
0 -og 1 oo
. - - High Gil Low Oil
High Qi Low Gil houre hours
DHigh Qil HLow Oil OEnv. OEnv.
140 140
125
120 115 ] 4 120
103
B 100 52 o7 | 100
84 88
— 79
80 76 74 80
65 &7
60
60 52 54 60
40 40
20 +—{24]26 25|26 25|26 |25 |27 26|27 26| 27 27|28 29 1 20
0 0
500 750 1000 1250
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FZG Gear Power Loss Test

@ meg

tuto de Engenharia|

Macsnizo e Gestie Industriol

TEST DATA SHEET
CETRIB
Test Ref.: CL HO Oilref: P1 Do magms O
) &2
Gear Ref' - 411 Date: 24-04-2010
Side: B Material: 20MnCr5 + Case Hardened Page 2/2
500 - 750 - 1000 1250 - 1500 - 1750
T il 0.5K[T] T il 1k[T] T 0il 2k[T] Toil 0.5k[T] T il 1k[T] e T il 2K[T]
140 T env 05[] —Tenvik[T] T e 2K[C] 120 Tenv 0.56C] —T ey 1k [T] —T eny 2K[T]
120 100
p—
100
80 —
80
o o =
g — S &0
60 |
40
40—
o
20 20
0 0
1] 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
2000 - 2250 - 2500
T ail 0.5K[C] =T 0il 1k[T] e T il 2K[TC]
T env 0.5k[T] —T envik [T] T any 2K[T]
140
120 | e
100 —
_ 80
[
T 60
40
20
0
0 5000 10000 15000
t[s]
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611 Churning Loss high and Low Oil - P1

FZG Gear Power Loss Test @ Inegl
d a|
TEST DATA SHEET e
CETRIB
Test Ref.: CL HO Oilref: P1 Tah s
e
Gear Ref': 611 Date:  13-05-2010
Sider B Material: 20MnCr5 + Case Hardened Page 1/2
Stabilisation temperature [*C]
High Oil Low Gil
KFZG il Env oil Env Oil' Analysis - Ferrometry
500 47.9 24 471 245 High Cil Low Oll
750 61.4 25.1 56.2] 24.9) Hours 38 36
1000 7.7 25.1 63.2] 25.1 d 1 1
1250 794 25.5) 696 247 DL 567 627
1500 89.2 26.5) 76 25.6) DS 204 294
1750 97.5 26.7] 80.4 25.5) CPUC 77 921
1000 103.8 25.9 84.2] 25.6) ISUC 2796.7 3066.9
2250 116.7 27] 89.7 26.4]
2500 129.2 27.7] 94.1 26.5]
oL —t—TiL —8—D3 1sUC —B—ISUC == CPUC
3200 50
3100 : a0
2000 )
* * 2000 =
E00
2500 '] -
= 2700 =
= 2600 ™a
2500 650
. High Gil Low Oil
High i Low Cil hours g o Ll hours
OHigh Qil BLow Oil OEnv. OEnv.
140 140
129
120 7 120
104
B 100 98 ] 100
89
80 ™ (] 80
[ |70
60 60
40 40
20 26|25 27|26 27 |26 26 20
0 0
500 750 1000 1250
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FZG Gear Power Loss Test

TEST DATA SHEET

Test Ref.: CL HO

Oilref: P1

Gear Ref - 611 Date: 13-05-2010
Side: B Material: 20MnCr5 + Case Hardened Page 2/2
500 - 750 - 1000 1250 - 1500 - 1750
T oil 0.5KT] — T ail 1K[T] e T 0l 2K[C] T oil 0.5K[C] ——Toil 1{T] s T il 2K[C]
140 Tenv 0.5K[T] —Tenv1k[T] T ey 2K[ ] 120 Tenv 0.5K[T) —Tenvik[T] —T env 2k[T]
120 100
_—
100 —
80
80
g o &0
40
40 -
20 20
1] 1]
0 5000 10000 15000 0 5000 10000 15000
t[s] t[s]
2000 - 2250 - 2500
T oil 0.5K[T] —Toil 1h[T] e T 0l 2H[C]
Tenv05KT]  =——Tenvlk[T] —T env 2k[T]
140
120 |p—
100 —
80 |~
g
" e
40
20
0
0 5000 10000 15000
t[s]
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Appendix B: Stribeck curve with Portuguese
nomenclature.
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Hs

Curva de STRIBECK

0,1

atrito de escorregamento - i

atrito hidrodinamico - sy

0,01 o !
’ . | atrito limite - us
07 Py >
| ;0.7 |2.ﬂ A
| 1 regime limite |
regime misto regime filme completo

Figure 84 — Stribeck Curve with Portuguese nomenclature[11].
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Appendix C: Oil Reports
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311 — P1 Churning Loss: High Oil and Low Oil

Inspect QIL

CETRIS - Laboratirio
G Andliza de Lubrificantes

&weg

Relatorio

de

Analise de Lubrificantes

Analise n® 00-10/10

Tipo de analise: Ferrometria e Ferrografia Analitica
Confidencialidade: 1

Cliente: INEGI - Cetnb

Morada: Porto

Telefone / Fax:

Equipamento: FZG (20MnCr5 — 311)
Lubrificante: P1

Diossier: i

IN° de paginas: 5

Data: 15/03/2010

FResponsavel: Beatriz Graga — Jorge Seabra
Eabrica: %—ﬁ 5 —

O resultados apresentados referem-52 evdushaments 35 amosiTas ersaladas.
Est2 documento ndo pode ser repmduzic, o6l ou paniaiments, sem a autonzagdo por escitn o INEGL.

R
e |

Redattao N® 10/10

MOD LALRELDT |
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL

CETRIB - Laboratorio

OBJECTIVD

Anilise de duas amostras de dleos lubrificantes — P1, resultantes de ensaios na Maquina
FZG com engrenagens de aco (200MnCr3), para avaliacio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas
N® Ferrometria Ferrografia Analitica
Low Loss - X X
Low (Oil - X X
RESULTADOS DAS ANATLISES

Nas paginas seguintes s3o apresentados os resultados referentes as analises de Ferrometria
(DE. IIT) & Ferrografia Analitica (FM IIT).

O resuli3nos apresentados referem-52 SRtUsNaAments 35 aMOsras Srsalacas. Pag. 273 |

Est documento ndo pode ser reproduzido, 1otal ou parciaiments, 5em a autonzagdo por eserto g INEGI. Relattra MF 10610

WOD L.-LZP{E[H |
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Inspect OIL /.

CETRIB - Laboratdrio
@ Inegi de Aniiliss de Lubrificantas
CLIENTE: INEGT ]]..']AQU]NA: Wlagquitia de Engains FZ0G
any
MORADA: Porto Ref OLEC: Pl
DATA: 150340 ENS4I08 FZ0 - 200005 Goars 311 - K1

Autaetea ™| Low Loga | Low Od
DCrata atnostra:| Tdat-10 | hfa-L0
Aniles ™| 020 1010

Ciclo s Tvlaguana: - -
CirlosfClen: = =
1 1

130 43,1

1.3 12

CEOC:| 205 673

=00 1142 1270

Diezgaste nonmal

Desgnate severo

Dizzgacte ahrasio
Desgaste cotrbinado
Desgaste Fadiga
Esfetas Matdlcas
Ligas ndo fertosas
Chodos de faro
Minerais

ndice |5
frudire Cxidapan:

Indice Contarrinagio:
Indice Fertcnagnéticn:
Crandes Conteaninantes:
Constante Dizléctrioa:

(17* Particulasz/ 10 mh)
F- 15 am

I5- 25 um
25 - 5 pm
JE - Ja0 um

DL - Indice de particialas grandes Mo exste
D5 - Indice de particnlas peguenas Fraco
CPUC - Concentrapdo part. de desgaste M Tl&din
ISUC - fndice Severidads de Desgacte Forte
o o s < s o g,
Este documento n&o pode s&7 reproduzida, o6&l ou pancaimente, 5em a autoizagdo por escrito do INEGL. Relattria ME 10710

Moo LALEHEIM |
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Inspect OIL
CETRIB - Laboratsrio
s o Ui

CLIEWTE: INEGT I'.'IFZQUINH: hldguma de Ensaios FaGd
MMOEADA: Forto Fef. OLEQ: Pl LOW LIOS3
DaTa: 150340 - EHZ3AI0E Fa% - 2000t Gears 311 - K1
Fofografia 1 Hofografia 2
i 1 }
Ampliagio; x 100 Ddludpac: ] Atnpliagio; x 200 Diluicin: L
Localizapio: Midcleo Loz Bratca X Vetds Localizacio: Micles  Luz: Btarca/Vesde

Ohzervagbes: Prezenca da particulas fettozas de hsarvagies: ﬂmp']iau;ﬁn daFotografial

pequenas dimenzfies e alpgumas de grandes Presenca de algumas particulas ferrogas de
dimenstes. gratides damensies
Fotografia 7 Hofografia 4

Atpliacio; x 1000 DiluipEo; 1 Ampliagan: ¥ 1000 Cralagan: 1
Localzagior Hicleo Luz Bratica £ Verds Larcalizacin: Wiclea  Luw Branca/ Verde
Obeervagies: Ampliacio daFolografia 2. Cheatvagdos: Asrpliacio daFotografiaZ,
Farticula ferroza laninar de forma srredondacda, Pastirula ferross Jaranar de forma amedondads,
tipica de fadigs ¢ de prande s dimenstes. tipina de fadiga e de grandes davensiies
0f resuliacos apresentados referem-se enciusaments 45 aMOsTas ensaladas. Pag. 473
Este documento n&o pode ser reproduzida, o0&l ou pancaimente, 5em a autonzagdo por escrito do INEGL. | Redattoia NP 10710 |
[WootA=Ew |
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Inspect OIL 6

CETRIB - Laboratirio

CLIEMTE: INEGE
MORADA: Porto
Dy T 130300

IMAGUINA: Maguina dz Enzaine: BZG
Fof OLEC:PL LOW OIL
ENSBAIDE FEG - 000! Gears 311 - K

Ampliagio: x 100 Diludzao: 1
Localimagio: haclen  Luz Branca £ Veids

CJhearvaghes: Precence eignificativa de
particilas farrogas de pequenas ¢ grandes
ditnenatios.

Hofografia 7

Amplagio: x 200 Dilwdzin: 1
Localizagdo: Micles  Luz Branea ! Verde

heervagdes: Amplagio da Hotogratia 5.
Precenps significative de partivulae farrosae de
pemquenas e grandes dimsnsiies.

Fotografia &

Aampliagio: x 1000 Diluipic: L
Localimapdo: Maeleo Luz Bratcad Werde

Chzervagies Ampliagio da Fotografiaf.
Farticula ferosa de desgaste de fadiga com
grandes dunensSes.

Este documento ndo pode ser reprdurida, ol ou parciaiments, 5em a aulonzagdo por esoito do INEGL.

Ampliagao. 1000 Dihggao: 1
Localizagio: Macleo Luz Brencat Verde

Cheervagier: Ampliario da Fotografiaé.
1 - Panieula ferrosa de desgaste de Facigs;
1 - Patticula fetroza de dezgaste combinado.

da Aniliss da Lubrificantes

Pag 575

Relatoro N® 10110
| MOD LAL-REL
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311 — E2 Churning Loss: High Oil and Low Oil
Inspect OIL

CETRIB - Laboratorio

. lnegl de Andlise de Lubsificantes

Relatorio
de

Analise de Lubrificantes

Analise n™: 13-14 /10

Tipo de analise: Ferrometria e Ferrografia Analitica

Confidencialidade: 1

Cliente: INEGI - Cetrib

Morada: Porto

Telefone / Fax:

Equipamento: FZG (20MnCr5 - 311)

Lubnficante: EIGO 2

Doossier: /

N de paginas: 5

Data: 23/03/10

Responsavel: Beatriz Graca — Jorge Seabra

Raibrica: 2 EM/_;
SO

s resukados apresentados referem-se axclushameante 45 amostras ensaladas. || Pag. 113 1
Esle documento ndo pode ser reproduzido, total ou parclalmente, sem a autorizagdo por escrto do INEGIL ' Reesalttno N° 14510
I MOD LAL—RE-[:T]
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Inspect OIL

CETRIB - Laboratdrio

. |“Eg| de Andlise de Lubsificantes

OBJECTIVO

Analise de duas amostras de oleo lubrificante EIGO 2 resultantes de ensaios na Maguina
FZG com engrenagens de ago (20MnCr3), para avaliacio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas

N® Ferrometria Ferrografia Analitica
Low Loss - X X
Low Oil - X X

RESULTADOS DAS ANALISES

Mas paginas seguintes sdo apresentados os resultados referentes as analises de Ferrometria
(DF._IIT) e Ferrografia Analitica (FM IIT).

