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ABSTRACT

The use of mechanical, physical, and chemical evaluation techniques
for solid lubricants is discussed. Those mechanical evaluation tests
reviewed include simulative friction and wear tests and component test
employing specimens such as gears and bearings. Physical and chemical
tests include those for studying adhesion, thermal resistance, fluid
compatability, oxidation behavior, film thickness, and thermal shock
tests. In addition to the description of the various tests, the use

of each in the various phases of film development is reviewed.
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INTRODUCTION

There are a large number of standardized test methods and techniques
a#ailable to evaluate conventional lubricants such as oils and greases.
Early development effort on these materials employ chemical and physical
bench tests quite extensively prior to testing in full scale components.,
Some of these methods are shown in Table I. For the most part, the lubri-
cation engineer is able to take results from these tests ard, with a minimum
of wear testing, predict, rather successfully, a lubricant's performance in
an actual goplication., It is possible to do'this because of the long history
and sound understanding of these tests and their correlation with actual
applications. |

Solid film lubricant developers, on the other hand, rely heavily on
friction and wear testing in an effort to evaluate their lubricanis. There
ére, however, . a number of chemical and physical tests that are employed.
Since the wajor effort in evaluating solid film lubricants is expended in
testing their lubrication behavior, we may look at most programs in this
area as a mechanical evaluation approach to material development. It is a
quite different approach from that used with the 0ils and grease where the
majority of initial evaluation is of a chemical nature. There arc several
reasons why this approach prevails with solid lubricants:

1. There are few chemical tests for solid lubricant components which
can be related to the performance of the film in its final formulated
condition., Oxidation behavior would be one possible exception.

2. Host of the tests now employed have no direct correlation with service
even when run on fully formulated films

3. 1In many programs the research on a new film is concerned with the

development of new or improved methods of bording and/or application
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and as a result the investigator may already know that the
lubricating component.is satisfactory for the intended use.

4, The solids of interest are less adversely affected by chemical
reactivity than the fluid considered for oils and therefore chamical
properties are not as eritical as with oils.

5, Because of interactions of the varioﬁs constituents in a solid
£ilm lubricant it is often simpler to run one type of friction or
wear test to get an overall rating rather than a series of physical
and chemical tests.

Of course, as in most things, there are exceptions to the rule. We have
already seen this in other papers and will note it in future portions of
this paper. It should also be noted that chemical analysis of solid film
Jubricants is being used more and more in the research laboratory and in
particular in those laboratories involved mainly in fﬁndamental studies on
the films and/or their constituents.

The purpose of this paper will be to review methods for evaluation of
solid film lubricants. Particular emphasis will be placed on the area of
lubrication performance evluation with a somewhat briefer section on chemical
and physical testing. 1In order to do this, and also orient the subject of
solid film evaluation techniques as they are used, we will first review the
evaluation involved in the selection and development of a typical bonded solid
film. Having done this, we will then describe the tests and factors relative
to their use in more detail. Since previous discussions have covered both *
the fundamentals of lubrication with solid lubricants and the evaluation
of other types of solid lubricants, we will not repeat these areas in this
paper although in most cases they lay the foundatisn for initial material
selecfion.

TM-MAN-66-12
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EVALUATTIONS CONDUCTED IN THE DEVELOPMENT OF A BONDED SOLID FInif

Figure 1 depicts briefly thedevelopment and evaluation cycle as it
might occur for a bonded solid film lubricant. Since this is a bonded film
it would consist of a pigment, binder, and any additives reguired to improve
film deficiencies. It would likely be bonded to a metal surface which has
been pretreated to improve adhesion of the film to the metal. Each block
has been nurbered for ease in discussion in this paper but the numbering
does not indicate the order in which that step night be carried out.

In the selection of a binder you rely on the operating temperature
to define the basic type. For example, at temperatures in the region of
1000°F you would proably select a ceramic binder while around 200-300°F
you would pick a resin binder, The evaluation that would be carried out
to further define the binder would be the chemical or physical types. You
would be primarily concerned with thermal and oxidative stability as well
as resistance to degradation by any fluids with wiich the binder could come
in contact. These can be evaluated by coaiing panels with the binder and
subjecting the panels to the test conditions of interest to observe any
detrimental effects, A series of tests used for resin bonded filus are
described in Table I7. imilar ones can be employed for ceramic bonded
films with modification made where dictated by tihie eventual use of the
films. In the case of ceramic materials you night also employ a phase diazram
o the system should one be available. Triction and wear tesis could be
run if it were expected thal the binder had some self-lubricating properties

of its own. If the binder met the criteria set in this step it would then

’-

be checked for bonding with the metal surface of interest. The major criteria
in this step block #3) would be adhesion and surface coniinuity or uniformity.
In adhesicn it is self evident that a non adhering film would not be expected

TM-MAN-66-12
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to last for very long. One test procedure is given in Table II. Another
that is commonly used is to rub a tip or scribe over the filn to see if you
obtain breaking up of the film. The importance of adherence of the film
would apply to all types of bording materials. In the case of ceramic £ilms
you could encounter a problem with differences in thermal expansion of the
substrate metals resulting in cracking and poor adherence., While this can
be measured it is often much simpler to observe the resulis in a microscope.
Figure 2 shows the effect of cracking of one film when used with conventional
steels versus a uniform appearance obtained when coating the same film on Ni
based alloys. The curing cycle and temperature should be evaluated hers and
in block 4 whers you are checking ths compatibility of the binder with the
pigment. Effectson the metal substrate such as changes in hardness due to
the curing cycle can be detrimental.

