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It must also be recognized that the selection of properties relevant to lubricating characteristics must be
made in the light of the other characteristics necessary or desirable in the lubricant. This document is
not intended to specify the properties of fluids optimized for lubricating ability but it is intended to provide
the guidance to be considered, along with the other requirements for the application, in determining the
values to be specified for each property. Trade-off in the selection of limits for various properties must be
made based on the relative impact of these properties on each other and on the system.
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1.

2.

2.1

2.2

SCOPE:
This AIR establishes guidance for the specification of formulated lubricant propertie
to the lubricating function in bearings, gears, clutches and seals of aviation propulsi
systems.

REFERENCES:

s which contribute
on and drive

Applicable Docpments:

1. Glossary off Terms and Definitions in the Field of Friction, Wear and Lubrigatio
Research Group on Wear Engineering Materials, Organization for Econemic (
Development, Paris, 1969.

2. (Martin), "The Lubrication of Gear Teeth," Engineering, Vol. 102, Aug. 11, 191

, "Elastohydrodynamics," Proc. Inst. Mech. Engrs., 1967-68, Vol. 1

No. 10
4. Cameron, A., "Principles of Lubrication", Longmahs, London, 1966, p. 31.
5. Jones, W.R, Johnson, R.L., Winer, W.O. and Sanborn, D.M., "Pressure-Viscos

n - Tribology,
Cooperation

5, pp. 119-121.

82, Part 3A, paper

ity Measurements

for Several |[Lubricants to 5.5 X 108 N/m?2 (8°X 10* psi) and 149 C (300 F)," ASLE Trans. Vol. 18,

No. 4, October 1975, pp. 249-262

Definitions and| Terminology:

The following térms are defined according to the definitions given in 2.1(1.) and a
customary engjneering deseriptions used in the aerospace community.

ccording to the

Fatigue - Remqval of particles detached by fatigue arising from cyclic stress variajion. (1) Spalling is

removal of matgrial by fatigue resulting from the global contact stress. It can be
subsurface initipted; (2) Pitting is removal of material by fatigue resulting from loc

urface or
al stress within the

contact. ltis s

fatigue spall; (3)

Micropitting (Peeling, Frosting) — This type of fatigue is characterized by subsurface shallow spalling
in the order of 0.0002 to 0.0005 inch in depth which occurs where the surface finishes have many
asperities greater than the lubricant film thickness. Normally micropitting is only a slight distress to

the contact surface and appears to be nothing more than a frosted appearance.

Fretting - A wear phenomena occurring between two surfaces having oscillatory r
small amplitude.

Scratching - The formation of fine scratches in the direction of sliding. Scratching

elative motion of

may be due to

asperities on the harder surface, hard particles between the surfaces or embedded in one of the

surfaces. Scratching is considered to be less damaging than scoring (scuffing).
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2.2 (Continued):

2.3

Scoring (Scuffing) - The formation of severe scratches in the direction of sliding. (

1) Scoring may be

due to local solid phase welding or to abrasion. (2) In the USA the term scuffing is sometimes used
as a synonym for scoring. (3) In the U.K. scuffing implies local solid-phase welding only. (4) Minor

damage should be called scratching rather than scoring (scuffing).

Glazing - The formation of a glazed or polished surface due to localized plastic flow.

Smearing - Plawmmmmnm
one or both surfaces.

Corrosion - Regction at surfaces due to electrochemical or direct chemical\attack
discoloration and/or pitting of the surface. Can occur on functional and nonfunctic

Corrosive Weaf (Tribochemical Wear) - A wear process in whichichemical or elec
reaction with thie environment predominates. (1) Usually, corrosive wear is a mild

s a thin layer on
resulting in
bnal surfaces.

trochemical
form of wear, but it

may become very serious, especially at high temperatures.eorin moist environments. (2) In some

instances, chemnical reaction takes place first, followed bys;the removal of corrosio

n products by

mechanical acfjon; in other instances, mechanical action takes place first, characterized by the

formation of vefy small debris which subsequently is‘chemically transformed; the
be mutually enhancing. A form of corrosive wear\is oxidative wear.

Fretting Corrosjon - A form of fretting in which chemical reaction predominates. (
corrosion is often characterized by the removal of particles and subsequent forme
which are often] abrasive and so increases wear. (2) Fretting corrosion can involy
reaction produgts, which may not be abrasive.

Wear - The progressive loss of substance from the operating surface of a body oqg
of relative motipn at the surface. (1) Wear is usually detrimental, but in mild form it
e.g., during running in._(2)*A body may become unserviceable as a result of majq
deformation.

Symbols and Abbreviations:

mall-seale plastic deformation occurs in almost all wear processes.

phenomena may

1) Fretting
tion of oxides,
e other chemical

curring as a result
may be beneficial,
r plastic

AIR Aerospace Information Report
ASTM American Society for Testing and Materials
EHD Elastohydrodynamic

EP Extreme Pressure

F Shear Force

m Slope

N Normal Load

PFPE Perfluoroalkylpolyether

PPE Polyplenyl ether

R Entraining Velocity

S Sliding Velocity

T Total Temperature
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2.3 (Continued):

Tb
Tf
TCP
um
h/u

Bulk Temperature
“Flash” Temperature

Tricresyl Phosphate

Micro-meter
Lambda Ratio

3. FUNDAMENTALS OF LUBRICATION AND LUBRICANT PROPERTIES:

3.1

Lubricant Func

In any lubricatgd contact, the lubricant generally must perform two primary-functig

functions are s
purpose of a lu
unacceptable t
suppliedtoac
and gears with
surface separa
control and sta

The physical, surface interactive and chemical properties of a lubricant determine

performs these

reduction performance of a lubricant include'the viscosity and pressure viscosity

determine how
surface speed

of surface active boundary lubricating additives that may be present play an impo
lubricant’s surface protection/wearreduction role. Boundary lubricating additives

important at loy
are particularly

The primary ch
are heat capac
well the lubrica

lion:

Irface separation for the reduction of wear and heat removal. Whi
bricant is to extend component life by reduction or elimination of w|
pes of surface distress, only a small portion of the lubricant which
bmponent is required for this purpose. In compohents like rolling €
high load Hertzian contacts, less than 10%@fithe lubricant suppli€
lion or protection. The remaining 90% is supplied to provide adeq
pilize component temperatures at an acceptable level.

two functions. The primary properties that determine the lubricati

thick a film a lubricant can:form at a given set of conditions includi
And temperature). In addition to these two physical properties, the

thin.

aracteristics, which determine a lubricant’s ability to remove heat f
ty, tbermal conductivity and thermal stability. These characteristic
pt€an absorb heat from the mechanical component and how well

ns. These

e the primary
ear and various
is generally
lement bearings
d is required for
hate cooling to

how well it

ng and wear
toefficient (which
ng geometry, load,
type and quantity
rtant role in a

are particularly

vV speeds and/or-high loads where the films generated by Elastohydrodynamic effects

r'om a component,
5 determine how
t can stand up to

the thermal environment it is subjected to. Frequently, antioxidant additives are used to increase the
thermal stability of a lubricant basestock to permit it to be used at higher temperatures.