0% resutados apresentados Eemm-Ee exclusamanis 45 amosras ensaladas. II Pag. /3 1
Este documento ndo pode ser reproduzido, total ou panciaimente, 5em a autonzagdo por eserko do INEGIL - Relatoro M® 1440

[z ]
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Inspect QIL

CETRIB - Laboratdrio

e InEgl de Andlise de Lubrificantes

CLIENTE: INEGT MACUINA: Miquins de Eneaios FZ0
BIORATA: Porto Ref. GLED: EIGO 2
DATA: 230310 EMSAICS FEC - 200InCS Gears 311 - K1

IMENTTFICALAD
Amostran® | Low Loss | Lowsr Odl
Cata amostra:| a0 Llar-10
andlisen®| 13410 L4410
Ciclos/hl dguitia: - -
CiclosfOlen: - -
FERROMETRIA
o 1 1
ore| ez T
Cs: [ a,1
[ uA 137
I3 £5% 206
FERR O GRAFTA:
Depgaate nonmal
Desgaste severo
Desgaste abtasho
Dezgacte pombinedo
Desgaate fadiga
Esferns Wetdlicas
Ligas nio feriosas
Crddos de fero
Minerais/Orgdnicos
OILVIEW:
Indice Oill ife:
Indice Croidac o
fndice Cotitatnitiagso
indice Fertomagnetico:
(rande s Contaninantes:
Cretistatite Dieléctiea
FILTRAGERM
(1® Partimalas10 mi)
S- 05 pom
I5-225 wm
25-50 pm
J0- 1o pem
=100 wm
NISCORIDADE
[cat a 07 Cy
ACIDELTTAN)
(g EOH)
P INFLAMAUAD
i
BIAGCNOSTICH:

LE(;EI'mﬂ| DL - indice de particulas grandes Man exste
DS - Indice de particulas pequenas i Fraco
CPUC - Concentragfio part. de desgaste I I edio
ISUC - Indice Severidade de Desgaste Foite

0% resutados apresentados refemm-s2 exclusiamanie a5 amosiras ensalatas. Il Pag. 3 I3 j

Este documento ndo pode ser reproduzide, total ou parcialmente, sem 3 autonzagdo por escrto do INEGL. - Relatono N° 14740

e
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Inspect OIL
CETRIB - Laboratario
e II"IEgI de Anlise de Lubrificantes
CLIEMTE: INEGE MAQUTHA: Magusina de Fnsains FA3
MCRADA: Potto Ref. OLEO:EIGO 2 LOW LOS3
DaTA. 130510 ENS3AI0f FES - 2001Ce5 Gears 311 - K1

Fotografia I Fofografia £

I }

L

E ]

——

AR L O

1 (1 1 |
r X f ,! ' * ! 1
| ] w ottt . N
sooym | a1 200 jim !
{1 3 {
; , : t il
Attpiacio: x 100 Diluigo: 1 Ampliagdo; x 200 Diihadgio: 1
Locatizagdo: Hiacleo  Lus: Branca s/ Verde Localicagio Hicleo Lux: Branca ! Verds
Uhservapoes: Presenga de pariiculas fertosas de Uhserracies Ampliagio daFolografia 1.
pecuenas dimenebes o almumas de grandse Fregenga de slgumae particulae ferroeas de
ditrenstizs. grandes ditnensies.
Pofografia 3 Forografia +
: - - ﬁ-
“ i ‘h
v o BN = - :i
An
J d v
.|
I
[ 4 b“'l_' & ; ;v
i ]
'tl-;
Amplagior x 1000 Dilvigda: 1 Ampliagio x 1000 Diluigdn: 1
Localizagio: Mucleo Luz Branca! Verde Localizagdo: Ificleo  Luz: Branca! Terde
Dhservardes: Amplagdo da Fotografia 2. Dhgervaptes: Ampliacio da Fotografia 2.
Particula ferrosa latrdnar de forma arredondada, Particila fertosa laritiar, tipica de Fadiza e de
tipica de Fadiga ¢ de grandes dimensde s, Frandes dimensies.
ID@ resulsa-:l::s aprelsl:-:'naclm rllzrereﬁw-sle Exﬁs:va'rér'.e als am:tsm E.'lsal.a':..as. Eag 41 ‘::j

Este documento ndo pode ser reproduzido, total ou parzlaiments, sem 3 autonzagdo por escrto do INEGI, - Relattio M® 1440
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Inspect OIL
CETRIB -
. inegi _de A.nﬂﬂ! de mmﬁmms
CLIENTE: IMNEGT fMAQUIHA:‘-M aguina de Eneaine F23
MORADA Potto Ref OLECFIGO 7 LOWOIL
DATA: Z303/10 ENSAIOS FZG - 20MnCr) Gears 311 - K1

Fotografia 5

Ampliagdo:  z 100 Diluigdo: 1 Ampliagdo: « 200 Dihuigic:: 1
Localizagio: Niicleo  Lum: Branca/Verde Localwagio: Nideo Luz Brancaf Verds

lejscrrag;ﬁcs: Presenga de particulas fernsas de Ohservagies: Ampliagio da Fotografia 5.
pegquens dimenst es. Prcaenga de paticules ferroses de pegquenas
dimsnaben o algumar de média dimanaic.

Fotomafia 7 Fofog_m_ﬁa &

Aampliagio x 1000 Dibdgdo: 1 Ampliacio: w1000 Dilvigino: 1
Localizacdo: Hucleo Luz Branca! Verde Localizagio: Macleo Luz Branca/ Verde
Dhservagfes: Ampliapio da Fota gratia f. Ohservaghes Ampliagao da Fotografia 6.
[ articulas ferrasa de desgaste de fadiga com Particulas forrozea de deagaste de fadiga com
dimenshes médias. dimensies médias, algamas ordadas,
SRS S P e A o
Esie documento ndo pode ser reproduzido, total ou parciaimente, 56m a autonzagdo por eserko do INEGL Felatio N® 14740
MOD LAL-RELD
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412 — E2 Power Loss: High Qil

Inspect OIL

CETRIB - Laboratario
de Andlise de Lubrificantes

@meg

Relatorio
de

Analise de Lubrificantes

Analise n™ 43-46/10

Tipo de analise: Ferrometria e Ferrografia Analitica

Confidencialidade: 1

Cliente: INEGI - Cetrib

Morada: Porto

Telefone / Fax:

Equipamento: FZG (ADI-412)

Lubnficante: EIGO 2 (E2) - HIGH OIL

Daossier:

N° de paginas: 5

Data: 14/06/10

Responsavel: Beatriz Graga — Jorge Seabra

Ruibrica: P éj;:zggfj_;
COR

(0% resutados apresentados M2ferem-52 SxclUsVamanie 35 aMOsTas ensalalas.
Este documento ndo pode ser reproduzido, total ou panclaimente, sem a autonzagdo por escrto do INEGI.

T
Lee T
T Relabtris M° 46710
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Inspect OIL

CETRIB - Laboratdrie

. lnegl de Andlise de Lubrificantes

OBJECTIVO

Analise de quatro amostras de oleo lubrificante EIGO 2 (High Oil) resultantes de ensaios
na Maquina FZG com engrenagens de ADI 412, para avaliacio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas
N Ferrometria Ferrografia Analitica
Kl - X X
K5 - X X
K7 - X X
Ko - X X

RESULTADOS DAS ANALISES

Nas paginas seguintes sdo apresentados os resultados referentes s analises de Ferrometria
(DR II) e Ferrografia Analitica (FM IIT).

& resutados apresentados referem-c2 exclUSNaMEnts 35 aMOosTas ens3adas. II Pag. 1/7 j
Este documenta nio pode ser reproduzide, total ou parlaiments, sem a autonzagdo por eserto do INEGI. s
| MOD LAL-RELI
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Inspect OIL
CETRIB - Laboratérin
e inegl de Anilise de Lubrificantes
CLIEWTE: INEGT MAQUINA Id4guina de Enesioe FEG
WORADA: Pottao Ref OLEC: EIZD 2 - HIGH OIL
DaTA: 140610 ENSAIOSFE0- ADI Gears 412
Auamostia n® El ] K7 vl
Dala amnostoa:| Tun-L0 Jan-10 Jun-10 Jun-10
Andlize o™ 43010 44010 4510 45410
01 0.1 01 0.1
Lig 122 135 i35
46 J.6 6,0 T.B
CPOC:( 2020 1780 1150 al3.0
J2EHI [ 1 2EH14 | 20EH 4 9EH]4
. Desgaste normal
Desgasie seveto
Desgaste nbrasdo
Dasgaste combinado
Desgaste Fadiga
Esferas IMetdlicas
Ligas nio ferrnzas
Oiidos de Ferro
IdiveradefTrgivicas
Indize Oillifa:
[ndice Cridagdo:
Indice Contaminagio:
Indice Feromagnético:
Crandes Contaminantes:
-
(M Particulas/10 ol
F-15 um
I153-25 pum
23- 56 gum
S61- TEXT jem
DL - indice de particulas grandes Mao existe
D5 - [ndice de particulas pegquenas
CPUC - Concentracio patt. de desgaste
[SUC - Indice Seweridade de Desgaste

OF resUtados apresentados MEA2rem-62 exclUsNamenie 35 AMOsTas ensalanas.
Este documento ndo pode ser reproduzide, totsl ou parsiaimente, sem a autorzagdo por eserto do INEGL - Relatonio M 4540
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Inspect OIL

CETRIB - Laboratario
. mgl e P the Wi
CLIENTE: INEGT ACITIA: Mlacuina de Ensains FZEG
MOEADA Porle Ref OLEG: FIOO 2 - HIOH OIL
DIATA 14T ENSAINSFZG . AT Gears 412

Amphagio: ¢ 100 Dilwdgan: 01 Amplagio: x 200 DiihadgEa: 0,1
Localizagio: Mucleo Loz Bratica £ Verde Localizagao: Mucleo Luz Brancas Verds

Chaerragies: Presenca de particulas ferrnzas de Chaetvragnes: Ampliardo da Folografial,

pequenas dinensies. Presenga praticaments de patticulas femosas de.
perquenas dimensies = pouras de grandes
dimenizdes.
Forografia 5 Fotagrafia 4

Ampliagio: x 1000 Diludedo: 0,1 Armpliagio. x 1000 Dilnigio: 0,1
Localizagio: bacles Lum Bratira/ Verde Localimagdo: Mieleo  Luz: Brance/ Verds
Chasrragies: Ampliagio da Folografia 2. OhservagBes: Parioslas frrrosas lamdaeres de
Pattionls farroza de desgasts com grandes médiaz dimensies,
dirmenztes.
v T e e D e e e e ———
Este documento ndo pode ser reproduzido, total ou pamziaiments, 5em a aubonzagdo por escrio do INEGL. - Relattno N 46110
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratdrio
. l'legl de Arsil e Likeicaaiee
CLIENTE INEGE MAQUINA: Mdquina de Ensaios FZD
IWMORADA: Potto Ref OLED:FICOD 2. HICH OIL
DATA: 1406010 FNEAIDS FZ0 - ADI Cears 412

Fofografia 5

Ampliagdo: x 100 Diilgigdo: 0,1 Ampliagio: x 200 Dilnigdn: 0,1

Localimagdo: Micleo  Luz Branca f Verde Localizagfo: Miaeleo Luz Brancs f Vards

Chservagbes: Fresengads p articulas ferrosas de Chserragies: &ampliagdo daFota E;ruﬁu 1.

paciienas ditmenshes. Prezengn praticaments de pariionlas ferrogas de
pequenas dithensoes e poucas de grandes
dimensdes,

Fotograla &

dumpliagio: x 1000 Dibaigio: 0,1 srmpliagin: ¢ 1000 Diluigio: 01
Localizag#io: Miclen Luz: Branca/ Verde Localizagio: Hiclen Tuz Bramcaf Verde
Dheervaghes: Ampliagio daFotografia 6. Chaerragies: dmplicgio daFotografiad.
Particula fetrosa de desgaste com grancles FPatticulas fertozas laminares de médias
dimenstes, danensies.
et T e e e e S e
Este documents ndo pode ser reproduzide, total ou parcclaiments, sem a autornzagda por eserta do INEGI. Relattnn H° 45740
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB -
. inegi de A.nﬂﬂ! de I.lbnﬁmntE
CLIEMTE: INEGI MAQUINA:M&WM de Etizaioa FEG
MORADA: Porto Ref OLED: FIGN 2 - HIGH OIL
DATA: 140810 EMSAISFEG - ADI Gears 412

Fofografia 2 Fotografia I8

Agrpliagio: x [00 Diludedo: 0,1 Ampliagdo: x 200 Driludg#o: 0,1
Lacalizagio: Mislen  Luz Brancad Verde Localizagén Hiclen  Luzm Bratea [ Vetde
Chizervagies Fresengs de paticulas ferrocas de Observagles: Ampliagio daFolografia .
prguenas dimenades o algamaes de grandes Freasnga de partioulas fervosas de peguenns o
diurenstiae. grendes dinenedas.