In seleciing the pigment there are several properties which should be
evaluated. Some of these are listed in Table I[II. The first four are
generally available from a chsmical or physical handbook. Their importancs
has also been reviewed and will not be repeated here. Thermal stability can
be checked in various test procecdures such as DTA and TGA. Oxidative
stability can be evaluated by heating the material at the desired tempera-
ture in air and then analyzing weight and composition changes. Friction
and wear behavior of the pigment are of the utmost importance since the
pigment is expected to provide the lubrication to the system. In general,
this will be carried out in some sort of simulative test rig. In this paper
we will use the term simulative test rig to define those friction and wear
rigs which employ a test specimen other than an actual machine element,

(A flat bearing on a rotating ring is one possible example). The test
rigs which employ actual machine elements, such as bearings and gears, will

be referred to as component test rigs. The most cormon simulative test rig
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used in evaluating a pigment would be of the pellet typs. In such a rig.
the pigment can be compreésed and formed into a test specimen or pellet
which is then run against & metal surface.

After one or more plgments are selected they must be maitchned with the
binder to see if you have a set of compatible materials. Information of
interes£ would mainly involve changes in adhesion and chemical changes of
the plgment due to the curing process. These could be evaluated in much
the same manner as described above.

. The neit éfep in the cyéle would couple blocks 5 through 7 where a
formulated film is prepared and coated on the metal substrate. Various
bonding techniques, including curing cycles, would be investigated and
might include spray, éip.or'brush coating. If a problem existed in corro-
sion it would be evaluated here by a method as outlined in Table II and
possibly solved by means 6f an additive. Pretreatment of the metal surface
to impfove performance of the film might be carried out by phosphating or
sandblasting for example. Film thickness would be studied. The results
of all these steps are then evaluated in block number 8. |

Many of the physical and chemical tests describsd previously are also
used in this phase of evaluation of the film. There is, however, a con-
siderably larger effort generally devoted here to simulative wear testing
of the material. In some cases component evaluation may also be carried out.

Most of the various physical and chemical test methods previously used are
of a go/no-go type. The simulative wear tests, on the other hand, are used to
define performance limits of the film when subjected to varying environmental
test conditions as shown in Table IV. This then defines whether the film will
meet the actual application requirements if 1t is being developed for one

application. If it is not being developed for one give application
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the tests define the overall limits of the film. These simulative tests
do not give direct correlation with service but point the way as to relative
ratings of various films.

The final step in the development cycle would be testing for an actual
application. This generally employs either an actual piece of equipment or
a component test rig. The objective of such evaluation would be to obtain
life ratings on the film wunder the conditions‘to be encountered in actual
service.

A3 shown in block 9 there can be reformulation work required as a result
of the evaluation in blocks 8 and 10. This reformulation can be simple or
extensive based on the results of testing. It could actﬁally involve any of
the effort carried on in blocks 1 - 7 or simply a change in additives. It
should be noted that, based on experience, a person might start at any sphase
of the development cycle and go immediately to testing as indicated in blocks
8 or 10, This is actually quite a common approach where a film is forimlated
and applied with no previous testing and then evaluated in a simulative test
rig. It often is done in areas previously studied or in areas where known
materials are used. It is a trial and error type approach and if successiul
can save considerable time and effort. In the least it often guides one to
a reformulation type effort.

The final type of evaluation is shown in block 11 and this meant to
imply testing for acceptance or guality control of adeveloped material.

Table V shows condensedevaluation requirements of a government specifica-

tion (1) for resin bonded materials. It is when one reaches this phase of
evaluation that you most nearly approach standardized testing as normally

employed with greases and oils.

Having now shown various phases of testing we should delve in more
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aetail on the actual methods or tests employed. Ve have seen where the
various ones are used, let us now turn to their actual merits and what

they can tell us.

DISCUSSION OF EVALUATION TIST i&THODS

I,  Mechanical Testing

Both simulative tests and component tests will be reviewed under the
general classification of mechanical testing. Many aspects are applicable
to both typesof tests. Vhen conducting the various mechanical evaluation
tests one 1is generally interested in obtaining performance data on the
solid films subjected to a series of environmental test conditions. Very

often the materials themselves are also varied giving further factors to
consider in assessing the results.

The actual performance of a solid film lubricant can be rated in many
ways. The most common yardsticks are those of friction, wear, and operational
1ife. Friction behavior in some cases mignt be of interest during the full
cycle of testing while in other cases the investigator may only be interested
in time o a given level. Wear measurements may be studied in a similar
fashion where wear rate or total wear is itne criteria. Operational life
is often expressed in load cycles, time, or number of oscillations before
some failure point. The failure point is generally defined in terms of
sormie friction and/or wear level as above but can include complete destruction
of the test specimen. It is impossible to define or classify the type or
guality of data versus the type of testing taking place. Quite often the
performance test in an actual piece of equipment may be every bit as

scphisticated as the test run by the most meticulous basic research man.
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In turn, sound basic data can be taken with a simple rig. At the 1965 ACME-
ASLE joint Conference, one researcher brought his test device to the meet-
ing in a suitcase so that he might actually demonstrate results on PTFE

for the audience while presenting his paper.