While not primarily a lubricating function in the strict sense of the word, corrosion protection is a third
major performance requirement for many lubricants. Corrosion preventive additives are frequently
used to improve the corrosion protection of a given lubricant. Corrosion protection can be provided
by a combination of effects including chemically adherent surface film formation, acid neutralization
and moisture elimination or control. The effectiveness of anticorrosion additives is very much
controlled by their detailed chemical properties.
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3.2 Lubrication and Failure Mechanisms:

3.21

3.2.2

Introduction: The topic of lubrication and the failure of lubricated surfaces are quite complex. The
performance of the lubricant, with its physical and chemical properties, in most cases cannot be
formulated into simple and reliable equations to predict the role of lubricant properties in the failure
process. Failure in the form of wear, for example, is not an intrinsic property of a bearing or gear

material. Also, the performance of an oil or grease is not an intrinsic property of the lubricant
alone, but it is the result of the physical and chemical interactions within an entire lubricated

contact syste
experience b
interactions v

The lubricant
lubrication, E
are judged by
degree that it
failed.

—Consequentty, the desigmor Ssefectionmof a tubricant is botrsci
hsed. The rationale is derived from both lubrication and failuremeq
ithin a lubricated contact system.

prevents failure through the formation of lubricating films by hydro
astohydrodynamic (EHD) lubrication and boundarydubrication. Th
the user. If the deterioration of the surfaces or lgvel of friction has
threatens the essential function of the compaonent, it can be consi

Through expgrience the engineer recognizes distincticlasses of failure (see sec

Definitions).

occur. They
observations
events involv
physical and
generally fall

Adhesion
Chemical rea
Plastic flow
Fatigue

These failures are defined without presupposing the exact mechar

pnce and
cthanisms and their

dynamic

o criteria for failure
progressed to the

Hered to have

tion entitled 2.2
ism by which they

are defined in engineering terms based on a description of observations. The

and their classifications reflect.the remaining evidence of a compli
ng many physical and chemieal processes that preceded it. Asso

cated sequence of
ciated with the

chemical interactions on-the surfaces are several mechanistic wedr processes which

under the basic mechanisms of:

ction

During the s¢

rviceJife of a component, the lubricant must provide the lubricatior

mechanisms

required to pievent or control these basic wear processes. The role of the lubri

cant and its design

and selection rationale can be understood by considering the structural elements of a lubricated

contact.

Structural Elements of a Lubricated Contact: Engine and transmission systems have a very wide
range of lubricated contacts within their basic components of bearings, gears, seals, clutches and
splines. The lubricated contacts cover a wide range of contact stresses and rolling/sliding motion.

For a concentrated contact, the performance is derived from the integrity of four general regions as
shown in Figure 1. Each region performs certain functions in the lubrication and failure process.
The success of the lubricant depends upon how well it handles the normal stress and
accommodates the tangential shear within these regions.
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Pressure EHD/MICRO-EHD FILMS |
(<1pm)

JN ...2” [SURFACE FILMS]

Lubricant T / (<1 pm)
Uz=-=-_ 1P AONAG) - -, i 22l [ NeapSurjace ]
.'- Principal (50 um)
Shearing
Stress (1)

| Subsurtade |
(50-1000 1fn)

FIGURE 1 - Structural’Elements of a Lubricated Contact
3.2.2 (Continued):

The EHD and micro-EHD lubricated region is created by the generation of an Elastohydrodynamic
(EHD) lubricgnt film. On a‘global scale, the EHD film is derived from the hydrodynamic pressure
generated in the inlet region of the contact. On a local scale, it is derived from the micro-EHD
lubrication agtion associated with the local topography of the surfaces. The EHP/micro-EHD
region is typigally less than 1 um thick.

The surface filmtregion cantains the thin outer layers of the surface They consist of surface

oxides, adsorbed films and chemical reaction films derived from the lubricant and its additives.
These surface films are almost always less than 1 pym thick.

The near surface region contains the inner layers of the surface. This region may include a finely
structured and highly worked or mechanically mixed layer. It may also include compacted wear
debris or transferred material from a mating surface. The deformed layers, which are of a different
microstructure than the material below them, may arise from surface preparation techniques such
as grinding and honing. They may also be induced during operation; for example, during running
in. Hardness and residual stress may vary significantly in this region. They may also be
substantially different from the bulk material below. The near-surface region may be on the order
of 50 ym below the surface.
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3.2.2 (Continued):

3.2.3

For concentrated contacts, a subsurface region can be defined which may be 50 to 1000 ym below
the surface. This region is not significantly affected by the mechanical processes that produce the
surface or the asperity-induced changes that occur during operation. Its microstructure and
hardness may still be different from the bulk material below it, and significant residual stresses may
still be present. These stresses and microstructures, however, are the result of macro processes
such as heat treatment, surface hardening and forging. For typical Hertzian contact pressures, the
maximum shear stress is located within the subsurface region (see Figure 1). In other words, the

detrimental g
subsurface-in

One can alsg
subsurface reg
asperity and

Obatcontact Stresses are communicated to the subsurface Tegion
itiated fatigue commences.

gion. The "quiescent zone" resides at a depth below the 'surface i
surface defect stresses are not significant and the stress field from

Hertzian con

stress and thg accumulation of plastic flow and fatigue damage. The existence
zone is impoftant with regard to rolling contact fatigue. It.inhibits the propagatio
between the stress field in the near-surface region anddhe stress field in the su