Fotografia Il Fotografia 12

Attpliacico: x 1000 Dibaigac: 01 Attpliagio;  x OO0 Dihxdgdo: 0.1
Localizagio: [icleo Luz Braocas Verde Localizagio; Hicleo Luz: Brancal Verde
Cheervazdes: Amplacio daFotografia 10 Cheervazdes: Ampliagio daFologafia 100
Patticula ferrosa de grandes dimanstes. Patticulas ferrozas de pegquenss e grandes
dinenses.
0% rEsUtIOCE JpreSeNiICE referm-ce sKCMENATEnts 3% amoswsemesacss. leag sim
Este documento ndo pode ser reproduzido, total ou panciaiments, sem a autonzagdo por escrho do INEGL. 1 Relatorio N° 46110
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Inspect OIL

CETRIB - Laboratdrio

CLIENTE: INEGE MAQUNA: Maguina ds Enseios FZ03
MOFEADA: Forto Ref. OLED: EIGO Z- HIGH OIL
DATA: 140600 EMZAIOS F25 - AD[ Goara 412

Fotografia 14

LB
Amobagio: x 100 Dihgigdo: 0,1 Ampliacin: x 200 Diluigdo: 0,1
Localmagio: Hicleo Luz Branca / Verds Localizacio: Hucleo  Lux Branca [ Verde

Ohzervagiies: Presenca de particulas ferrosas de Oheerranfes: Amplincio da Fotoprafia 13,

pequenas dimensdes e daumas de grandes Presenca de particulas ferrozas de pequenas e
dimensiies. grandes ditnensdes.
Forogrgia [5

Mpppliegio: x 1000 Dibaigéo: 0.1 Amph:.ugﬁn: x 1000 Diluicdo: 0,1

Loealizacdo: Micdeo Luz Brancas Verde Localizagio: Bldclea Luz: Branca ! Verde

Chservapies Ampliazio da Fotografia [ Ohservacles. Ampliagio da Fotografia 14,

Farticulas ferosas de grandes dimensiies Particulas fenosas de grandes dimensbes

revestides por wna pelicula transparents. reveatidas por wna pelicula transparente.

Precenigs significative de dxdos térmicos. Precenca cipnificativa de dadidoe témucos.
‘O recutacce aprecentados referem G axcushamente 36 amostas ensaiadss. | eag o1 ]
Este documents ndo pode ser reproduzido, totsl ou parclaiments, sem a autornzagao por eserto do INEGLL - Relattno N° 4540 :
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

412 — P1 Power Loss: High Qil

Inspect OIL /.
CETRIB - Laboratorio

@'ﬂﬂglﬂemmm

Relatorio
de

Analise de Lubrificantes

Analise n™: 39-42/710

Tipo de analize: Ferrometria e Ferrografia Analitica

Confidencialidade: 1

Cliente; INEGI - Cetrib

Morada: Porto

Telefone / Fax-

Equipamento: FZG (ADI - 412F —Lado A)

Lubrificante: P1

Dosster:

N® de paginas: 7

Data: 02/06/10

Eesponsavel: Beatriz Graga — Jorge Seabra

Rabrica: - e B
-9%2:—‘* AT

05 r2sUtados apresentaios referem-se sudlUshaments 45 amosiras ensaadas.
Esle documento ndo pode ser reproduzide, total ou pardaimente, sem a aulorizagso por escriio do INEGI
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.
CETRIB - Laboratario

Gmegr . dePrdice e Lubecames

OBJECTIVO

Analise de guatro amostras de dleo lubrificante P1 resultantes de ensaios na Magnina
FZG com engrenagens de ADI (412F — Lado A), para avaliagio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas
N° Ferrometria Ferrografia Analitica
Kl 40 000 X X
K5 1 680 000 X X
K7 2520000 X X
Ko 3 369 000 X X
RESULTADOS DAS ANALISES

Nas paginas seguintes séo apresentados os resultados referentes &s analises de Ferrometria
(DR IIT) e Ferrografia Analitica (FM III).

0I5 M2EUTAT0S Apresenianos MEfenem-68 SxclUSVaMEnis &5 amosiras ensaladas, frag 277
Este documento ndo pode ser raproduzide, tolal ou pardaimente, 5am & autorzagdo por escrbo do INEGH Relzans MR 4210
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.

CETRIB - Laboratorio
@ ineqgi de Andlise de Lubrificantes
CLIENTE: JNEGT MADTIIN & Mldeming de Brgains F205
LMOREADA : Forto Ref OLEC:PL - A17F - Lado A
DATA: OL/0e/10 EHBALICS F25 - ADL Geare
Atnnstra it k1 5 BT KR
Diata amostea: | Wail0 | TWal0 M- 10 Tlai-10
Andlicen®™ 39410 41710 4Lria 310
Cicloe/hi dcpuita: - = - -
Cieloaifilen: 5 - -
d: 0,1 0,1 0,1 0,1
LL:| 239 ) 439 60,7
jNER i3 Qv 110 122
CFITC:[ 3210 3750 5690 7350

I3T0C:| 23F+04 | 6.2F-H14 | 2OFH0S5 | 35EH0

i £
Desgaste normal
Desgaste sewarn

Dzegarte ebiagio

Dresgaste combinado
Dezgaste fadigs
Feferas Iietdlicasz
Ligas nin ferrozasz
fivicdas de ferrn
MinersizOrginiens

indice Cradagio:

Indice Contaminagio:
Trudice Ferrotnagznético:
Crandes Conlafinantes:

Constante Dieldctrica:

(H® Particulas/10 mb
SO IS um
I5_ 25 um

| LEGENDA| DL - indice de particulas grandes _ M0 existe
D& - Indice de particwlas peouenas [0 T Fraca

CPUC - Concentracdo part. de desgaste M Meédio

ISUC - Indice Severidads de Deepaste Fotts
0B r25ULal0s ADNeseniaogs refanm-ge exdusivamenis a5 amosiras ensaladas. {rPag as7 |
BarnmnrnEr e e
Esle documerio nSe pode ser reproduzida, botal ou pardaimente, s2m a ulodzagdo por escrio do INEGL Reanino ME 42110
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL

CETRIB - Laboratorio
CLIFNTE: INEGT MACHTT A MWaguitg de Ensaios FEG
MOEADA . FPorto Eef. ':ILED Fl- d2F-Lado &
DATA: DL0&s0 CEHMEAIDIREZG - ADI Caara ELL

¢ ... i i 4 T j- '
R
L
'='|,1F !Ell i LR
Ampliacio w100 Cihdpdo: 0,1 Ampliagio: « 200 Diludgde: 0,1
Localizagio: Mucleo  Luz: Branca/ Verde Localizagio Macleo  Luz: Brancas Verde
Ciheervacties: Pregencs da pasticulas fetrozas de Cihzervactes: Ampliachio da Fotagrafia |
peguenas & algumas de grandes dinenstes. Fresenga de particulas Femosas de pequsnas e de
algumas de grandes dmetates.

Fotografia 7

Applazio: x 1000 Dihaipgo: 0.1 Ampliazin: w1000 Dhihaigo: 01
Localizagio: Hicleo Luz: Brenca [ Verde Localizaeio: Muclen Luz BrancasVerde
Ohzervagtes: Amphacio daFolografia l. Ohzervastes: Amplacao da Fotografia L
Presenga d= algameas particulas frosas Parliculas ferosas de desgaste de médias
latnieran de grandes danenebes. ditnanalen, algumae cedades foric ameits
os ........................................................... m ................... * ................................. ......................................... : e
Esle documento nde pode ser rproduzide, total ou pardaimente. 52 a aulorizagds por escrio do INEGIL Reatino MF 4210
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratario
CLIENTE: INEGT :MAQU[NA: I'u'Iél:iui.tla de Bnzains FEG
MOREADS: Fotio 'REf.@LECIZPl- A1 3F - Lado A
DATA: 014810 ENAAIOBEIEG - AD[ Ceare K5

Fotogafia 5 Hota grefia 6

Anpliacio. « 100 Diludzio: 0,1 Ampliagao x 200 Dilaicaa: 0,1

Locelmagio: Hiaelao  Luz Branca / Yerds Localzagio: Mhacles L Branca f Verds

Crbzervagdes: Pregenpa sigrafivativs de Cheervagies: Amplagio da Fotografia 5,

particulas ferrozas de pequerias dimenstes. Presenca de patticulas ferrosas de pequenas e da
miéchae danenesdes.

Ampliagao: x 1000 Diluigao: D1 Ampliagha: 1 1000 Diludzho: 0,1

Localizagin: Bicleo Lus BraneafWerds Localizagia: Hicleo Luz Erancel Varde
Ohservagies: Ampliagin daFotografia 6. Chaervaghae: Ampliegiio da Fotografiad,
P erticulas ferosna de desgaste de médis Fartirwlas ferrozas de desgaste de mecias
dimenatizg. dimenaden..

Pag. s5/7
Relanino ME 4210
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL

de Andlise de Lubrificantes

CLIEHTE: INEGE WAQUINA: Mdgumna de Ensains F20

MORADA: Posto Ref OLEC:P1- 4L2F -Lado A

DATA: DD BEMEAICE FZG - ADL Cears BT
Fotografia @ Hofomafia 1d

P

H{

1

e

It

i i

L

Amppliapio: x 100

Dilvigia: 0,1

Localizag®0: [ucleo  Luz Bratca/ Verde

Ohservapbes: Presenga significativa de

partirulas farrogae de pequense dimenedes.

Ampliagdor x 200 Dihaigga: 0,1
Localizac#o: Muclans  Lul: Branca/ Verde

Cheervagbes Ampliagio daFolografia 9.
Pregenga sagrficstrrs de particulas femrozae de

pequenas e de meédias dunensbes.

Fotografia 11

Fotagrafa 12

Amaliagio: x 1000 Diigan: 0,1
LocalizagZo: Hucleo Luz Branca/ Verde

Observapies: Amplhacio da Folografa 10,
Fatticulas fastosae de decgaete de madias

Didigaa: 0,1
Luz: DBranca Verde

Ampliagdo:  x 1000
Localivagio: Haclso

Observagtes: Ampliagio da Foiografia 10,
Particulae fetroeae de deegarte de théciae
danensdes ¢ algumas de grandss dimensbes.