In obtaining performance data on solid film lubricants the investigator
if often interested in a wide variety of conditions. Table IV lists sone
of the factors that are commonly studied in evaluating the solid film lubri-
cants. In addition you can study such properties as surface finish, sub-
strate materials, and material hardness. As the introduction to the couse
indicated, the advent of enviromnmental extremes has siimulated research on
solid film lubricants and this has resulted in increased emphasis in the
areas of testing at high and low temperatures and extremely low pressurss.
It is possible, however, to point to many major programs for investigating
2ll of the other factors. To completely define the effect of these factors
here, howecver, is another mattier. They vary from material to material and
from time to time one finds materials where an increase in severity of a
test condition may be beneficial rather than detrimental.

Later in this section we will briefly sunmmarize the results of changes
in these factors on lubricant performance from a general aspect with some
illustrations. Iiowever, belore discussing this I would 1like to turn to the
type of testers employed as il:iis also enters into the reults obtained., A1l
these various considerations are interrelated. Knowing the type of data
required, the environnmental test conditions desired, and the type of progz-
ram to e conducted one can best define the test device to use.

A. Simulative Devices

As previously stated, the simulative test device employs test
specimens which can be any of & series of different geometries but which do
TM-MAN-66-12
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not employ actual machine_élements, such as bearings or gears, as the iest
specimen., There is a broéd spectrum of simulative type test devices., A
recent survey report by the ASLE (2) included over 100 individual test rigs
reported in the literature from 1945 to the present. Although many of these
rigs were of similar contact geometry each was an individually unicue
tester. Even though some of these rigs are only employed with more cone
ventional lubricants thereiwere by far a large majority which were also
used oh solid film lubricaﬁis.' Table VI lists some of the more common
- solid.film lubficant test‘rig'contact geometries., |

| AS can be seen from Table VI, there are many different test specimen
configurations employed inbsimulative type test rigs. The resulting ini-
tial contact geometry, however, is either one of point, line, or area con-
tact. The initial contact is stressed here for as the specimens wear there
can be a change in the geometry with a tendency to go in the direction of
area contact, Several coﬁéact combinations are also possible with one type
of tests specimen., If one were to také two cylinders you could get area,
line or point contact by arranging them as shown in Figure 3. In addition
1o the obvious effect on ldad, the contact configzuration can affect other
test conditions such as motion and temperaturec. Tenperature can be affected
by the type of contact and heat conduction paths or example. Two different
combinations of the configuration of a rotating annulus rubbing on a disk
moving at a differant rotational speed can give widely different types of
motion when oriented as shown in Figure 4. Without going into a complete
analysis it becomes obvious that in sketch A the two rubbing surfaces are
rmoving at a constant differential speed for ihe complete revolution while
in sketch B the motion is cyclical and quite complex. It is quite essential

in designing the test to be employed that full consideration be given to
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test geometry as well as environmental conditions. While this is particu-
larly true with simulative type rigs it also holds for many of the com-
ponent type rigs toco. The relative sliding and rolling speeds in a 20 =m
ball bearing and a 100 mm ball bearing are quite different.

Various factors enter the picture when selecting the specimen
configuration. Cost is one factor. Rod materials are generally readily
available for most metals and therefore cylindrical type specimens are less
expensive than most others. Forming an hemispherical tip to the cylinder
can add considerably to the cost. With some materials it is possible to
mold the test specimen from the solid lubricant veing tested - a pellet de-
vice uses this technique. The method of application of the solid lubricant
influences the type of specimens and which surface should be coated., In
some cases it may be desirable to coat both surfaces. HMany of these factors
will be covered when we discuss how data is obtained and used.
| I would now like to briefly describe five of the more commonly used
simulative devices. The test capabilities of the first three, which are
commercially available unitc, are shown in Table VII.

Falex Lubricant Test lachine - Sce Figures 5 and 6

A 1/ inch diameter rotating pin is clamped between two "V" shaped
blocks 1/2 inch in diameter by 3/8 inch long. Initially four line contacts
result but with wear you obtain area contact. Two type tests are generally
run, one for wear with time and one which is a.step wise load capacity test.

Dual Rub Shoe Tester - See Figure
g -

There zre many devices of this type but the Hohman A-6 shown in Figure 6
is probably the most common. It consists of two rub shoes 1/4 inch wide
bearing against a 1.375 inch diameter rotating ring. Wear and friction of
a solid film coating on the disk is measured. Line contact develops into
TM-MAN-66-12
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area contact with wear of the rub shoes.

— s

Sinele Dub Shoe Tester - Sse Figure 8 and €
]

Again there are many versions of this device., The moct commonly used
is the Alpha l{olykote iModel LFW~I &s shown. It consists of e .250 inch
wide rub shoe bearing against a rotating disk 1.375 inches in diameter.