Lubrication

structural elements of the contact through the mechanisms of hydrodynamic (or
Elastohydrodynamic) lubrication and boundary lubrication.

ct stress is not yet appreciable. This zone is quiescent from the |

echanisms: The physical and chemical properties of the lubricant

where

define a "quiescent zone" which is located between the near-surface region and the

n which the local
the macroscopic
point of view of
of the quiescent
h of cracks
bsurface region.

work within the

Elastohydrodynamic Lubrication: The-formation of a hydrodynamic or EHD lubrjicant film

contributes tq
lubricant film
elastic deforn
three functior]

The formation of an EHD*ubricant film is derived from the hydrodynamic pressu

inlet region.
thickness to |

lubrication by reducing the local stresses between the surfaces a
easy to shear. For«a\concentrated contact like that in Figure 1 the
nation are very similar to the Hertzian contact condition of dry cont:

EHD Jubrication is on excellent quantitative grounds. This allows t
e predicted from the viscous properties of the lubricant, the geom

nd by creating a
pressure and
hct. This results in

al regions along-the direction of surface motion as shown schematically in Figure 2.

e generated in the
he lubricant film
btry of the contact

system and t

neiP kinematic operating conditions. EHD theory has proven to be

a very useful

design tool for predicting the lubrication regime for various applications. However, it is not
sufficient to predict failure. This is partly because EHD lubrication is primarily an inlet
phenomenon; that is, its major role occurs in a region removed from the Hertzian region where the
more local events involved in failure initiation take place. The EHD lubrication process can
significantly influence the severity of these local events. The nominal thickness of an EHD film
determines the degree of asperity interaction between the surfaces. Thus, the hydrodynamic or
EHD lubrication mechanism is viewed as a method for the role that lubricant properties (particularly
physical properties) have on their ability to separate surfaces with a lubricant film. The prediction
of failure must incorporate several less quantifiable processes.
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/~PRESSURE

3.2.3 (Continued):

Surface Temj
lubrication an
that control th
force in the fq

Gt SaO LR AT AN R e R PSR AN R

- | INLET HERTZ REGION.

FIGURE 2 - EHD*Lubrication

perature: Surface temperature is not a lubrication process but a k
d failure. Temperature‘significantly influences the viscous properti
e thickness of a hydrodynamically generated lubricant film. Itis a

influences th¢ strength of surface films as well as the flow properties of the mat

near-surface
frequently us

From a simpl

region. Censequently, it is not surprising that the total temperaturg
ed criterion for failure, such as scuffing (or scoring).

stic\point of view the total temperature (T) is the sum of a bulk temg

ey link between
es of the lubricant
S0 a major driving

rmation of chemical reaction films. It influences the rate of lubricant degradation. It

brial in the
b level is a

erature (Ty) of the

component a

hd-the "flash" temperature (Tf) associated with the instantaneous t

emperature rise

derived from the friction within the lubricated contact. Flash temperature may arise from the
traction of the lubricant film as well as from the energy dissipated from the adhesion, plastic flow of
surface films, and deformation of the material within the near-surface region. The magnitude of T
can be predicted if simplifying assumptions about the coefficient of friction and convection heat
transfer is made.

Boundary Lubrication:

It is well known that surface films are important to boundary lubrication

because they prevent adhesion and provide a film that is easy to shear. These films may be in the
form of oxides, adsorbed films from surfactants and chemical reaction films from other additives or

the bulk fluid.

These surface films are schematically shown in Figure 3.

-10 -
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METAL

FIGURE 3 - Surface Films From Boundary Lubrication Mechanisms
3.2.3 (Continued):

The interactigns of surface films are very complex. Most studies on the subject|have focused on
the chemical jdentification or phenomenological effect of surface films, but little is known about the
mechanism df protection, the.means of removal, or the rate of reformation. At high temperatures
the oxidation|of the base fluid-€an contribute to surface film formation. There have been many
studies on th¢ catalytic effect of metals on the bulk oxidation of lubricants. Similar oxidative
processes can occur ynder the thermal stress environment in the contact region where
intermediate pxidatien-species can react with the surface or organo-metallic material that may be
present. Thelse reactions can influence boundary lubrication in several ways; sych as by corrosive
wear, by comppetition with other additives, or by forming polymeric material - tha} is, a friction
polymer.

The contribution of surface films in preventing wear is complex. The time and spatial distribution of
the various surface films within the contact seem to be important, particularly with regard to the
accumulation of material (including debris of all sorts) in surface depressions and the formation of
films at asperity sites. In view of the complexity of surface films, one wonders what the real
lubricating "juice" is in a real system. Its properties may be much different from the original
lubricant applied.

-11 -
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3.2.3 (Continued):

3.24

3.24.1

Mixed Film Lubrication: The lambda ratio, h/y, a very useful engineering quantity, is the ratio of the
hydrodynamic or EHD lubricant film thickness (h) to the average combined roughness height (u) of
the interacting surfaces. It is a simple way of describing the degree of asperity interaction. Thus,
when lambda is >3, spalling fatigue life is much greater than for lower lambda, because local
asperity stresses have been significantly reduced. Its connection with surface-initiated fatigue
seems to be more obvious than failure modes associated with wear or scuffing. The latter failure
modes generally appear at low lambda, less than 1, where the concept of lambda loses much of its
meaning.

When p is thg same order of magnitude as h, the surface topography becomies |ntimately involved
in the lubrication process itself in the form of micro-EHD lubrication. Lgecal hydrpdynamic or EHD
pressures cap be generated at asperity sites or topographical features associated with surface
finishing progess or wear processes. Micro-EHD lubrication can/beconfused with boundary
lubrication.

Failure Procgsses:

Surface Intg
deformatior
understand

various lubficating mechanisms to prevent failure. To maintain surface integrit

region mus
plastic flow

The interac
Figure 4.