05 rasutados spresentanos referem-ge enclushvaments 25 amosras ensaiadas.
Esle documento ndo pode ser reproduzide, total ou pardaimente, sem a aulorizagse por escrio do INEGIL
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL

CETRIB - Laboratdrio
. megl de Andlise de Lubrificantes
CLIENTE: INEGT MAJUIN A Miquina de Enssins B2
MORADA: Porto Raf (OLECH PL - 417F - Ladn &
DATA: 0100610 ENSAIOS F2G - ADI Goars ¥

Fofagrafia 14

Ampliagis w100 Diluizdn: 0,1 Amplagio: x 200 Cahdeda: 01

Localicagio: Hicleo Luc Branca/ Verds Localizagio: Mieleo Luz Brancs/ Verde

s ervagdies: Presenga significativa de Ohservagbes: Ampliagio da Folografia 13

patticulas ferrogas de pequenss ditkenetes Pregeniga engrufirativa de particulas farrozas da
pequenzs & de medias dimensoes.

Ampliagio; x 1000 Dilaicdo: 0.1 Ampliagio: z 2007 % 1000 Diluizio: 0,0
Localizagan: Macleo [uz Branea [ Versde Localizagao: Macleo Loz Branca s Verds
Ohzervacdes: Ampliagao da Fotografia 14, Obzervartes: fmpliacio da Foiogreafia 14
Particulas fetrosas de desgosts de mé dias Farliculas ferrosas de desgasie de médies
dimensdes. cimenshes.
R e e, e . T
Esle documento nde pode ser reproduzide, total ou pardalmente, sam a aulorizagso por escrin do INEGL Reano MF 42110
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

312 — P1 Power Loss: High Oil

&mnegq

Relatorio

de

Analise de Lubrificantes

Inspect OIL /.
CETRIB - Laboratorio
..Be Andlise de Lubrificantes.

Andlize n®: 16-19/ 10

Tipo de analize: Ferrometria e Fesrografia Analitica
Confidencialidade: 1

Cliente: INEGI - Cetrib

Morada: Porto

Telefone / Fax:

Equipamento: FZG(ADI-312C —Lado A)
Lubrificante: Pl

Doasier:

N* de paginas: 7

Data: 0%/04/10

Eesponsavel: Beatriz Graga — Jorge Seabra
Fabrica:

Co%
7T

06 resutados apresanianos referem-ge exclusvaments &5 amosiras ensaladas.
Esle documento ndo pode ser reproduzido, total ou pardaimente, sem a aulorizagso por escrio do INEGI
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.,

Gmegr e Ankies e Lbeames

OBJECTIVO

Analize de guatro amostras de dleo lubrificante Pl resultantes de ensaios na Magnina
FZG com engrenagens de ADI (312C — Lado A), para avaliagio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analizes efectuadas
e Fetrometria Ferrografia Analitica
Kl 340 000 X X
K5 1 680 000 X X
K7 2320000 X X
K9 3 389 000 X X
RESULTADOS DAS ANALISES

Nas paginas seguintes sfo apresentados os resultados referentes as analises de Ferrometria
(DE.IIT) & Ferrografia Analitica (FMV III).

05 resUTAd0s apreseniaoos refarem-se exdlusivaments 35 aMostras ersaladas. frag 2/7 |
Esle documenio nds pods ser reproduzide, tofal ou pardaimente, sem & aulorzagio por escrio do MEG Relaano ME 1510
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.

CETRIB - Laboratdrio
de

dlise de Lubrifiantes

oL 8 45,4 19,1 944
0S| 147 17,3 167 30,2
CEIIC:|  A5.5 fifs 1EE 1792

CLIFNTE: IRFE =T WA CQTITN & hlacmina de Ensaios F20G
MOEADA : FPorta Ref OLEC:PL - 2120 - Lado A
DaATA: 0900410 EHEALICE FZG - AD[ Gearn
| DEvmcAcao
Atnnstra n® K1 5 BT ER
Diata amostta:| Abel0 | Ahe 10 At 10 Ak 10
Ardlize n™| 1610 1710 1&F10 19610
Cirlos/hd qu:l.ina.: - = - -
Ciclozlen: - 5 5 -

I=TTC:| 248403 | A4S | S3F+03 | BOFHHT

o R SRR B
Diesgaste noemal
Desgacte sevarn

Dieagaete chiesio

Desgaste combinado
Desgaste fadiga
Feferasz Ietdlicas
Ligaz nin ferrozas
firicdas de fetrn

ndice
Tndice CuddagHo:

Indice © ortaminagio:
Trudice Ferromagnético:
Crandes Comlaminantes:
Constante Dieldotsica:

(7 Pattdculas 10 el
S5 um

1525 um

A5 50 jm

DL - [ndice de particulas grandss

o
S

D5 - Indice de particulas peousnas

CPUC - Concentracio part. de deszasts
ISUC - Indice Severidads de Dezpaste

OB resutados apresentaios referem-se sxclushamenis 45 amostras ensaadas.
Esle documenio nde pode ser reproduzide, total ou pardialmente, sem a aulnrizagso por escrio do INEGIL
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratorio
CILIFNTE: INEGT DIACIIT & hlacuitia de Engains FAG
MOEADS . Forto Eef ':ILED Fl-3120-Lado &
DATA: DRJO40 CEMBAIDAEFZG - ADI Gaara L

Fotagragia |
L T e
i "f'n.

1”'

T——
e

| 1 \ ¥ l
\ !

|I IJ. :L.'-|1'|1 J I,

Ampliacdo x 100 Cihdrdn: | Ampliagda: @ 200 DHlnicén: 1

Localizagio: Macleo Lz Branca/ Veide Localizagio: Hocleo  Luz: Branca/ Verde

COheervacties: Pregenca da pasticulas fetrocag de Cibhgervactes: Ampliaghio da Fotografia [
pequenas & algumas de grande s dinsnstes. Fresenga de particulas ferosas de pegusnas & de
algumas de grandss dimensdes.

Fotografia 7 Forografin £

Appliagio: x 1000 Dhihiigdo: 1 Ampliazio: 1000 Diihaigdo: 1
Localizacio: Hocleo Luz: Brenca [ Verde Localizagio; Muclen  Luz BrancasVerde
Ohzervagtes: Amphacio daFolografia 1. Ohzervagtes: Anplacao da Fotografia
Parliculas frros as laminare s ds grandes Parliculas ferosas laminares ds médias
ditenades e omdadas termicamenis. ditenades e ondadas termic amenis.
R S e ey e T e SRR . T
Esle documento ndo pode ser reproduzide, total ou pardaimente, 52 a aulorizagio por escrio do INEGIL ReEaann ME 1510

MOD LAL-RELD1

196



Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL

CETRIB - Laboratdrio
de Andlise de Lubrificantes

CLIEMTE: INECGT
MZRADA: Poda
DATA: 090410

IAAQUIIN & M dquing de Enasing F2G
Fef CLEDPL- 3120 -Lado &
EMEALNDS FAT - ADT Gears K5

Aamgliagdor x 100 Diligio: 1
Locatizagio: Maclen Luz Bratica S Verde

Chservagdes: Presenga sizndicativa ds
paniolas fertosas de pegisnas & algumas de
grandes dunensbee.

Ampliagdor 200 Dilwigdo: 1
Locatizagio: Maclen Luz Hranea s Verde

Chserregdes: Augoliapdo daFotografin 5.
Fresetiga de pariiculas ferrosas de pecuienas & de

algumae de grandes dunsnedes.

Fotograpla &

Atplacdo. x 1000 Diludgio: 1
Localizagio: MWucleo Loz Branca S Verde

Chservagbes: Ampliagio da Folografia 6.
FParticuilas fettozaz de dezgaste de fadiga,
algumas oxdadas tasmicamente.

Atrpliagda: x 1000 Dihupan: 1
Localizagio: Hacleo Luz Bronca ! Vards

Obzervarbes: Amplingio da Fotogstafia 6.
Putticulas fatroses de deegaste de fadigs,
alzumas oxadadas bermuc amente.

5 resutados apresentatos refereme-se euclusivamenis &5 amosiras ensaadas.
Esle documento nfie pode ser reproduzide, total ou pardaimente. s5em a aulorizagso por escriio do INEGI
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL

CLIEMTE: INEGE
IORADA: Foito
DATA: 090410

MIACUINA  Maquitia de Frngaios FZG
‘Relf OLED:FI- 3120 - Lado &
EMBAIOS F20 - AD] Gears KT

Aotograjia @

Fotograia 10

J

Ampliacio: x 100 DiilnigEo: 1
Localmagao Huclen  Luz: Branca ! Verde

COihzervacfes: Fregetica sipnificativa de
particulas ferrosas de pequenas = grandes
dimetiades.

Ampliazdo = 200 TDihdpin: 1
Localzagao: Maclen  Luz: Dranca !/ Verds

COhzervarbes: Amp'lia; ioca Fotografia 9.
Fresenga de al=zamas particulas feoosas de
grandap dimenadea.

Fofografia 1]

Fotograia 12

Agpliagan: w1000 Dihugza: 1
Localagio. Micleo Luz: Branca ! Verde

Ohzervactes: Ampbiacan da Fotografia 10
T articulas ferrosas lanmares de desgaste e de

grandaz dimenad es.

Asmplaedo: w1000
Locatizagio: HNiicleo

DihatgzEa: 1
Luz: Branca/Verde
Cheerrarhes: Ampliazao da Fotografia [0

Particulas fenosas de desgasie demédiae
grande dimanaio

O resutados apresenizios refsrem-se exclusivaments &5 amostras ensaladas. Pag. &J7
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

@megr

Inspect OIL

CETRIB - Laboratdrio

CLIEMTE: INE&T MAJUINA: b dquana de Eneatoe FZG

MORADA: Porlo Ref OLED PL- 3120 - Lado &

DATA: 090410 ENZAIOS F235 - ADI Geara KD
Hotagrafia [3 Fofagrafa 14

Ammpliagin x 100 Dhlafgin: |
Localmapio: Harleo Luz Branca ! Verde

Claaprvagdes: Presanga aignifivativa da
patticilas fetrosas de pequietas & grandes
ditnetiates.

Aspplagio x 00 Cihnedao: 1
Localragio: Hiacleo Lus Dranca/ Verde

Ohbssrragies: Smplogio de Fotografia 13
Prezenga eugnificativa da particulas ferrozag da
prquenas ¢ grandes dimenades. Presenga
abundante de dxidos ténmicns

HFofografia 15

Fofografia le

Ampliagior « 1000 Diluaigaio: 1
Localizagio. Micleo Loz Branca ! Verde

Chservagties, Ampliagso da Fotogralia 14
Particudae ferrogae de grandes dimensbes

Aapliagio: x 200/ 1000 Diludgio: 1
Localizag 2o Sadda Luz: Branca! Verde

Observapbes. Fresenca de varas partticulas de

dadoe de ferro negroe (1) Esiee ados suzgem

de Andlise de Lubrificantes

oxidadas bermcamenie. freguentemente smcondicdes de lubnficegao
Lipite.
i g e o i i A e S ; g
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

311 — P1 Power Loss: Low Oil

Relatorio

de

Analise de Lubrificantes

Inspect OIL /.

Analise n™: 20-23 /710

Tipo de analize: Ferrometria e Ferrografia Analitica
Confidencialidade: 1

Cliente: INEGI - Cetrib

Morada: Porto

Telefone / Fax:

Equipamento: FZG (20MnCr3 —311) Lado B
Lubrificante: P1 (Power Loss — Low Oil)
Dossier: f

N* de paginas: 7

Data: 20/10/2010

Eesponsavel: Beatriz Graga — Jorge Seabra
Baabrica:

Cox
T r

0I5 resutados apresentatos referem-se exciUsiVaments 35 amoslras ensaladas.
Este documenio nde pode ser reproduzide, total ou pardalmente, s=m a aulrzagso por escrio do INEGI
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.