As with the dual rub shoe machine line contact goss to area contact. The
film may be coated on the disk.
Pin on Disk |

There are many types of devices that fall in thié category. In most
cases they consist of a‘hémisphericai rider loaded against a rotating flat
disk. In scme cases the hemispherical rider is replaced with the flat end
of a small cylinder or by a collet holding a ball, in others the rider is
pressed against the cwrved portion of the disk. Since there are a wide
number of versions no one is specifically shown. The solid lubricant being
evaluated can be applied to either surface. Ailthough there is generally
only one pin there are cases where multiple pins are employed.

Pellet Device

Again there are é large number of these type cdevices. The most ccomumon
concist of compressed pellets of solid lubricants in the form of cylinders
rubbing against a flat disk of varying types. The pellet can be wearing
on either its curved or flat surface. Multiple specimens are more common
than single tesi gspecimen units. They are mainly used in evaluating the
solid lubricant pigment but can be employed with fully formuiated and
compacted materials.,

B. Component Test Devices

The component test devices are those that employ actual machine
elements as the test specimen. In some cases the component might even be a fully
asseabled piece of equipment but this type will not be covered in this paper.
Most of ihe devices are built to simulate given applications or provide life

TM-MAN-66-12
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data in a given element rather than provide data, such as friction coaffi-
clents, which can be compared to another rig as you might do with a simula-
tive device. The test element performance thus becomes the prime criteria
or yardstick. Because of this we will not cover individual test units in
this paper but rather discuss the topic in terms of overall testing concepts.
A wide variety of machine elements have been employed as test sepcimens
for components test devices. These include ball bearings, roller bearings,
plain spherical bearings, journal bearings, screw actuators, ball screw
actuators, and gears. This list is not complete but does show the broad
spectrum of test specimens employed. They range from predominantly rolling,
through combined rolling and sliding, to pure sliding contacts. Not only
are there more types of bearings'used as test specimens than other itypes of
components but there are in most cases a larger number of bearing rigs within
each type than there xe figs using other element types.
In general, there is very little, if any, standarization on component
test devices. This is a result of the fact that most component test rigs
are unique to one organization and not duplicated by any other facility.
Unlike simulative rigs, such as the Falex Machine, you do not see wide spread
use of these units. One possible excepition to this would be the bearing
test rig shown in Figure 10. This is a unit made by the Pope Machinery
Compery for grease testing which has been employed by at least three different
organizations in the evaluation of solid lubricants. Because of the lack of
standardization there is a minimum of component testing by people engaged
in solid film development. Unlike greases, where the Coordinating Research

Council's I-L5 technique is widely used, there is no standard bearing test
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for solid films. As a result, most component testiag is done by desizn or
application engineers with one or two specific end azes in mind when seiiing
the test conditions. This results in a considerable amount ol dunlicate or
repetitive testing and a plea by moat design enzinecers for data on solid
~ films in components, A recent survy nade by a meuber of our corganization
pointed this out as a critical problem to the use of solid films.

As has already been indi¢ated, bearing rigs are the most common
type of component teét device. For this reasoh, we will discuss component
‘test concepts in light of bearing experience. While other test element types
may give somewhat different experience most of the factors should be the
same., Bearing rig experience,-itséif, can vary quite a bit from rig to rig,

In addition to the obvious problem of lack of correlation from rig
to rig because of non standardization there ic alsc the problem of being
faced with using a bearing designed for operation with greases and/or oils.
Therefore, if you wish to evaluate a solid film lubricant for ball bearingz
use you must consider redesignof the bearing test specimen itself. One
approach used by the Boeing Company (3) is shown in Figure 11. riHere a lubri-
cant corpact was made into the cage of the bearing and provides lubrication
by means of a transfer film formed on the contacting surfaces. Other
approaches to bearing modification for solid film lubrication have also
proved successful. Prior to such attempis, however, initial evaluation
testing was unsuccessful and tended to leave the general feeling that solid
film lubricants were not satisfactory with rolling element bearinzs. Anothor
problem that we have encountered in our own laboratory involves the selection
of the proper wearing surface to lubricate even in bearings designed for
solid film lubricants. Figure 12 shows a bearing which we employ in one
and lubricate on the spherical surface. With one school of thought this
TM-MAN-66-12
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practice i1s acceptable. With'another, however, this is considered as the
self-aligning portion of the Bearing and in use the weéring surface should
be the inner bore of the bearing where it attaches to the shaft. Obviously
those with this school of thought would not lend much weight to our results.
Finally, one other major point remains in specimen selection and that is ths
factor of bearing material. Figure 2 has already demonstrated the effect of
substrate materials on lubricant adhesion. This can be expected to also
affect lubricant performance. It will suffice to state that you cannot always
get bearings made of the optimum material for the solid film. This is barti-
- cularly true if you are interested in high temperature pefformance or if you
do not have unlimited funds for their purchase.

Criteria of evaluation of a solid film in a bearing are also a factor
which must be given serious thought. Various fallure points have been used.
One commorn approach is film and/or bearing final failure. Another is to use
torque input into the rig as the means of setting a failure point. Another
approach is temperature rise due to frictional heating. And yet another is
the coast down time of the bearing when power is removed. These serve to
illustrate the problem of correlating data from one test to another test
employing a different set of failure detection criteria. Some films'have
high friction to start with an might fall rapidly in coast down or torgue

inpui measurementsbut run for a long period of time under the condition of

film rupture and bearing failure. In selecting component rig test failure
points you must keep the application very closely in mind or the results will
not have much meaning.