The severit
of hydrodyn
films and m
exact mech
could come

practions: Perhaps the most important ‘quantity in connection with
attributes of the near-surface region.lt is unfortunate that there i
ng of near-surface mechanical properties or the attributes needed

prevent microfracture and maintain a viable surface finish even in

Lion of the tribological processes in an asperity encounter is showr]

y of interaction' is reflected in the normal load N, which is influence
amically(generated film, h. The shear force F is influenced by the
cro-EHD lubricant films along with the flow properties in the near-s
anism“whereby shear stress is applied to the near-surface region

about through metal-to-metal adhesion, but it is also possible to h

failure is the

5 little

to complement the
y, the near-surface
the presence of

schematically in

d by the thickness
various surface
Lirface region. The
s not known. This
ave sufficient

compressivi

e and shear stresses applied locally through a thin lubricant film.

In any case, the severity of interaction is important to the initiation and propagation of the events
toward failure. The severity of interaction will determine whether the result is (1) a benign elastic
encounter, (2) a further accumulation of plastic fracture sites that can lead to the generation of
wear particles (e.g., microspalling, mild mechanical wear, and delamination), (3) oxidative or
corrosive wear, or (4) the advancing of adhesive transfer, which can lead to smearing or scuffing.

-12-
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EHD pressure

/]

9l

FIGURE 4 - Interaction at Asperity Site

3.2.4.1 (Continued)

Failure can occur through four basic processes of adhesion, plastic deformation, fatigue and
chemical reactions. The recognized failure descriptions in bearings and gears, such as
smearing, pitting, spalling and scuffing, are not singly connected to these basic processes but
are associated with the interaction of the processes both simultaneously and sequentially. The
importance of connecting these basic processes with the commonly accepted failure modes is
associated with engineering decisions required to extend the onset of failure through improved
lubricant properties, material selection, design or allowable operating conditions.

-13-
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3.2.4.2 Local Film Removal: Under high normal and tangential stresses, boundary films trapped
between contacting asperities can be stretched until they rupture. This allows the formation of
metal-to-metal contact on an atomic scale, which results in strong adhesive or welded junctions.

3.243

3.24.4

With relative motion between the contacting asperities, junction growth occurs by plastic
deformation. Fracture ultimately takes place, and it can occur at a location different from the
original interface resulting in material transfer from surface to surface. The formation and rupture
of adhesive junctions is accompanied by very high local temperatures that can form reaction

films on th
material. "Adhesive wear" occurs when the adhesive transfer of material is-th
controlling mechanism.

Gross Surface Failure: Adhesive wear on a large scale (scuffing or scoring) o
gear surfaces under high sliding velocity. A similar mechanismrin‘rolling elem
called "smdaring." The precise mechanism of scuffing is notdwell understood,
the gross failure of the surface and is generally accompanied by a rapid incre
contact temperature. A current view of scuffing is that under conditions yet to
gradual breakdown in the lubrication of interacting asperities, the nature of wh
boundary, micro-EHD, or a mixture of the two. Although the final scuffing mog

e underlying
e important or

ccurs between
ent bearings is
but it does involve
hse in friction and
be defined itis a
ich may be

e may represent

the gross breakdown of various lubrication films:and the near-surface region, it may be triggered

by the deterioration in surface topography as. a-result of adhesive wear or loca
result is catastrophic and the "EP" properti€s of a lubricant to prevent this failu
factor in pefformance.

Chemical Reaction: The mechanistic processes associated with fatigue and
result of mgterial deformation caused by stress. A significant part of wear and
chemical rgaction processes'with the environment. The environment is defing
of the contgct system that is-not an intrinsic part of the surfaces. The environ
surrounding atmospherg-as well as the lubricating films.

Pure chemical reactions should be distinguished from "tribochemical" reactior]
consequenge af.the tribological interactions between the contacting surfaces.

| plastic flow. The
re mode are a key

lastic flow are the
its control involves
d, as that portion
ment includes the

s, which are a
'Corrosion" results

from reactign-of the surfaces with the ambient environment under the prevailiy

g ambient

conditions; tribochemical behavior is activated by mechanical interaction of the contacting
surfaces. Corrosion often occurs on surfaces because of improper handling or storage resulting

from the absence or removal of a protective film.
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3.2.4.4 (Continued):

3.24.5

The prevention of adhesive wear is accomplished by forming tribochemical films. These films
may be formed from oxygen in the atmosphere or from antiwear or extreme pressure additives.
"Tribochemical wear" generally involves a continuous process of surface film formation and
removal. The formation process involves chemical reaction or adsorption of chemical species on

the surface. The removal process results from mechanically induced crack fo

rmation and

abrasion of the reaction products in the contact. The process introduces "clean," that is,
activated, local areas where new tribochemical films can be formed and subsequently removed.

The triboch

region, whi¢h can cause (1) greater chemical reactivity as a result of increase
temperature and (2) changes in the microstructure and mechanical properties
layer due tq high local temperatures and mechanical working.

Under favorable operating conditions, tribochemical reactions may'be associg
wear." Mild wear is characterized by low wear rates and smgoth surfaces fred
oxidation of the surfaces and subsequent removal of the oxide. Unfavorable
conditions ¢an result in "severe wear," where the surfaces are extensively disf
adhesion and plastic flow rather than oxidative wear. ¢(Severe wear can be prg
increasing {he rate of chemical reactions to form protective surface films at thg
clean activated local areas are generated. In thistway, a balance can be obtai
adhesive wear and "chemical wear." "Corrosive wear" is a term used when c
dominates the adhesive wear mode by a wide margin. Additive composition a
control the rate of chemical wear. An optimum additive formulation is achieve]
balance befween adhesive and chemical wear for a given degree of contact s

Plastic Def¢rmation: Dependingien the contact geometry, relative hardness a
of a contacling surface can be permanently deformed on both a macroscopic
scale as a result of plastie deformation. On a macroscopic scale the overload
of a bearing can causg,"Brinell marks" or distortion of the entire rolling track.

Almost all v
that occurs

ear processes involve plastic flow on a microscopic scale. The pl
from-overrunning of hard particles, such as contaminants and wez

near-surface
d asperity
bf the near-surface

ted with "mild
uently caused by
bperating

urbed by gross
vented by
b same rate as
hed between
emical wear

d concentration
d when there is a
pverity.

nd load, the shape
and microscopic
of rolling elements

astic deformation
r debris, is

"denting."

"Plowing" occurs when there is displacement of material by a hard particle under the presence of

sliding or combined rolling/sliding conditions.

"Abrasive wear" occurs when the plastic deformation leads to material removal and wear debris.