OBJECTIVO
Anilize de quatro amostras de dleos lubrificantes — P1, resultantes de ensaios de Power

Loss — Low Oil na Maguina FZG com engrenagens de ago (20MnCr3, Lado B), para avaliacio
do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadaz
N Ferrometria Ferrografia Analitica
Kl - X X
K5 - X X
K7 - X X
K9 - X X
RESULTADOS DAS ANATLISES

Wasz paginas seguintes sio apresentados os resultados referentes s analises de Ferrometria
(DE.IIT) & Ferrografia Analitica (F0M III).

016 resutados Apnesenizog referem-se exdushvaments a5 amosiras ensaladas. {rag 207
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.

@ inegi de Andlise de Lubrificantes
CLIENTE. MEGT MTAQTITHE: Mdgquing de Ensains FEG
MORADE: Porlo Ref OLEC P1(Power Loss - Low O
DATA: 20MdL0 EHSAICE FEG - 2000 TFears 311 - K
Amoctra n® K1 S KT ER
Data armosira:| Ahbe-10 Akl AhelD Ayl
Ardlizen™| 2000 21010 22010 310
Ciclosfhlaquina: - 5 5 -
Ciclos/Dleo: . . s .
1 1 1 1
323 44,2 339 343
170 LEd 333 190
4.3 3,6 36,2 333

1345 1al5.1 B2 A50.0

r5gaste noom
Cespaste severn

Cesgaste shrasio
Deegaste combinado
Desgaste Fadiga)
Esferas Wietdlicas
Ligas rdo ferrogas
Cridng de fetro
LlinerusOigincos

@%ﬁﬁﬁﬁiﬁﬁﬁﬁiﬁ
[nciize Ol 4Fa:
[ndics Cuidagdo:
fndice ot atinas &
Tndice Femamagnstico:
Cirandes Contardnsntes:
Constante Dieléctocs:

| B ZEN
(H*F atieulasd10
S-0T wm

DL - Indice de particulas grandes

D - [ndice de particulas pequenas

CPUC - Concentracio part. de desgaste
15U C - indice Severidade de Desgaste

06 resutados apresentanios referem-se euclusivamenis 35 amosiras ensaladas.
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratorio
@megr e e e
CLIENTE.: INFGT WIACHT A Wdguina de Engaing FZG
MOBRADA: Forto Fef, OLED: F1 (Fowet Lose - Low Ol
DATA: 2000440 EMEAIDE F2G - 200MaCes Goara 311 - K1

Fotagragia | Rorogrgia 2

Ampliacdo: x 100 Cihdrdn: | Ampliacdo: © 200 TrlnicéEn: 1
Localizagio: Hacleo  Luz: Branca/ Verde Localiagio: Mucleo Lus: Dranca/ Verde

b zervactes: Pregengs de pastictlas fernnas de O servactes: Ampliachn da Fotografia |

peguenas donensoes = alpunas ds grandess Fresenga de alzuamas pariculas ferosas de
dimenated. grandes dimeted eo.
Fotografia 7

Atpliagio: x 1000 Dthdgdo: 1 Ampliagio: x 1000 Dihtigda: 1
Localisapio: Micleo Luz Branca [ Verds Localizagio: Ficleo  Luz Brancas Verde
Ohservagties: Ampliagio daFotografa i, Ohsetvagfies: Amphario daFotografial.
Particulas fertasas de desgaste, tipicas de Fadiza Parlicwla ferosa Jaminar tpica de fadiga e de
2 de granders dimensdes. grandae dimensdes,
e e g s e s R 2 e
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL

CETRIB - Laboratdrio
CLIEWTE: INEGT MAQUINA: Magums de Enswoe FZG
MOEADA: Fotio Fef OLAD:Fl (Fowret Loss - Law Ol
DATA: 2004110 ENRAIOSFEG- 20MnCs Geare 311 - K5

Anpliacdo. « 100 Diludzio: 1 ampliagao, « 200 Diuicin: |
Lovelmagio: Hieleo Luz Branca £ Verds Localizagdo: Maclea  Luz Erancaf Werds

Cibeervagdss: Presenpa ds pariculas famrozae ds Cheervagdes: Amphagso da Fotografia 5

pegquenas dirtenstes e dgumas de grandes Presenga de alourmas particulas fertosas de tudto
dimetiztes. grandes ditenedes.

ampliagio: x 1000 Dihaigia: 1 Ampliagho: © 1000 Dilnigho: 1
Localmagio: Muelan Luz: Brancaf Verde Localizagio: Micleo Luz: Branecs/ Varde
Cheervagtes: Ampliacin da Fotografiac Cheervazbes: Ampliagio da Fotografiaé,
Particulas forrosas de desgoste de fadiga com Fariicula fertosa de desgaste de fadiza com
grancdles dimeneies. grandes dimenedes.
e 7y LA Yoy sz s R . —
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL
CETRIB - Laboratdrio
. ineqgi de Andlise de Lubrificantes
CLIEHTE.: INEGT MWADTIHA: Maguma de Ensaios F20
MCOEADA: Potto Ref OLED: Pl (Povarar Loge - Lo O)
DATA: 2000 FMEATOE FZ0r - 200nC T Grears 311 - K7

Fotografia @ Fofografia If)

W ]

i |
| \

Amphagio: z 100 Dulnigao: ] Ampliapio: o 200 Dihaig#o: 1

Localizagfo: Hucleo  Luz Branca S Verde Localizacfo: Mucleo  Lug: Branca/ Verde

Observapbes: Presenga de paticulas ferrosas de Cheervaches: amplacio daFolografia 9.

pequenas dimenstes o dmumae de grandes Procenca de algumae particulas ferrozae da
ciitiensbes. grandes dunenshes.
Fofografio I1 Fotogrgfia 12

Ampliagio: x 1000 Dilnigan: L Ampliacdc: w1000 Dilnigdo: L
LocalizagZo: Hucleo Luz Branced Verde Localizagio: Haclzo Luz: Brancaf Verde
Observapbes: Amphagio da Folografia 10, Ohservaglies. Amplagio da Fologafia 10,
Partienla forroea de deegasts de facdigs com Particula ferroes de deegaste de fathga com
grandes dunensoes. prandes dimensoes.
EEmsE g e N ; e
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratdrio
. inegqgi de Andlise de Lubrificantes
CLIENTE: INEGT MAQUINA: Miquina de Enssins F2G
MORATIA: Porto Ref OLEC Pl (Fower Loss - Low Cil
DATA: 20404410 ENZAIOS P23 - 200nCeS Coars 311 - KO

Hotagratia [ 3 Faofagraia T4

I!i

|

Amphagio ¥ 10D Diluizén: 1 Lamplagio x 200 Cindgia: 1
Logalmagio: Hicleo Luc Brancaf Verds Localizagio: Marleo Luz Brancs/ Teide

Cilas ervagdes: Presenpa de padioulas famosas de Ohservagbes: Ampliagio da Folografia 13
pequenas dimensoes e alzimas de gratides Piecenza de muto poucas patiirulas ferozas de
ditvenstes. grandes dimens s s.

Fofografin lc

Amplagio; x 1000 Cilaigin: 1 Ampliagio: x 1000 Dilwigio: 1
[Localitagin: Miaclen Lz Branca § Werde Localizagio: Macleo Luz: Bratea £ Werds
COheervaptes: Amphiacio da Fotografia 14, Obgerwarnes: Ampliagio daFotografia 14,
Particulas femroaas de peguenns o médias Farioulas frornsns de grandes dunensdes,
clitnenaies. algumaz saveramenta condadag,
1}5 .......................................................... m ................... m ................................. ........................................ . g
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

411 — P1 Churning Loss HO & LO + Power Loss: Low Oil

Inspect OIL /.

Relatorio
de

Analise de Lubrificantes

Analise n®; 2428710

Tipo de analize: Ferrometria e Ferrografia Analitica

Confidencialidade: 1

Cliente: INEGI - Cetrib

Merada: Posto

Telefone / Fax:

Equipamento: FZG (20MnCs5 - 411) Lado B

Lubrificante: P1 {Power Loss — High Ol / Low Oil)

Diossier: /

N? de paginas: g

Diata: 12/05/2010

Responsavel: Beatriz Graca — Jorge Seabra

Ribzica: - "'------_E_: Z .
B%Z:—w ‘y""ig___ R

16 resutados apresentanos referem-se sxclushamenis 45 amosiras ensaadas.
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.
I:I:"I'RIH--LEI:EIEWID

OBJECTIVO
Analize de quatro amostras de &leos lubrificantes — P1, resultantes de ensaios de Power

Loss — High Oil (HO) / Low O1l (LO) na Maguina FZG com engrenagens de ago (20MaCr3, 411
- Lade B), para avaliacdo do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analizes efectuadas
e Ferrometria Ferrografia Analitica

Kl -HO - X X
Kl-LO - X X
K3-LO - X X

7-L0O - X X
Eo-LO

RESULTADOS DAS ANATISES

Was paginas seguintes sdo apresentados os resultados referentes as analises de Ferrometria
(DER. IIT) e Ferrografia Analitica (FIM IIT).

D5 resutados apresentados refarem-se exclusivamente &5 amoeslras ensaladas. Pag. 2/8 |
fmmmmnnnE e e
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL J.

@ ineqgi de Andlise de Lubrificantes
CLIENTE. INEGT MIACTITHA: Mdguing de Fnsains FEG
MORADS: Forlo Ref OLED F1
DATA: 1OMSL0 FHEAIDS FZ0 - 20005 Gears 411 - Lado B
tostran®:| B -HO | BI1-LO | ES-LO k7L e
Data aruoeita;| Ahe-10 Akt l0 Ahell Ak 10 Ahrl0
Andlizen”| 2410 250 A0 A0 A0
Cicloshlaquina: - - - - -
1 1 1 1 1
T 36,4 1245 33 046
12,5 log 154 153 Lebd
40,0 56, 58,1 477 450
Fifn,0 ki) 15714 T4 780
Desgaste nommal
Cespaste severo
Oesgaste ahrasin
Deegaste combinado
Diesgaste Fadiga)
Bsfietas W etdlicas
Ligas nido ferrogas
Cridos de Fetrn
hlinerusD1gincos
%ﬁiﬁﬁ%ﬁiﬁﬁﬁﬁiﬁ
[auciima OIL4aFa:
Enctice Cridagao:
Indice Contarinagio:
fnsics Festamagtétion:
Cirandes Contardnantes:
Constante Dieléctoca:
T HiTHA
(P P asticalas/10 mdy
-1 um
15-28 mm
Ao 50
“*’3** DL - Indice de particulas grandes 2o exste
DS - [ndice de particulas pequenas | 7| Fraco
CPUC - Concentracio part. de desgaste BIe dio
15U C - indice Severidade de Desgaste Forte
05 resutados apresentaoos referem-ge sxclusivamenis &5 amoslras ensaadas. {ran 3is
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratario
CILIFNTE: INEGT WIACHII A Mldguitia de Ensaios FEG
WMOEADA . Porto Fef ':ILED F1 HIGH OLL - E1
DATA: 1000510 EMEAIDE FEG - 200 0Ty Goara 411

Fatagrafia f Rotagraia 2

N

Aanpliagdo  x 100 Cihdpda: 1 Ampliacdo: « 200 Drldcéo: 1
Localizagio: Hoclen  Luz: Branca /! Verde Localizagio: Hucleo  Luz: Branca/ Verde

CihgervagBes: Presencs de particulas ferrozas de Ohgervagties: Ampﬂal; ipda Fotografia |

peouenas domensies = dpamas de grandes Fresenga de algumas parliculas ferrosas de
citenates. grandaa dirhetied ae.

Fotografia 3 Fotogralin <

Atpliaghn: ¥ 1000 Thhygda: 1 &pnliazin: ¢ 1000 Diihiiein: 1
Localisagio: Micleo Lux Branca/Verds Localizaciio; Mieleo  Luz Brancas Verde
Ohservazties: Ampliacio da Folografia 2. Ohserwagfias: Amphacio da Fotografia .
Particula ferrase lamnar de grandes dunensbes. Partivulas fenosas de mé dias e grandes
dimenates, dgumes cndadas jemicaments.