The degree of sophistication of the test rig is another factor that can
vary. Figure 13 is a simple schematic of a vacuum bearing test rig in

which failure i1s measured by coast down time. This probably is one extrems

simplification of a rig. On the other end of the spectrum are full scale
bearing rigs (L) which can take full loads for plain bearings expected to
.TM-MAN~66-12
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operéta in alrcraft and are lnstrumented to measure many significenti para-
meters. Such rlgs probably cost in the region of $100.000, Many other
uypes oI bearing rxgs exlat,as ahown in Table VIII. {bviously cost, data
requlrad, and time availahle for testing dlctate the degree of sophistica-
tlon and type rig uead in baarlng studies.
l C Acouisition and Utllization of Test Data
”LA we have briefly touchad on some of the factors that affect solid
filu lubricant test data as wa d1scussed the operation of the squipment.
we w111 now turn to a more detailed dlscuSSLOn including factors such as
enviroumantal effects, szgnificance of test data, correlation of simulative
devices ‘and component devices with each other, repeatibility, reproducibility,
and 1nstrumentation. . | |
There are. many environmental factors which can affect solid film
lubricants. In thzs paper WE will include mechanical factors as well as the
state Qf the surrounding atmnsphere under the term of environmental factors.
Soma:of thase factors have.au_affect.on gll types of solid film lubricants
whileiqﬁhers only basica;ly affect §ne or two types. ILven though most of
these.éffects have been diédﬁsaedvin other papers we will review them here
from tha point of conuiderabions involved in properly assesaing the effects,
Table IX‘lists many of the most common fanOTS and those that will be dis-
cussed in this paper. “ |
 Temperature is probébly the most widely varie& parameter in evalua-
tion offsolid film lubricants by mechanical test devices. Tests have been
run from the cnyogénic region to in excess of 2000°F. Based on . the ASLE (2)
survey it appears that the most widely used rigs have an upper limit of
temperaﬁure in the region of 400° to 1200°F., In the case of cryogenic
-testing, you encounter specialized rigs designed for this one test condition
TMAR-66-12 |
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but in many cases also having other temperature capabilities. In most cases,
temperature extremes are detrimeﬁtal to film performance. That is, cryogenic
temperatures or elevated temperatures generally reduce wear life. This is
not, always the case and I would iike to just mention one film to illustrate
this point; The f£ilm, a PbS-3203 composition, has given optimum results at
1000°F over its performance at lower £emperatures. This was due to sofieaing
of the film in the 1000°F‘region. Thus one can see that care must be taken
in setting temperature levels for testing and it is best to select more than
one level, The design of the fest rig can influence the actual temperature
also. Generation of heat'dﬁe to friction can influence the temperature at
the contacting surfaee., Although this is an obvious problem at cryogenic levels
it can also affect results in tests run at 1000°F, Temgerature c2n influsnce
other factors such as wetal substrate hardness and, as we will see, chemical
reactivity.

Gaseous composition is a factor affecting film performance life.
Oxidation factors are probébLy the first that come to mind. We have scen how
oxidation of H052 adversely affects its porformance. Temperature obviously
is involved in such an affect since the rate of oxidation would be increased
with an increase in temperature, Humiditly has been shown to affectresin
bonded colid films and must be taken into account when testing this and
possibly other types of films. In the case of insitu formed films the com-
position of the reaéting gas is the major factor in obtaining a workable
film,

Gaseous precsure effects have been mainly evaluated in the lower
than atmcspheric region, i.e..under vacuum.cqhQitions. Much of this work
either directly or indirectly has been stimulated by the space program. In
TM-MAN-66-12 |
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the first ease there is a;great interst in materials for operation in vacuun.
In the indireot sense the development of betier vacuus pumping systens has
led many regearchers to ewploy vacuum environments for conirolling the ati-
mosphére and surface compqéition._ Like temperature, vacuum generally has an
adverse efféct on film 1i£é"but at least in one case,that of oS, films,

this does not hold. Press@ré levels of 10-7 torr are a quite common level
for thos engage in vacuumﬁftudies with 10‘6 torr almost a routine every-
day'occurrehée. Untll about, 10 years ago this was not the case and a rig
w1th a 10 -6 torr capab;llty was a rarity.

Load and speed, for the most part, adversely affect solid film wear
performance; Some materials such as the plastics have well documented PV
limits., Thls PV llmit is a product of the load, in pounds per square inch,
and velocity, in feet per mznute, and should not be exceeded in operation.
Potheurefluoroethylene has a limit of about 1000 for most applications.

Load ard speed effects then are important parameters if a {ilm is to be
evaluated for more than ons set of operational tust conditions.

The type of motion and contact have consildrable effcct on wear lile
of a solid fiim. Hotion can either be unidirectional or oscillatory. The
contact can be rolli.«, sliding, point, line, and area with combinations of
the first two and last three. All of these factors are found in sirmlative
and/or component test rigs. The major problem of interpreting test results
is probably due to disregarding these factors in transleting from one rig to
znother or to an actual appiication. Less consideration is generally given
here than in any other factor. It is also worth noting that contact geometry

and even notion to some extent can affect loads and temperatures. Some of

this has already been discussed.