General plastic deformation of asperities and ridges on rolling contact surfaces such as bearings
is referred to as "surface distress" or at least the initial stages of surface distress. The final
stages of surface distress involve the loss of material through microfracture and pitting.
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3.2.5 Summary Comments: A lubricated contact is viewed as four sttuctural elementg

3.2.4.6 Fatigue Processes: Fatigue is caused by cyclically repeated stresses on the contact surface,

which eventually introduce permanent damage within the material. Damage begins as a crack.
After repeated stress cycles, cracks can propagate and eventually lead to loss of surface

material. Fatigue may initiate and propagate from the macrostresses induced
region. This results in "spalling" characterized by relatively large craters. Fati

in the subsurface
gue can also be

initiated in the near-surface region as a result of microstresses from asperities or surface defects,
such as dents, grooves, nicks and scratches. If the combined micro and macro stress fields

propagate cracks through the quiescent zone and into the subsurface region,
fatigue spalfi itti frrati
to the near{surface region. These processes are associated with the final'sta
distress disgussed above. The role of the lubricant is to reduce the local stresg

surface-initiated
pgation is confined
jes of surface

es at and near the

surface to prevent the initiation of fatigue cracks. In addition, the lubricant campnot "weaken" the

surface with respect to crack initiation due to surface energy modifications at 1

mechanisms fassociated with the role of the lubricant in the .g&neration of lubrica
failure of thege films which leads to commonly accepted failure modes. The phy
a lubricant, particularly viscosity, serve to reduce local stresses and provide a se
. This hydrodynamic process is predictable and basic lubricant p
to predict performance. There is a somewhat ratiohal basis for the selection of
desired valugs for future aircraft systems.

The chemical attributes of a lubricant serve-to form protective films on the surfa
local adhesion and disruption of the surface. The formation, removal and perfo
films are complex and very application“dependent. The lubricants that produce
frequently classified as "anti-wear™er "EP" depending upon how well they functiq
wear or preventing scuffing at-high loads.

The connectipn between-the testing of the chemical attributes of a lubricant and
an aircraft system is notyvery good. Measurements from bench tests are not dir
hardware performance. Most tests strive only to provide some sort of relative rar
Extrapolation| of test’results to other operating conditions is difficult.

he surface.

to understand the
nt films and the

sical properties of
pbarating film of low
roperties are used
current values and

ce, which prevent
'fmance of these
these films are

n toward reducing

its performance in
ectly related to
king of lubricants.

In almost all cases, the physical properties and chemical attributes of a lubrican
is difficult to separate the contribution of selected properties. The overall perfor

t work together. It
mance level for a

particular system is judged ultimately by the user. The connections between typical observations

made by the user and the tribological features are summarized in Table 1.
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TABLE 1 - Wear Processes and Tribological Implication

Observed Wear

Primary Mechanistic
Behavigp———Wear Process—— FElements

Primary Structural

Trihological Implicati

ion

- Mild mechanika
Adhesive weafy
Smearing

" Corrosion
Tribochemical

| wear Adhesion

Chemical reaction

wear

Surface indenrlion Plastic flow

Surface distre
Abrasive wear)

Pitting

Fatigue

Fatigue spalling

“Surface films

" Nearayrface

Interacting surfaces that are not

Near-sucface
EHD/micré-EHD films) frequent!

sufficiently

protected by lubricating filma(surface films or

y result in

adhesive transfer or removal of near surface

material. Surfaceintegrity can b
by proper selection‘of material p4
lubrication to provide protective
EHD/micro-EHD films.

Surface films Tribochemical behavior is activa

b maintained
irs and
urface and

led by

Near-surface mechanical interactions of the co
EHD/micro-EHD films surfaces producing activated surf]

htacting
ce sites and

Jocal high temperatures for chemjcal reactions.

Tribochemical wear involves a ¢

tinuous

process of surface film formation pnd removal.
Correct balance is required betwden chemical
wear and adhesive wear, requiring appropriate

lubricant/additive aggressivene

" Most observed wear behavior inv
deformation as a result of displac

blves plastic
kment of

material under sliding conditions{(plowing,

smearing) or material removal (s

rusive,

adhesive wear). Overrunming of hprd purticles

produces debris denting, giving ri

initiated fatigue spalling. EJ{D/
films reduce or eliminate local su
flow.

Near-surface
Subsurface

to surface-
icro EHD
face plastic

EHD/micro-EHD films redistributp surface
pressure, thereby modifying the n

agnitude und

location of critical stresses. The induced

s'of the
material in the subsurface region. The EHD
filnvsurface roughness ratio influences fatigue

life due to high local stress at sur

subsurface shear stress is imporurl with

face defect

sites (asperities, dents, and material

inconsistencies).
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3.3 Properties:

3.4

Customary lubricant properties are listed below under two headings of physical and chemical:

PHYSICAL PR

OPERTIES

Kinematic Viscosity
Temperature-Viscosity Coefficient

Pressure-Visc
Traction Coeffi
Surface Tensio
Specific Heat
Thermal Condy
Density
Volatility

Pour point
Foaming

Bulk Modulus
Vapor Pressure
Miscibility
Cone Penetrati
Dropping Point

CHEMICAL PR

Oxidative and
Anti-Wear Perf

sity-Coefficiernt
ient
N

ctivity

on (greases)
(greases)

OPERTIES

[hermal Stability
brmance

"EP" Performance

Corrosion

Some of the ab
anti-wear and B
since the lubric

ove propefties are directly related to lubrication functions involving
P performance. Others are indirectly related. Specific heat is a dg
Antis used to remove heat as well as provide lubrication. Surface t

viscosity,
sign consideration
ension and density

influence the stupptyanddistributionrof thetubricantwithimthemechanicat-compo
Decomposition properties influence the ability of the lubricant to operate within a thermal
environment as well as lubricate the components within that environment. Pour point is connected to
low temperature starting ability. The lubricant serves several functions, including the removal of
wear debris. The focus of this document is primarily on the properties directly related to the
lubricating function.

Properties Significance:

ents.

The significance of lubricant properties can be exposed by observing their influence in a lubricated
contact over a wide range of conditions such as load, speed and temperature. Additional insight can
be obtained by observing the influence of lubricant properties as a function of film thickness. This
approach helps to separate the role of the physical and chemical properties.