O rEEUtados Spresentaons refsrem-ge exnclusvamenis 35 amosras ensaladas. - Pag. 4/
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratorio
CLIENTE: INEGT _;M;‘E;QU[N;"’L: M&qm':lm de Ensnos FZO
MORADS: Potto CRefOLED: Pl LOW OIL - K1
DATA: lﬂ.ﬂ:lj_ﬂﬂ ENﬁﬂ[_US FoG- ANt Geats dd 1

]:LT
_| 54
i

"

i
'Hﬁ

i I fl:l 1‘*-.1. i i.*

HELRUUH A
Ampliacio: x 100 Thilaicdo: 1 Ampliagio: x 200 Dilican: 1
Loealizagac: Husleo  Luz Branca/ Verds Locadizagdo: Maclee  Lus Branca/ Verde
Chaervanhes: Fresanga de pattimdas fernsas de Obeervagbes: Anglacio da Fotografia 5
prguenns dimensdes ¢ algumas de grandes Fiesenga de alguens padizales ferroaes de
dinenzies. gratides damenses.

Fofografia 7 Forcgrala &

Asmplacdo: x 1000 Dilndgdo: 1 Ampliagio: 1000 Duludgdo: |
Locafizagio: Hicleo Luz Branca /s Verde Localizagin: Mhiclen Lus Brenca @ Werde
CObgervacfies: Ampliacio da Fotografiadl Dhearvagies: Amplagio doFotografia b,
Farticula ferosa de desgasie de fadiga com Partieila ferrosa de desgaste de fadiga oot
gratidas dunensdeg. grandes cimensoes.
e i F i i S A=
Esle documento ndo pode ser reproduzide, total ou pardaimente, 52m & aulorizagio por escrio do MEGL ReEEann ME 28D
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratdrio
. II'IBgI de Anclise de Lubrificantes
CLIENTE. INEGT MAQUINA: Iaguina ds Ensaios F20
MORADA: Ferto Fef OLEC: Pl LOW OIL - ES
DATA: 100510 ENSAICS FZG - 20Mnlrs Gears 411

Fotogrefin B Pofografia 10

Aplacior z 100 Dihadgin: 1 Amphagio: x 200 Dahdgdn: 1
Localizacio Milcleo  Luz Branca ! Verde Localzapio: FMucleo Luz Branca/Verde

Chservagbes Fresencs de particulas ferrosas de Ohservagfes. Atnpliacio da Fologralia®.
pequenas dimensiee. Prezanga ds poucas patticulae ferroeas de
grandes dmenshes.

Fotogrgfia 12

Amapliacda: x 1000 ]:I:ilu.{gin: 1 Amaliagio: = 1000 Dhligse: 1
Localizagao: Mhiclen Luz Branca ! Verds Localizagzo: Hacleo Luz: HrancafVerde
Ohserracies: Ampliagio daFotografia 10 Observapies: Amplagdo da Fotografia 100
Farticulas ferroear da deggasie pofr tnd dias Fatrticulas festozae cde desgaste de tnédias e
dimensoes. pequecnas dimensbes.
i T i e SR o e e e et . e
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratorio
CLIEMTE: INEGT MJELQU]NA: }u{iqu:ina de Evesins B&C
MOR&DA: Porto REf,éLED' Pl LOW OIL - KT
DAT A _1|:|.-"|:|5.-'1|:| EHZAIDR B2 - 200002 Coerp A1 L

Hoata

grafia [ 3 Fafograia T4
3 Ll T

B

Ampliagin x 100 Diludgin: 1 Apwpliagin = 200 Cihdgda: 1
Localizapio: Hicleo  Luc Branca s/ Werds Localizagio: Micleo Luz Brancs/ Verde

Clservagdes: Pressnpa de peiionlas forosas de Observagbes: Ampliagio da Folografin 13
pequenas ditnenaties Pieceniza de pavese pationlas ferrosas de
grandes dimensoss.

Folografia 16
0

Amphagzo: x 1000 Ciluaigio: 1 Ampliagao: = 1000 Diluigaa: 1
LocalTagan: Muclea [z Branca © Werde Localizacao: MNacleo Lz BrancafVerda
COheervaptes: Amplacio da Fotografia 14 Clhgerwartes: Amaoliagio daFotografiald
Particulas ferrosas de desgaste de médias ¢ Fariiculas ferrosns de desgaste de médias ¢
pequenas ditensnes. pecletas dimenghes.
R e T R CE ST o . e
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Low Power Loss Gears: Influence of Design, Materials and Qil Formulation

Inspect OIL
CETRIB - Laboratorio
(CLIEWTE: INEGT MAQU]HA: I'-.IIEiqu'ma de Eneaioe FE203
DMOEADA: Posto Ref OLED: P1 LOW OIL . K9
DATA: 10,0510 EHEAIDS EEG- 20MaCes Craare 411

Fotografia 17 Folografia 14

Ampliagior w100 Cihsdgda: 1 Sumpliagio: x 200 Dilwigdio: |

Loralizacio Muclea Lz Branca [ Verde Localizagdn Niclea  Lur Bratea £V erde

Ohservagles: Presenca de particulas ferrnsas da Olhgsrracies Amplarin da Fotografia 17

prouenes dunensdes. Presenga de poucas particulas Femrosas de
gratides ditnenetes.

Fﬂd‘ng.ra_;;ﬁa i Fa:l"?.:.\g‘qﬁz: 24

Ampliagdoe: 1000 Dilwigdor | Amppliagio: x 1000 Libuipio: 1
Localizagio: Hicleo Luz Brancad Terde Localizagio: Miclen Luz: Branea s Werde
Cihzervaphes: Ampliagin da Fotograria 18 Chservagtes: Ampliagio da Folografa 15,
Fattirulas fasroan de deagests de midias o Fariirulas forrosas de deegests demédies o
pequetas dimenstes peuEnas dimensties.
o e o i e e e e : e
Esle documento ndo pode ser raproduzide, total ou pardaimante, ssm a auborizagdo por escrio do INEGI Reanino ME 2810
MOD LAL-RELDA

214



Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

611 — P1 Churning Loss HO & LO + Power Loss: Low Oil

Inspect OIL /.

ewveq o e s
Relatorio
de
Analise de Lubrificantes
Analise n®; 29-33/10
Tipo de analize: Ferrometria e Ferrografia Analitica
Confidencialidade: 1
Cliente: INEGI - Cetrib
Meorada: Porto
Telefone ! Fax:
Equipamento: FZG (20MnCs5 - 611) Lado B
Lubrificante: P1 (Power Loss — High O1l / Low O4l)
Dosster: /
N* de paginas: g
Data: 21/05/2010
Eesponsavel: Beatriz Graca — Jorge Seabra
Rabrica: - "'------_E_: Z .
gn%zj—w ‘y""igir___ R

016 r25UtAl0s ADTeseniatos referem-se exdusivamenis 35 amosiras ensaladas. Pag. 1/
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Low Power Loss Gears: Influence of Design, Materials and Oil Formulation

Inspect OIL /.,

CETRIB - Laboratario

B mnegr . dendiue de lubeeantes

OBJECTIVO
Analize de cinco amostras de dleos lubrificantes — P1, resultantes de ensaios de Power

Loss — High Oil (HO) / Low O1l (LO) na Maguina FZG com engrenagens de ago (20MnCr3, 411
- Lade B), para avaliacdo do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas
e Ferrometria Ferrografia Analitica

K1 -HO - X X
Kl-LO - X X
KE5-L0O - X X

7-LO - X X
KEo-LO - X X

RESULTADOS DAS ANALISES

Nasz paginas seguintes sfo apresentados os resultados referentes s andlises de Ferrometria
(DE.IIT) & Ferrografia Analitica (FMV III).

D16 resUtalos ADnesenian0g refarem-se axdusivaments 35 amosiras ensaladas. {Pag 203
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Inspect OIL /.
CLIENTE: JINEGT I'-.'LI".QT.T[NA: Maguina de Efizaas FIG
ICEADA: Porta Fef. OLED: Fl
DATA: 110510 BITSAIOE FEG - ANINCS Geara 6L - Lado B

Amosttan®| K1-.HO | KI1.LO | K5.L0O ET-10 K9 -10
Diata amosira: | BWa-10 | Iai-l0 | Blai-10 Tdlai- 10 Mlai-10

fndlisen®| 2310 040 A0 3210 33410
CrelosMlacina: - - -
Ciclnedilan: - - .

1 1 1 1
62,7 23,5 T £2,9
25,4 1.5 0.E 30
921 11vn 154 sy

wess | semp | 4mes | mooan

Dizagasta normal
Desgagta gewern
Desgasta shrasio
Desgzete combitiado
Deegarte fardiga
Eaferas hletdlicas
Ligasnio ferosas

Cridos de ferro

[ncice OilLife:
[ndice Cridagin:
[ndics Ot Al A 0 A
Indice Ferromagnético:
Chrandes Cootaminantes:
Cotetante Dieléctoica:

¢N® Particiilas/10 ml)
G- 010 um

1520 wm

25- 50 xm

SO P00 pum

DL - Indice de particulas grandes H&Ea existe
D5 - [ndice de particulas peguenas HERaa] Frac_u
CPUC - Conzentracio part. de desgaste M Meédia

ISUC - [ndice Sevendads de Desgaste Forte
05 r2sutados apresentaos referem-ee Suclushvaments 35 amosiras ensaladas. ira 33
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Inspect OIL
CETRIB - Laboratorio
CLIEHTE. INEGT LIAOUINA  Méguna de Ensaios F20
MMIORADS: Portao Fof OLED:P1 HIGH OIL - K1
DATA: 2105710 EI‘TSHIDS_ FZG_-_ ANTHCe S Geats il ] - Lacdo B

Fofografia | Fotografia 2

AmpHagdo: x 100 Dihrigga: 1 Amyaliapdo: x 200 Dilnigdn: 1
Locafizacao; Mucleo  Luz Branca/ Verde Localizag#o; Wucleo  Luz. Branca/ Verde

Ohservaghes: Presenga de pariirulas ferrosas de Chservaples: Ampliacio daFolografial

peusnas dimensber e dmimas de grandes Prasenca de algumar partieulas farrosee de
dimensies: grandes diunensies.
Potografia ? Forogrania &
-

amplisgEo: ¥ L1000 DilcEn | SmpliagEa: ¥ 1000 Dilaicge: |

Localizegdo: Macleo Luz Brancad Verde Localizagdo: Hicleo  Lum Drancal Verde

Chaerragies: dmpliapio daFotografia 2. Chserragles: Amplingio daFotografia 2.

Partirulas fettnzas de grandes dimsnshes. Particula fesroen de decgacte combinado (Fadigs
+ escomegamental.
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Inspect OIL

CETRIB - Laboratario
de Andlise de Lubrifiantes

CLIENTE: INEGT
MORATA: Fotto
DATA: 2140510

DMACUIN & : Magums de Bnsaoe FZ0G

Fef OLED:F1 LOW OIL - K1
EN3AIDE FZG- 20MaCss Gowadll - Ledo B

Arngliagdo. x 100 Diludgio: 1 Ampliagso. « 200 Dilaico: |

Locelmapio: Haeleo  Luz: Branca / Verds

Cozervagdes: Presenpa da pariieulas ferrozae
de pequenas danenstes e algummas de grandes

Losabzegdo: Miclan  Lus: Branca © Verde

Cheervagdes: AmphacEo da Fotografia 5.
Preserga de alownas paticulas fertosas de

dimengtes. Preesnge significativa da
cottatdnantes exlernns.

grandee dinenetes. Presonga eignificativa de
Conlatnitiantes extanma s,

Fotografia &

L
":*‘ ﬂ'-.::'.'lﬂ TR

v

Amplagio. = 1000 Cihdgdo: 1
Localwagio: Nucleo Lus: Brancas Vetde

Ampliagio: x 200 Dihgdn: 1
Localizagio: Micleo Luz Polanzada

Obeervandas: Amplacin da Fotografia &
Putizule ferrosa de desgusts de fadiga com
grandes dimensoes.