TH-MAN-66-12
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Radiation has less of an effect on solid films than on conventional
0ils and greases. Resin bonded materials and plastics are stable in the
region of 109 0 1012 ergs/gm C while oils are limited to 100 to 108 ergs/sn
C. Ceramic bonded materials would be expected to be even more resistant.

In evaluating for radiation effects two procedures have been used., One is

to first statically irradiate the test specimen and then run the tast on the
fully irradiated film. The other is to conduct the test during irradiation
giving it a combined enviromment of radiation angd whétever other test con-
ditions are of interest. There has not been sufficient work to say which is
the most severe condition. One problem with radiating during testing is that
if the sample does not run long encugh you do not accurwlate a very hign
Gosage. Of courss, if you statically irradiate and then test you may nat get
the thermal stiresses coupled with the irradiation.

The final point that must be considered in any envirormmental testing
is interaction of various test conditions. Some of these have already heen
pointed out particularlyvhere one condition aggrevates another. There are
also cases where interactions can reverse trends. Figure 14 shows such an
effect. llere we see the case for one ceramic bonded solid film. The small
letters of s ard t denote low levels of sliding spsed and temperature while
the carital letters denote hizher levels of these test conditions. Thus,
there is a reversal of wear life trend due to temperature for the two
speed levels. 1ittle work has been doen in statistical evaluation of such
interactions but one such approach has been reported by Lavik (15) on resin
bonded films,

The significance of data obtained from mechanical tests is of ﬁtmost
coacern to the person doing the testing. In general one wants to know "what

is the data telling me'. In many cases this question is asked in terms of
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the use of a film in an actual application while in others 1t is in regavd
to comparison of one film to another. There are no concrete guidelines or
numbers that can be placed on significance of data. Becausc of this, dif-
ferent people have widely differing opinions of the interpretation of uesi
results. These can range from the opinion that a given unit produces data
of no significance to the opinion that it provides data which can be fully
relied on to guide developmerk efforts.

_There'are many factorsAthat enter into the significance of the data
from a mechaﬁical uhit. The significance of data from any mechanical tesi
device can be improved if one studies the unit and tesct conditions so that
you know what you are actually testing. In too many cases tests are run
without the person actually knowing what is being -evaluated. That is - what
is the critical test conditioﬁ. This is more true when employing simulative
devices. There are cases where people have attempted to develop lubricants
for ball bearings with nothing more than a simple block on rub shoe type
tester. In addition to the factor of geometry, you must also know whether
a device is properly evaluating such factors as envirommental elfects tafore
you can place significance on the test results. For example, if an actual
cnd use or film is particularly sensitive to a given speed and motion and
you eveiuate it in a device similar to the one shown in sketch B or Figure 4
it is questionable that you would obtain significant results. Also if you
sant to know what temperature a film will fail at and you use test specimens
which soften below the films limit you do not have a valid test.

of course, the closer a test device simulates the actual intended
use the more significance can be placed on its data for the purpose of
correlation and/or guiding development. I one is to develop a lubricant.

for a gear the most significant data probably would be that from an actual

TM-MAN-66-12
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gear. Lacking this, then if one knew thai the gear were critical from com-
bined stresses of rolling and sliding then data on a lubricant coated on two
contacting cylinders rotating in the same direction but at opposite speeds
might be of significant value. The closer the rolling and sliding speeds
approached the gear conditions the better it should be.

Signifiéance is closely related to correlation of different types
of equipment, If two different devices are evaluating the same paramste
then‘one can expect that there is a good possibility of the results from
the two rigs providing similar results. However, if differcnt parameters
are affecting the results then no correlation will result.

In this paper we will review the general topic of correlation of
test devices to each other. lost of what is said in this regard also
applies to actual correlation with applications. Good correlation is
basically depsndent upon obtaining data under as well documented and con-
Erolled conditions as possible with the same critical varameter bsing
evaluated in the units you wish to correlate. The correlation of data even
under identical conditions, however, often is quite a major task.

Correlation between iwo rigs would appear to be quite simple. IAith-
out care taken in running tests, however, you can not always be certain,
Table X shows results from our laboratory and one other laboratory on one
film composition in two identical dual rub shoe machines. Irn this series of
tests we were attempting to rate the optimum curing cycle, Although in sonme
cases the AFML friction cut off was higher than the other unit they in all
cases gave lower results. ZEven accepting the different levels one encounters
the fact that the order of the films is also different in the two rigs. This
then shows that two identical rigs do not always correlate but it sﬁould,be

noted that no particular effort was taken to standardize and calibrate be-

tween rigs for this series of runs. We will see data in a following section
‘TH-MAN-66-12



on repeatability and reproducibility which shows what can be done with carc
being taken.