-18 -



https://saenorm.com/api/?name=1dd18d6fb999c5eef7d8ced2b6b74f0d

SAE AIR5433

3.4.1

Properties in Hydrodynamic Lubrication: Hydrodynamic lubrication is the generation of a load
supporting pressure by the motion of two surfaces, which pumps the lubricant into a convergent
space. The theory for pressure generation, film thickness and lubricant flow is derived from
Reynolds Equation where viscosity is the most important fluid property. The role of viscosity is
easily seen in an Equation 1 for film thickness assuming rigid cylinders and a viscosity independent
of temperature or pressure.

ho UI"LO

=4-896

(Eq. 1)

where:

caog
D —

T
(]

TR TR LT
o

=

Iq

Since viscosi
application to
applications ¢
select an app
geometry, su
successfully.

The process
rise of the lul
substantially.
effect on visc

The approach takensto viscosity-temperature correlation has been mostly empir

viscosity-tem
viscosity-tem

viscosity

R W

Im thickness on the line of centers
quivalent radius of curvature
ne-half the sum of the surface speeds

ad

y is directly related to film thickness, thelevel of viscosity can be s
provide sufficient film thickness for camplete surface separation.

ire not constant speed, or constantload devices, lubricant decisior
ropriate level of viscosity. In many cases design decisions are ma
face finish, material and load-to allow a customer selected lubrica

bf generating a hydrodynamic film results in power consumption af
ricant film. Both infernal and external thermal effects can decreas
The rate of change of viscosity with temperature can be significar
psity also varies with lubricant type.

peratire relation is the Walther Equation 2 from which the ASTM
perature chart was formed

elected for a given
Since most

1S are made to

de to obtain the

ht to operate

d a temperature
e the viscosity
t. The thermal

cal. The standard

where:

log log (L, +0.6) = mlog T+ C

T = absolute temperature
M = slope of ASTM viscosity-temperature chart
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3.4.1 (Continued):

34.2

While many lubricants give reasonably straight lines on the ASTM chart, the extrapolation
capability at the extreme ends of temperature are not very accurate.

The slope m is an important lubricant property. The performance of a lubricant will improve, or at
least be more predictable, if the sensitivity between viscosity and temperature were diminished. A
common approach to the viscosity-temperature characterization of lubricants is the viscosity index
(VI). Vlis based on a comparison with two families of lubricants having widely different
viscosity-tem o) i i i ignated 100.

Properties in [Elastohydrodynamic Lubrication: High loads or non-conforming géometries
introduce elagtic deformation into the hydrodynamic problem. A more important feature is the
tremendous ghange in viscosity that results from the high pressures that are developed. The result
is the rather remarkable load carrying mechanism of EHD lubrication. The lubricating film
thickness foriula derived from the Reynolds Equation for EHD, conditions incluges both elastic
and viscositytpressure parameters. One version of this Equation 3 for a line coptact is:

0.7

hn Uy, nosaw 018
R - 2.65 ER (akE") = (Eq. 3)
where:

hy, = minimum film thickness

R = equivalent radius of curvature

U = eptraining velocity

FO, =|atmospheric viscosity

A = pressure viscosity-coefficient

E' = eguivalent elastic modulus

w = Idad per unit'width

Mo = Miscosity.at atmospheric pressure

In contrast to|the hydrodynamic problem where film thickness is directly proportjonal to viscosity,

we see that under EHD conditions the film thickness is proportional to the lubricant properties of

viscosity and pressure-viscosity raised to the power of 0.7 and 0.54, respectively. The above
equation indicates that film thickness is not very sensitive to load.

The interaction between pressure and lubricant viscosity is important to the success of an EHD
lubricating film. While this physical characteristic is important, it is generally absent from existing
specifications. Measurements of viscosity under high pressures are difficult to make.
Pressure-viscosity data for many lubricants are not always available. In addition, the correlation of
the results in a simple form for many different types of fluids has not been entirely satisfactory.
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3.4.2 (Continued):

The variation of viscosity with pressure is usually described by an exponential relation proposed by
Barus Equation 4

u=u,e” (Eq. 4)

where:

M= v\ircosny at pressure, p

Mo = Miscosity at atmospheric pressure
a = pressure-viscosity coefficient

p = pressure

This equatior works reasonable well for predicting film thickness/provided that jhe variation in the
pressure-visqosity coefficient with temperature is taken into account. The presgure-viscosity
coefficients fqr a range of aircraft fluid types have been meastired and are given in Table 2. The
pressure-visqosity coefficients are reasonably similar for many classes of fluids with some notable
exceptions. Perfluoroalkylpolyether (PFPE) and polyphenyl ether (PPE) have gxceptionally high
pressure-visqosity coefficients. These fluids are very.good EHD film formers.

TABLE 2 - Pressure-Viscosity Coefficients for Test Fluids

Rec1pPROCAL ASYMPTOTIC ISOVISCOUS PRESSURE, o

(N/m3)- psi~! (N/m¥)- psi—t (N/m")—t psi™!
Txst Hruins 38 C (100 F) 99 C (210 F) 149 C (300 F)

Advancedester.....|.................. 1.28X 10~ 0.885x 10~ 0.987X10- 0.680X10~* 0.851X10"* 0.586X10~*
Formulated advanced ester. ............ 1.37 0.942 1.00 0.691 0.874 0.602
Polyalkyl aromatic. f.................. 1.58 1.9 1.28 0.862 1.0t 0.697
Polyalkyl aromatic+[10 wt. % heavy resin\ 1.70 1.17 1.28 0.885 1.06 0.729
Synthetic paraffinic :’l (lot 3)......40. N 1.77 1.22 1.51 1.4 1.09 0.750
Synthetic paraffinic dil (lot 4).. .. 5. .. 1.99 1.37 1.51 1.04 1.29 0.890
Synthetic paraffinic pil (lot 4)4-antiwear

additive. ........|......J L5 ..o 1.96 1.35 1.55 1.07 1.25 0.860
Synthetic paraffinic pil (lot 2)3-antiwear

additive......... ). (b 1.81 1.25 1.37 0.941 1.13 0.782
C-ether........... ... 1.80 i 1.24 0,980 0.675 0.795 0.548
Super-refined naphthenic mineral oil. . ... 2.51 1.73 1.54 1.06 1.27 0.373
Super-refined naphthenic mineral oil+$

wt. % heavyresin................... 2.51 1.73 1.74 1.20 1.37 0.941
Synthetic hydrocarbon (traction fluid)... 3.12 2.15 1.1 1.18 0.939 0.647
Fluorinated polyether.................. 4.17 2.87 3.24 2.23 3.02 2.08