Ohoervaghes: Patiodas conieminanies
oheservadas comluz polatizada O brilkho emitido
cotifirma 2 e nabureza Ao metdlica,

06 resutados apresenizios refe uslvamenis & amosira . Pag. 3/
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Inspect OIL
CETRIB - Laborardrio

(CLIEHTE. INEGT WLAQUIHA: Maguna de Ensaios F2O
MCRADA: Potto Ref OLEC: P1 LOW OLL - K5
DATA: 210510 ENEAIDE FEG- 20MAC] Gearsdill - Ladn B
Hofografia @ Fofografia Id

Amplbardo: x 100 Diilnigdo: ] Agplagdo: x 200 Ditaigga: 1
Locatizag®o: Hielzo  Lug: Branca/ Verds Locatizag¥o: Hieleo  Luz: Brenca/ Verde

Chaervagies: Fresenga de paticulas ferrosas de Jhzerwaches. Aamplazio de_iFutu:ugIaﬁn?_.
pecuetiaz dimensdes, Pregenca de poucas pariculas fesroeas de.
grandes dinenses.

Potografia 11 Rorografia 12

Ampliagdo: x 1000 Dilmigds: | Ampliacio: 1000 Diluigda: |
Lecalizagio: Huclso Luz Branca! Verde Localizagio: Hicl=o Luz: Branca { Verds
Ohserragies: Ampliagio da Folografia 10, Ohservagies. Ampliagio da Folografia 10
Farticula fartoga de deegasts com grandes Particula Fetrora de desgastes de grandes
dimensies. donensies.
e S A A s e : m—
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Inspect OIL
CETRIB - Laboratdrio
. inegi de Anslice de Lubrificantes
CLIENTE: TNEGT MEAQUIN & Miquina de Enssios F2G
MORADIA: Porio Raf OLED P1 LOW OIL - K7
DATA: 2105410 EHRAIDS F2G - 20MeC5 Gearn 511 - Lado B

Hotagrafia [3 Fofagrafa 14

|

Ampliagio 100 Diludzin: 1 Lapplisedo z 300 Cihdpdo: 1
Localmapio: Hicleo Lux Branca/ Verds Localizagio: Macleo Luz Branca! Verde

Ohservagdes: Presenga de padicwlas feroses de Observagbes: Amplagio da Folografia 13,
pequenas dithetigtes. Piezenza de poveas pationlae ferrosar de
grandes dimensoss.

Fofografia 16

Ampliacio: x 1000 Ciluigda: 1 Ampliagio: z 1000 Diluigio: ]
Localtacdn: Mucles Lum Branca £ Werde Localizagac: Hacleo Lz Branca f Verds
CObservagtes: Amphiacio da Fotografia 14, Ohgervartes: Ampliario daFotografia 14
Particulas feroses de desgaste de médias ¢ Fartizula forrosn de desgaste combiteds [fadize
grandes dimenstes tipicas dz desgaszie de + escotre gamento).
Fadiza.
e R R AL e e Bt R : T
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Inspect OIL

(CLIEHNTE: INEGE
LMICEADA: Porto
DATA: 21405710

WAQTIN A Maguma de Ensaos F2G

Ref, OLED: F1 LOW OIL - K9
EMEAICS PG . 20Mnle) Gearg 611 - Lado B

Hotagrafia 17

Fafografia 14

It iy

g !;u'l_i Y .

Pl g0 0
| ;”_l | li “I"L

Ampliagdo: x 100
Localizagio: Haclea

Cihdedn: 1
Luz Branca [ Verde

Ohservagbes: Presenca de particulas femrosas ds
pegquenae dunenedee.

Amplisgac: x 200
Localizagio: Hucleo

Dihagao: L
Luz Branca/Verde

Chservaghes: Atplacio daFotografia 17,
Fregetiza de poncas particulas fetroeas da
granides ditnetistes.

Fotografa i9

bt

Fotogragia i

Ampliagio: = 1000
Localragao: Hacleo

Chihagdn: 1
Lz Branca/Verde

Observagbes. Amplagio daFotografia 18,
Patticuilae ferrogae de desgaste de médhas »
peguenas dimensies,

Ampliapdo: x 1000
Localizagia: Haclea

Cihdpdn: 1
Luz: Brancaf Vesde

Chzerrapbes: dampliagio da Fotografia 13
Fartirulas ferrosas de desgaste de mediag e
pequcnas Clmensoss.
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612 — P1 Power Loss: High Oil

Inspect OIL z

@negg el

Relatorio
de

Analise de Lubrificantes

Analise n™; 05-08 /10

Tipo de analize: Ferrometria e Ferrografia Analitica

Confidencialidade: 1

Cliente: INEGI - Cetrib

Morada: Porto

Telefone ! Fax:

Equipamento: FZG (ADI-612)

Lubiificante: F1

Dossier:

N* de paginas: 7

Data: 19/02/10

Besponsavel: Beatriz Graca — Jorge Seabra

Rabrica: e ""-----_E_E Z .
.';'g]—w ‘7"'32_ e

05 resulados apresentadios referem-se exdusivamente a5 amoslras ensaladas. Pag. 17 |
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Inspect OIL /.
CETRIB - Laboratdrio

@meg & hndles e Lobeeames

OBJECTIVO

Analize de guatro amostras de oleo lubrificante P1 resultantes de ensaios na Maguina
FZG com engrenagens de ADI para avaliagio do desgaste presente.

As amostras analisadas foram as seguintes:

Amostra Ciclos Analises efectuadas
'l Ferrometria Ferrografia Analitica
Kl 40 000 X X
K5 1 680 000 X X
K7 2320000 X X
K9 3 369 000 X X
RESULTADOS DAS ANALISES

Nas paginas seguintes sdo apresentados os resultados referentes as analises de Ferrometria
(DE.IIT) & Ferrografia Analitica (M III).

(15 restados apresenianos referem-se exdusivaments &5 amoslras ensaiadas. fpag 277 i
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Inspect OIL /.

@ ineqi de Andlise de Lubrificantes
CLIEWNTE: INEGT MﬁQU]I'TA: Blaguina de Bneaics FZ0F
MOBADL: Potio Ref OLED:P1. 612
DATA: 1940340 FHEAIDOAEFIG . ATT Crears
Ao gtra n® K1 ] oy s
Data amostrs:|  Jan-10 Jan-101 Tan-10 Jan-10
Aailizen®| 0510 Dafin 0740 Q10
Cielos/Macnaire: - - = R
Ciclns/ilec: - = - -
3 01 IR} 01 01
DL:| 54 11,5 126 33,2
| 27 47 a5 D,

ORI 230 | 16a0 1220 4340
ISUC: 2-F+03 | 17F+04 | 13544 | 10E+03

Dieggaste normal
Diesgaste severn
Desgaste abrasio
Dieagacte eombinada
Diesgazte fadign
Esaferas hlataticas
Ligas nio ferrosas
Cdae da ferro
Lineraie A rganicos

3

R
lndice Dxdagiio:

Indies T onfatdnaric:
Indice Fereomagnético:
Crandss Contaminantes:
Caanta Dieléctrica:

¢H* Partizulas0 ml)
T 15 s

I3 25 mm
2350 wm

S0 T gem

R
R

M | DL - lndice de particulas arandes MEo esste
DS - [ndice de particulas peguenas Fraco
CPUC - Concentracio part de desgasts Mo
ISUC - Indice Seweridade de Desgaste Forte
e O YE |
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Inspect OIL

CLIEMTE: JNEGT WA A Wlaquita de Engaios F2G
MOBEADA: Porto Fef. OLED: P1 - 612
DATA: 100240 EMBAIDS FZG - ADI Geara KL
Fotagrafia I Rarografia 2
i
r [
- l \
i i :
I B2 J | .
I f
| —S0oum —Zopm
Ampliands x 100 Cihdpdo: 0,1 Ampliagdo: i« 200 Dildcéo: 0,1
Localisagio: Macleo  Luz: Branca /! Verde Locelzagio Hocleo Luz: Brancas Verde

b zervactes: Presencs de pasticulas ferrosas de (b zervactes: Amplianin da Foragrafia |
peguenas ¢ algumas de grandes dimenstes. Fresenga de particulas femosas de pequenas € de
pouces e grandes dimensd e

Fotografia 7 Fotografio &

Amplarin: 1 1000 Dhihtigda: 0,1 Amnliazin: w1000 Dhihnpda: 0,0
Localizagio: Hicleo Luz: Brenca [ Verde Localizaeio: Muclen Luz BrancasVerde
Ohzervagtes: Amphacio daFolografia l, Ohzervagtes: Farticulas fertogas latdnates de
Parlicula ferrosz laminar, tipica de Fadiga e de média dimensao.

grands s dmenades.
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Inspect OIL
@negr de e d Lircaries
CLIENTE: INEGE RLAQTIINA: Idécpuing de Ensnios FZG
MORADS: Poto Ref OLED:F1. 612
Da&TA: L9020 FHEAIDS FE% - ADI Grars K5
Fofog‘aﬁ:z.f - F‘o!o,grqﬁal:f ' ) . e—
E:.qu; T .“;ﬂf‘l.n |1]|1.| |1rl'li Ff"er"H ‘f]l ’;’I 'll.Tf"lfl ‘j H‘1I
Sk T L
a.fIlﬁ. -M-;.r'} i ;,* LA v
f } : :I '; I'.“. 4 e ke § |
'I"" rn ' Mf ""‘*”!‘ $§ i i

:";i--w,u

I“ ' T? ”i,i‘ .ﬂ'
\1'1‘;'”;1.. i

I
tA
}

s

I *.'.-!

Ampliagio: @ 100 Diduig3a: 01
Locahzegdo: Nuelao  Lus: Branca [ Verds

Ohacrragdes: Presenga signdficatsva de
particulas ferrazae de pegquenas o daunae de
grapides dinensies.

Ampliagio: x 200 DiluicBo: 0,1
Lorahzagio: buclen  Lus: Branca / YVerde

Ohbasrrag E_u: o fmgliagin da Fotogrefia 5.
Precerga eigrficatirs de patticulae fetroeas de
peauenas e dgamas de srandss dimenstes.

Fotografia 8§

Ampliacio: x LO0D Diluigdo: 01
Localmagdn: bliclea Luz Branca! Verds

Clhserragdes: Ampliagio do Fotografie 6.
Pattirula fertnza de deggaste de Fadiga com
grances dimensoes e de formwa aredondada

Arpliazios x LO00 DilyizEn: 01
Localizagio: Mhiclen Luz Brancad Verde

Cbservaztes. Ampliacdo da Fotografia g,

(13- Petfioule ferora do decgaete de faciga com
grandes dimensies,

21 - Parbicula femosa de desgasie de corle.

0I5 r2sutados apresenianos referem-se euclUEVEmEnis &5 aMoslras ensaladas.
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Inspect OIL

CLIEMTE: IMEGE
IIOREADA: Foito
DATA: 19402010

MIACIITNA - W aquitia de Frigaios F2
el OLED:F1- 612
ENSAICOS FED - AD] Gears K7

Fofografia @

|
|

500

Apliagdo:  x 100 Dilnig&o: 0,1
Localwagio Hucleo  Luz: Branca ! Verde

Cihzervagtes: Pregenca sipnificativa de
particulas ferrosas de pequenas = grandes
ditenades.

Ampliasdo x 200 Dihdpdn: 01
Localizapio: Hacleo  Luz: Dranca{ Verds

Cihservagties: Ampliarho da Fotografiz 9.
Fresenca de alzumes particulas ferosas de
grandas dimetades.

Fotograia 12

Aorpliagao: w1000 Dilaican: 0,1
Localizagdo. Mucleo Luz Brancas Verde

Chzervagtes: Ampliazan da Fotografia 10

Farticuls Ferrosa lamimar de deszasie combinado
o do grandss dimenedes.