Another éxample I would like to present involves the resulis of fest-
ing on three different films developed using three different types of test
rigs;' The three fiims were developed by }ﬁdwést Research Institute, NASA, and
the Navy Aeronautical Materials Laboratory. The first was developed using a
dual rub shbe machina, the\secqnd with a pin and disk machine, and the final
vithvvarious’devicés_incldding ball bearing tests and a Falex test. These
threélfilms ﬁere cdhpared;in a dual r ub shoe machine on a program concerned
with radiation effects. (16) They were coated on Inconel-X substrate disks
and Rex AAA rub shoes were employed. Table XI gives the corditions of test.
Film A was‘basically developed for use at 1000°F, Film B for use at 1200°F
and higher, and Film C for use in the fegion of room temperature to 750°T.
As can be seen, even though the films were developsd on different types of
devices they do appear to dieck out at similar temperature ranges in the dual
rub shoe tester. Thus it can be seen that films developed using one type
rig can operate on another rig in a satisfactory mammer. In this case the
three films had all been subjected to sliding test in their development
cycle.

While we have cited two cases of rig correlation or lack thereof
they have both been somewhat the opposite of normal expectations. This has
been done purposely to point out that you do not always get what you expect
in rig correlations, The analysis of what is being evaluated, however, will
improve your predictions.

When correlating simulative rigs with componznt rigs you can have a
more complex problem than between two simulative rigs. In a ball bearing
you have rolling and sliding contacts and therefore to get correlation
TH-MAN-66-12
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you should have simulative rig data of each type to obtain a good chance

of getting correlation. Of course this would apply also to actual applica-
tions only to a much more éxtent as there you could encounter bearings,
gears and other wearing components.

There has been only a minimum effort in studying repeatability and
revroducibility of mechanical tester evaluation data. What has been done
is mainly in the area of repcatability studies.

One organization (17) quotes repeatability of + 1% on runs from a
dual rub shoe machine for one narticular experimental film at 200 rpm. The
sailple was Pfrom one spray batch and gave resulis in the order of 60,000
load cycles. This would give a spread of + 600 cycles. They state however,
and this author agrees, that such repeatability is almost unbzlievable. The
same orgzanizatlon also quoias + 157 repeatahility for the Falex liachine,
variations as high az 10-1 on nellet and gear testers with 3-1 being more
typical,

The standard deviations shown in Table XI are in the order of 25 {o
507% of the average with the exeeption of the 1500° film which may be affect-
ed by rub shoe sofltenirg rather than film variations,.

The CRC (15} has conducted an extensive survey on the Falex and

various sinsle rub shoc devices (two basic types). Bighteen laboratories

w2 - ==

participated with fourteen runmning Falex tests and eileven running single
rub shos tests. Unforitunately a full statisiicel analysis of the results
is not available althoush the work tends to point out that the Falex is
nore repeatable than the single rub shoe devices.

In the ASLE sSurvey (2) various cowmnents were given on repeatabllity

and reproducibility. One user quotes + 103 reproducibility for the ilpha

177-1 ( a single rub shoe tester). A user of the liohman A-3 quotes 16-153
~
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repeatability while another on the lohuan i-0 states reproducibility is a
function of test materials. 3Soth are dual rub shos nachines. In general,
however, little attention iqsgiven to this area.

Control of test conditions, calibration of instrumentation, and
standard film application are all factors that must be well checked to
maintain good repeatability and reproducibility. In order to obtain sound
data multiple testing is rdqﬁiredlfor each point unless a statistical safe-
guard is built in By a se?ieé ofytests over varying conditions which can be
used as éhécks on each other,

| It is imbossible to cover the full scope of instrumentation within
this paper. Instrumentation, however, plays an important role in obtaining
test data., The proper control of test parameters is often the function of
proper instrumentation. One point that was obvious in the ASLE survey (2)
was that instrumenﬁation and equipment descriptions were often inadequate in
papers on lubricant evaluation so that it becomes difficult for one to make
his own assessment of the data by independent analysiz. Zxact location,
sensitivity, degree of calibration,etc. arc not always revorted for the
instrumentation.,
II. Physical and Chemical Property Testing

Finally I would like to cover the arca of physical and cheriical bench
tesis of solid film lubricants. 4s mentioned previously these methods are
generally of a go/no-zo type. liost of these methods have not been standard-
ized throughout the industry but therg is eetivity in this area by the ASTY,
ASLE, CRC and various govermmental agencies. A5 we have scen several of
the methods can be employed throughout the full development cycle. The
following is a description of some of these test methods:

A. Achesion Properties: The adhesion of the film to the substrate or
wearing surface is of utmost importance in the. performance of a film.
TM-MAN-66-12
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Various technigues are employed to study this property. One, as deseribed
in Tuble II, involves the use of a so-callcd tape technigue. In this me-
thod adhesive tape is pressed on a f£ilm and then removed. The amount of
film removed or surface chanze is noted. This type test is currently under
consideration by ASTM for standardization and has been standardized by the
Government. It finds its main use with resin bonded filws. Corelation with
adhesion under wearing conditions probably would not be very good and thus
the test has limited use. Another method employed is to move a scribe over
the surface of the film and observe the behavior of the film under such
working. Usually a hemispherical tipped rider is empleyed in such a test.
Again one can only measure gross effects. Simpla observation of a film
under a microscope can often indicate lack of adhesion of a {ilm by cracidng
or other surface defects, This can be seen from the photographs of rigure 2.
There are no adhesion testis which will direétly predict if a2 film will
adhere to a surface when subjected to sliding excent actual wear where one
is also investigating other phenomena. Adhesion tests are frequently used
to assess the results of some of the other tests we will discuss below,