There is a general trend that fluids with high pressure-viscosity coefficients also have high
viscosity-temperature slopes (low VI). Thus, a lubricant with a positive pressure-viscosity attribute
may be offset by a negative viscosity-temperature attribute. To put this into perspective, it is helpful
to consider the product of viscosity and pressure-viscosity (HUo4) as a function of temperature. This
is shown in Figure 5. Since both py and a appear in the EHD film thickness equation, their product,
and its variation with temperature, can be considered as a single lubricant property for EHD film
formation.
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FIGURE 5 - EHD Film Forming Capacity as Function of Temperature
3.4.2 (Continued):

The significance of the lubricant property p,5 can be shown by calculating the film thickness to
surface roughness ratio (lambda ratio) over a temperature range. This is shown in Figure 6 for two
aircraft engine lubricants. The reduction in film thickness with temperature is quite significant in the

low temperature region. At elevated temperatures, the viscous properties of the two lubricants are
much less sensitive to temperature.
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FIGURE 6 - Film Thickness to Surface Roughness Ratio Versus Temperature

3.4.2 (Continued):

There are seyeral lubricant related factors that can cause the film thickness preflicted by the EHD
equation to be less than predicted. The inlet region to the contact (see Figure 2) does not require
very much lubricant, but the inlet boundary must be sufficiently upstream of the contact to avoid
starvation. The location of this inlet boundary is influenced by surface tension and density of the
lubricant. Starvation results in a thinner film thickness. The reduction of film thickness depends on
the location of the inlet boundary.

The fluid molecules see a great deal of shear in the inlet region due to the converging geometry.
The maximum shear stress occurs at a location within the inlet region where the film thickness is
approximately 2h,. This is close to the "heart" of the film generating area. Thus, any
non-Newtonian fluid behavior will surely influence film thickness. Finally, the viscous flow, and
backflow, in the inlet region can cause heat generation within the lubricant film. This thermal effect
is sufficient to reduce the film thickness, particularly at high speeds.
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3.4.3

344

Properties for EHD Traction: Under EHD conditions, the inlet region is primarily responsible for the
generation of film thickness. The Hertzian region (see Figure 2) is primarily responsible for the
friction, or traction, of the lubricated contact. The high pressure in the Hertzian contact causes the
lubricant to become pseudo-solid. If there is relative motion between the surfaces, the solid-like
lubricating material must accommodate shear between the surfaces. Under incipient sliding
conditions, where the slip velocity between the surfaces is very small compared to the rolling
velocity, the lubricant behaves like an elastic solid. As the sliding velocity is increased, the
lubricant will shear like a plastic solid. This causes the traction between the surfaces to reach a
maximum. The maximum traction, or traction coefficient (load/traction force), is usually on the
order of 0.07 - The tractioncoefficient eflects the fimitimgshear strengthrof thefubricant. The
traction within the contact is a major cause of heat generation in bearings and-gears. Traction
coefficients can be considered as a property of a fluid.

Traction coefficients vary with molecular structure. PFPE's have a traction coefficient about 0.11 at
23 °C. "Tracfion fluids" have even higher traction coefficients.

The traction ¢oefficient also varies with temperature. Figure 7% shows the variatipon of traction
coefficient with temperature for two aviation lubricants. The'reduction of traction coefficient from
0.06 to 0.03 when the temperature is increased from 23>to 125 °C indicates that the lubricants
become morg "efficient" at elevated temperatures with-regard to power consumption.

Properties fof Boundary Lubrication: Lubrication-films generated by hydrodynamic mechanisms
can totally separate surfaces to prevent wear_and control friction. Boundary lubgication occurs
under conditipns where there is significant-surface interaction. It is characterizgd by the following:

(1) The lubrigation mechanisms are. highly complex involving metallurgical effedts, surface
topograplpy, physical and chemical adsorption, corrosion, catalysis and readtion kinetics.

(2) The primary function of.boundary lubrication is the formation of surface filmg to minimize wear
and surfafe damage:-

with the sjurfaces, wear debris and the environment.

(3) The formgFion ofisurface films is controlled not only by lubricant chemistry, Hut its interaction

(4) While the formation of surface films are very chemical in nature their performance is
determined by mostly unknown physical properties such as shear strength, thickness, surface
adhesion, film cohesion, melting point or decomposition temperature and solubility.

The fundamental physical and chemical properties of boundary lubricating films are really too
complex to be of practical value to the user for design and selection. In any case, they cannot be
measured. The user, supplier and specifier rely on empirical boundary film properties that reflect
their general performance for reducing wear and preventing catastrophic failure, i.e., anti-wear and
EP performance. Anti-wear and EP performance is evaluated by test methods, which are difficult
to relate to the user's hardware. The user is the ultimate judge of the boundary film properties.
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FIGURE 7 - Traction Coefficient Versus Temperature

3.4.5 Mixed Film Lubrieation: There are but few applications that operate purely on hydrodynamically
generated filps-or purely on boundary lubrication films. In most cases, hydrodynamic and EHD
mechanisms operate along with boundary lubrication mechanisms. The former carries the
chemistry for the latter to work, and the latter protects the surfaces so that the former can continue
to operate. The joint action of the physical and chemical mechanisms seems to be a significant
factor in performance. Lubricant property significance perhaps can only be judged when both
types of mechanisms are allowed to operate.

An example of the interaction of both boundary and EHD mechanisms is shown in Figure 8 for an
aircraft lubricant with and without an anti-wear additive (TCP). A lubricated concentrated contact is
forced to transition from a full film EHD lubrication mode into mixed film lubrication by increasing
the temperature. The lubricant without TCP encounters polishing wear immediately upon entering
the mixed film lubrication regime. The resulting smooth surfaces allow the low shear strength EHD
film to control the traction (friction). However, at 200 °C the surfaces fail because there is no
boundary film to maintain the integrity of the surfaces.
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FIGURE 8 - Transition From EHD to Mixed Film Lubrication
3.4.5 (Continued):

The lubricant with the additive (MIL-L-23699) displays higher traction, but does not encounter

polishing wear until it is well into the mixed film lubrication regime. The boundary films preserve
the surface integrity and no failure is observed.