Asmplagdo: 1000 Dihaicaa: 0,1
Localizagio; Mucleo Luz: Brancas Verde

Chzerraphes: Ampliagao da Fotografia [0
Particulas ferrosas de desgasie demediae
pratide dithanado.
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Inspect OIL
CETRIB - Laboratdrio
de Andlise de Lubrificantes
CLIEHTE INEGE MIAQUIN &: Maguina de Ensxos F20
LICEADA: Porto Fef OLEC: F1 - 612
DaATaA: 1940210 ENZAIDR FEG - AD] Gaare KD

Fotografa ¢

L AR
i A5
" -

I

] 1 I HE l ' 1

[ i ' i N {
W g

L JH M &0 BT WA BT L

Amaliacio: ¥ 100 Dilnde#o: 0,1 Ampliagio: x 200 Dilaiean: 0,1
Localizagiio Bikelen  Liz Branca ) Verde Localizagioe thiclen  Dim Branea £ Verde
Chaervagtes: Frasenga sisrificaitva de Chaervagtes: Aaplogio daTologiafie 13
particnlae ferrooae de pecuenas dunensdeos ¢ Presenga sigruficativa de partiewlas ferrogan de
gratdes ditietiafies. peduenas dimenzfies e almunas de grandes

dittiarsiies.

Fotografta 1LY

Acrpliagia: x 1000 Diluadgo: 0.1 Ampliacdo: x 1000 Driluign: 0,1
Localizagio: Hicleo Luz Branca/Verde Localizagio: Mucleo Luz: Branca / Verde
Cbperrapdes: Amplagio da Fotografia 14, Clogetwrapbes  Ampbagio da Fotografia 14,
Farticula ferroea de grandes danensbes @ forms Pregenga vigndficatevs da particulae de medias
atredoncdacda, dimensfies & formag arredondardas
os ........................................................... m ................... m a“ ............................ ......................................... . S
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A. Lubrication: Introduction and Basic Theory
i. Introduction.

Lubrication is one branch of tribology which pay special attention to contacts were
a viscous fluid film separates two contacting surfaces. This fluid film can be a nearly
compressible liquid like oils, water, etc; can also be a compressible gas which in most
cases is air whose density varies widely with pressure[10].

The fluid film should separate completely the contacting surfaces, supposing that
roughness and eventual superficial defects are smaller than oil the film thickness
otherwise there will be contacting points between the surfaces being in presence of mix
lubrication or in more extreme cases in presence of limit lubrication.

Lubricants capacity evolved along the years driven by the evolution of the
mechanical components and it’s demanding for more and better lubricants that could
deal better with friction, minimization of superficial wear, evacuate a greater amount of
heat from the contact area, ability to stop corrosion and be able to mix with chemical
substances that improve their performance [34].

Besides all the concerns referred previously we need to add a couple more that have
been growing along the years, and those concerns are the environmental awareness and
the need for minimization of lubricant impact into nature, leading the search for low
toxicity and biodegradable lubricants [6, 34].

Progress and the technological evolution lead to an increase of equipments with
more and higher solicitations leading to an increase of the mechanical components
temperature raising the need for a better and larger amount of lubricant[34].

Oils are one of the most common lubricants and they are mainly composed by a
base fluid called “base lubricant”, this base can have a mineral or synthetic origin, being
added on top a package of additives which nature depends of the application it is being
prepared to. The most common are the mineral based oils due to their low price and
abundance in nature, but the synthetic oils are starting to appear more often from these
last years, due to the need to solve specially hard lubrication problems.

In order for lubrication to be effective the lubricant need the have the correct
viscosity in order to maintain a steady fluid film under operative conditions and on the
other hand allow the fluid to flow in order to remove the heat and neutralize the power
loss due to viscous drag.

To guarantee the correct formation and preservation of the fluid film is necessary
the existence of a pressure applied to the film to balance the loads applied between the
surfaces of the mechanism [10]. To the case were the pressure is generated by a system
exterior to the contact, like the case of some bearings, it’s called hydrostatic lubrication.
When the pressure is generated by the relative movement of the surfaces, like the case
of axial bearings, we call it Hydrodynamic lubrication [10]. This last type of lubrication
is characterized by the lubricant being dragged to the contact due to the surface
geometry and cinematic, being the oil so highly compressed between the surfaces of the
contact that generates elastic deformation of the surfaces, being therefore called
ElastoHydrodynamic lubrication.
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These types of lubrication are described more accurately in the following chapters
being special attention paid to the ElastoHydrodynamic lubrication because is the
lubrication regime present in gears.

ii. Basic film Theory.

Lubrication and film formation was and still is studied intensively and film
behavior can be described by mathematical and mechanical laws that allow us to
calculate the film velocity field, pressure and shear stress. The most common laws that
describe the fluids and the fluid mechanics are the Navier-Stokes and Reynolds
equations but before presenting those principles, are pertinent to present some basic
laws first. Those are the continuous mechanics laws, being in the origin of the Slim
Newtonian film general equations. The continuum Mechanics laws are:

- Mass Conservation law:

Jdp O
ﬁ + a—X1 (pul) =0 (Eq. 19)

- Dynamics fundamental law:

(aui + aui) _ of, + 20 Eq. 20
- Reologic behavior law for a Newtonian fluid:
- Energy conservation law for a Newtonian fluid:
c dT TdP+ i) (kaT>_|_[1 ou?
Piriar = ae T ax, \“ox; ax; o2
N ou; (du; OJu; (Eq. 22)
H dxj\0x; Ox;

The general equations of the thin viscous film mechanics are used to determine the
characteristics of a thin film specially the sustentation force, being obtained from the
continuous mechanics equations applied to a Newtonian fluid.

Not being the objective of this work the deduction of these equations there will be
presented just the initial assumptions and the final equation for exemplification
purposes.
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Assuming then that when in a laminar flow, mass exterior forces are neglected, the
Navier equations are written this way:

du; du;
! <E T axi)
__op 2 0%y, N (c’izui 0%y; ) Ea. 23
~ 0x; Ox;0x; H dx;  0x;0%; (Eq- 23)
+%ﬂ+ <6ui N 6u]-> ou
dx; 0x; dx; 0x;) 0x;

Knowing the border conditions and using the equations mentioned before we are
able to reach to the film velocity field, pressure and shears stress.

Y 4

\ y
Va2
A
U
- 2

h {x, 2)

Yz

J_/ \\‘;TJ' I

Superficie inferior confundida com o plano (xOz)

Figure 85 — Axis system[10].

After several calculation steps we finally get the thin viscous film mechanics
generalized equation:

d (GaP>+ d (G 6)
axl axl 6x3 aX3

oH,
= O_Jcl[U21(R2 —F) + Uy F] - p2U216_x1

H
+P1U11—1+—[U23(R2—F)+U13F] (Eq. 24)
axl d

X1

OH, 9R,  oH,
ax, ot P? ot
oH,
+ P1W + pUz; — p1Uq2

oH,
- p2U236_x3 +p1U13

Being R, F and G defined by:
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x2
R=J p(xq, & x3,6)déE (Eq. 25)
Hy
1 (H2R
Fz—f —dx Eq.26
Jodu B 2 (Eq.26)
G fHZR( Iz)d fHZRde I,F (Eq. 27)
= —(xy ——=)dx, = —dx, — .
B 2 Iz 2 P 2 2 q

The thin viscous film equation is the most general form of the Reynolds equation and
to be able to obtain it was necessary to take some consideration into account[10]:

- A continuous environment;

- the fluid is Newtonian;

- mass exterior forces were neglected;

- inertia forces were neglected;

- no sliding between the fluid and contact surfaces;

- the thickness in Ox, axis is always much smaller compared to other
dimension of contact (basic hypotheses of contact mechanics).
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Table 30 — Nomenclature of the thin viscous fluid mechanics equation.

Nomenclature
Symbol Designation
Xij Space variable
t Time variable
uj Speed components
p Density
f; Mass exterior forces
Gij Stress tensor
E Internal energy
K Fluid Thermal Conductibility coefficient
T Temperature
P Pressure
& Deformation tensor
0 Cubic dilatation coefficient
0y Kronecker symbol
Iy Space Navier coefficient
1 Time Navier coefficient
(O Mass heat(const. Pressure)

A=(1-p)( 9p/(d1),

Calorimetric dilatation coefficient(const. Pressure)
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B. Hydrodynamic Lubrication

Hydrodynamic lubrication has mentioned before, relies on relative motion between
two surfaces to form a film layer strong enough to bear the loads transferred from the
surfaces[9]. In order to do so there are two possibilities, one is by wedging the lubricant
into a convergent gap with the tangential surface velocities, known as “wedging film
action”, or squeezing the lubricant out of the contact, using the relative normal velocity
between the surfaces, known as “squeeze film action” [15].

In a converging hydrodynamic slider the inlet section has a higher film thickness
than the outlet section allowing this section to have a larger amount of lubricant
entering, therefore considering the slider to be infinitely wide and in order to have a
constant flow along the slider section, the lubricant should have an increasing pressure
and low speed on the inlet section and low pressure and high speed in the outlet
section[15], has you can see in Figure 86.

This type of behavior is typical of hydrodynamic lubrication, but doesn’t happens
just in flat sliders, it is present in curve and spherical slivers lubricant rollers, journal
bearings, ball bearings, etc. For the case where the surfaces are parallel formation of a
hydrodynamic film is compromised due mainly to the lack of the wedging effect. This
problem can be solved if instead of a pressure and speed differential caused by wedging
action we generate this using a downward movement of the slider with a velocity
normal to the surface, being generated a pressure differential by squeezing, leading the
lubricant to escape for both sides generating a parabolic pressure profile similar to the
one formed in the wedging film action[15](Figure 87).
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Figure 86 — Wedging film action in a hydrodynamic slider. a) Velocity profiles at
inlet and outlet region in wedge shape load. b) Pressure distribution beneath the
wedge[15].

Squeeze velocity

Relative pressure
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Figure 87 — Squeeze film action in a hydrodynamic slider. a) Equal velocity
profiles generated at each end of a flat slider that moves downward due to a
squeeze velocity in a normal direction to the slider surface. b) Pressure distribution
beneath flat slider[15].
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Bearings operating under the effect of dynamic loads can have squeeze film action
at the same time as wedging film action, being the pressure generated by squeeze film
action able to reach significant levels to provide an effective damping component for
high-speed rotor-bearing systems stabilization[15].

C. Hydrostatic Lubrication

In hydrodynamic mechanisms load supporting pressure is generated due to the
relative movement of the contact surfaces in the presence of a wedge. If for some reason
the movement necessary to generate pressure don’t exists or is not enough to bear the
entire load, there comes the need to resort to the hydrostatic lubrication[10], which
consists in injecting pressurized fluid between the contacting surfaces(Figure 88) in
order to generate fluid film[15]. This type of lubrication is present in bearings per
example, being the most common ways to introduce fluid inside a bearing (assuming
liquid lubricants only):

Constant pressure feed;
Constant debt feed.

In constant pressure systems, the bearing is feed through as hydraulic resistance
whose load loss is in function of the debt, which ensures good system stiffness.

In constant debt systems, a constant debt pump is placed between the reservoir and
the lubricant admission hole in the bearing. These types of systems are generally
very complex and expensive, therefore not much used in practical applications.[10]

The main advantages of hydrostatic lubrication and hydrostatic bearings are:

1. Both surfaces are always separated by a lubricant film even when there is
surfaces are stopped which leads to virtually no wear;

2. Pressure is spread by a wide surface avoiding pressure concentration areas;

3. Because the pressure force is generated by surface action, manufacture defects
effect is reduced.
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Figure 88 — schematics showing the key parameters that determine the operation of

a hydrostatic bearing. Nomenclature: p;, supply pressure; p,, recess pressure; hy, film
thickness; b, bearing pocket diameter; |, bearing load thickness[15].

In a hydrostatic bearing (Figure 88) the pocket pressure, the film thickness and the
lubricant flow depends directly on the bearing load, therefore for a heavy load, the
pocket pressure comes closer to the supply pressure, yielding a very small flow and
consequently, a low film thickness, happening the exact opposite for a light load.
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