The role and significance of both hydrodynamic and boundary mechanism can be shown by driving
a lubricated contact into the mixed lubrication regime from a number of directions. Figure 9 is a
performance map obtained with an aviation lubricant (High Gear Lubricant) minus its load carrying
additive (w/o LA). The performance map is defined in terms of an entraining velocity (R) and a
sliding velocity (S). The entraining velocity generates an EHD film and the sliding velocity
generates a thermal environment that leads the surfaces eventually toward a scuffing failure.
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FIGURE 9 - Performrance Map Without Load Carrying Additive

3.4.5 (Continued):

The performance map identifies three regions of operation: (1) EHD region where physical
properties of the lubricant completely separate the surfaces, (2) a mixed film lubrication region
where both the physical and chemical properties are sufficient to prevent scuffing, and (3) a
scuffing region where the lubricant properties, both physical and chemical, are no longer sufficient
of prevent scuffing.

Figure 10 shows a performance map obtained with the High Gear Lubricant including its load
carrying additive. The transition between EHD and mixed film lubrication is essentially the same
since it is a function of viscosity, which has not been changed. The scuffing boundary has been
extended significantly due to the presence of the load carrying (EP) additive.
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S, Sliding Velocity (in/s)
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4. COMMONLY USED LUBRICANT PROPERTIES FOR AIRCRAFT ENGINE AND POWER TRANS-

41

Background:

The properties

MISSION SYSTEMS:

presented in this section are those which are related to the lubrication function, i.e.,

those which directly or indirectly play a role in the performance of the fluid in the contact area of
lubricated components.

Several physic
surfaces in relg
property relatec
an influence on
overall system.
are not specifig
other character
fluid. Although
products qualif
basestock to si
ignored and in
to designers, th
standardized. |
intended that b
from improved

The “chemical

bl properties of the basestock contribute to the formation of thefilm that separates

tive motion. In this respect, viscosity is the major, if not theconly, specified physical

| to the lubrication function. For example, viscosity-temperature index, despite having
fluid film thickness, is governed by the low temperature flow requirements of the
Other physical properties which are used in determining a lubricgnt’s film strength

d ideally for their contribution to lubrication but are a’consequence of the need for

istics (e.g., thermal stability) of the basestock and the economics ¢f producing the
usually not specified, these properties arenot expected to vary very much for

ed to a particular specification because thg,overall requirements restrict the

milar chemistry. Unfortunately the methods to determine these praoperties tend to be

some cases there are no standard methods. Because these propefties are important

ey are included in the tables of this'section even if methods are ngt specified or

n these cases, typical values obfained by particular methods are presented. It is

y including this data, focus will be brought on the deficiencies in th|s area and data

and/or standardized metheods will be presented in future editions of this document.

properties” of the lubricant are those which play a major role in establishing load

carrying capacity or the performance of the lubricant in the absence of a separating film. This

characteristic i
lubricant itself.
metallurgy of th

very difficult to'assess universally because it is not an inherent prpoperty of the
t is a manifestation of the interaction between the lubricant additives and the
e contacting surfaces.
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4.2 Properties and Test Methods for Lubricants Used in Aircraft Propulsion Systems:

The tables provided in this section deal with synthetic lubricants intended primarily as engine and/or
gearbox lubricants for aircraft propulsion or power transfer systems.

Based upon a past survey of the SAE E-34 Aerospace Lubricants Committee members, the following
tables have been generated which list the most commonly used lubricant properties and test
methods that are used to determine these properties. The data presented will be divided into
properties that i i T isti contact zone and
other propertie$ that influence the overall lubrication system design. Includedrin-these tables is a list
of lubricant spdcifications that were defined as being used in current aircraft.propulsion systems
along with typigal property values. These lists are not intended to be complete but do specify the
data provided dquring the survey. The intent of this section is to provide®a list of lubficants, properties,
and typical valyes of these properties that could be used for eitherthe selection of a lubricant or the
selection of the|property value that can be used for various lubrication calculations. These tables will
be updated as heeded to include additional lubricants and prepeérty values as data is received.
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TABLE 3 - Lubricant Property Summary for Aircraft Propulsion Systems
Kinematic Viscosity

USES: EHL calculations, lubricant flow to lubricated components, heat generation,
oil pressure drop and cage drag calculations.

TEST METHODS:  ASTM D 445/IP71
ASTM D 341

SYNTHETIC LUBRICANTS:
Temperature Specification Typical|Range

°C/(°F) cSt c$t
MIL-PRF-7808L
Grade 3 -51/(-60) 17 x 10°® max 7106 - 7741
40/(104) 11.5 min 11.6 - 12.9
100/(212) 3.0 min 3.04-323
Grade 4 -51/(-60) 20 x 10% max 17,280} 19,704

40/(104) 17.0 min 17.61 -|17.80
100/(212) 4.0 min 3.95 - 4.07
204/(400) 1:3-min 1.13-1.23

MIL-PRF-23699F  -40/(-40) 13,000 max 7,800 -|{11,500
40/(104) 23 min 24.0-37.5
100/(212) 49-54 5.0-5.8

DOD-L-85734 -40/(-40) 13,000 max 8,649 -|9,970
37.8/(100) 25 min 27.35 -|29.50
98.9/(210) 5.0-5.5 5.13 - .40

DEF STAN £40/(-40) 13,000 max 7,532 -[11,965

91-100/101 40/(104) 30 max 24.0 - 47.53
100/(212) 49-54 497 - 5.378

REMARKS:

For calculation of hydrodynamic and elasto-hydrodynamic film thickness, the kinematic viscosity
of the lubricant must be converted to dynamic viscosity by multiplying it by the specific gravity of
the lubricant. Therefore, when viewing lubricants of different density for film forming ability, direct

comparison of kinematic viscosity could lead to considerable error.

-31-



https://saenorm.com/api/?name=1dd18d6fb999c5eef7d8ced2b6b74f0d