B. Thermal Properties: The behavior of the constituents of a solid
film when subjected to extremes of temperature is of considarable interesti
in predicting film performance. The tape type test described in Table II
combines a study of thermal shock and possible oxidation effects. As such
the classification as a thermal resistance test is partially a misnomer if
one used the concept of cnly thermal as opposed to combined thermal and
oxidative behavior, The factors involved in this test include assessment
in terms of loss of adhesion. Nodifications of such a test to other condi-
tions would be simple to perform. .ithin the laboratory other methods are
employed including DTA and TGA. In such technicues pure thermal behavior

can be measured if oxygen is excluded amd an inert or vacuum environment
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maintained. Because a film generally is exoscted to opcrate over 2 vide
terperature range it is!often wise to evaluate its bshavicr at low tempera-

e critical

('7

tures as well as at high temneratares. (ne area where thic would ?
is in thermal expansion of the films.. If the {ilm does not match the base
: etaL falrly well,. 0ss of adhealon will result. Sinmple observation of the
surface often is used deuect this. In the resecarch laboratory the theramal

v

prooertLes of 1nd1v1dua1 oonstltuents have as - ruch value in film formulation
as moot other properties.‘;’_

0 Oxidation Properhes.‘ The i'eéult of chemical degradation or change
'of the £ilm constituents due to rapid oxidation at elevated temperatures is,
in most cases, detrlmental to solid film performance. A simple method for
evaluatlon of this is to heat the film or its individual constituents in air
and observe the change 1n welght, appearance, or chemical composition. In
many cases this type 1nfor¢atlon can be found in chenical handbooks.

D.  Fluid Compaiibi;ity Effects: -The resistance of a film to degrada-
tion whan subjected to a test as indicated in Tabre II 1s again a ro/no=50
typé test. Although most solid films are not recommended for use in con-
junction with other lubricants they often are contanminate < in actual cervice
by contact with such materials. It is neccssary thercfore to lknow wnat the
effect of such a contact will be. Another type of fluid interaction of in-
terest is tlat of solubility. In spraying films it is necessary to know
what pctential solvents can be employed, in other cases it is necessary to
know if the final {ilm might be soluble in various fluids. In the casc of
a ceramic film, for example, it is importani that the final cured film not
be soluble in water if it is to be used in environments with high humidity,
especially where it is subjected to rain.

E, Other Properties: Surface wetting is one property that has been

TH-MAN-66-12
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studied in development of ceramic bonded films. In one program (19).the
investigator studied wetting of both the substrate and pigment with the binder
in a combustion tube furnace where he was able to photograph contact angles
as the temperature was raised. DBoth air, inert gases, and vacuun were em-
ployed for surrounding gases. HMelting points of the constituent materials,

as measured by conventional means, rmst be employed if the material is marginal a
at the use temperature. Phase diagrams and associated studies (20) have been
ernployed to explain {ilm performance of ceramic films and can also be used

in selection of ceramics for binders. One reference of aid in evaluating

this would be the compilation of phase diagrams by Levin, Mciurdie and Hall (21).
Film thickness is often measured to ensure proper coating thickness since

this has an affect on performance of some films. One cormon techncue

employed here s the use of a liagna Gauge where reduction in magnetic attraction

is correlated to film thickness. Of course in such a technique one must have

a substrate with magnetic properties and 2 film which is non magnetic in

nature. Another technique is in using a simple micrometer but here one must

be careful not to damage the film. The type designed for measuring thickness

of paper would be useful. Crystal structure of the lubricating pigment is

Yy

often of interest in assessing the potential of new pigments. Standard X-ray
diffraction techniques are used here and often the material may have known
crystal structures as reported in physical or chemical handbooks. Corrosion
properties are often of interest and the method described in Table II is the
cnly standardized one. It was basically developed for resin bonded films.
Knowing the above factors'enables you to better explain the behaviqr
of fully formulated films when run in mechanical test devices. In most cases

this zlso allows one to rapidly adjust film composition to improve deficiencies.

In other cases it can quickly explain results. The oxidation of oS, in the
TM-MAN-66-12
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region of 750°F explains poor behavior of this tyne film in air at tni

P

temperature level while it is still usuable in vacuum at much higher teoicr

tures Tor example. The chemical test data can also be used in service irouble

shooting to explain failure modes. Thore will undoubtedly be more chemical

and phsyical test methods developed as the field of solid films expands out at

this time there is a long way 1o go before such testing will reach tis lovel
¥ 3 £

as employed in conventional lubricant development.
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TABLE I

Some Physical and Chenical Test ifetheds for Qils and Creases

Viscosity.

Flash Point

Fire Point

Oxidation Corrosion Test
Neutralization Fumber
SIT

Evaporation Test
Dropping Point

Daposition Rating
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TABLE II

Sorme Solid Film Lubricant Test Method Descriotions

Thernmal Resistance -

A steel panel having the solid f£ilm lubricant deposited on one surface is sub-
jected to 500°F followed by immediate exposure to -635°T. The solid film is
then examined for cracking, flaking, blistering, or other evidonce of thermal

instability.

Fluid Resistance -

Aluminum panels with the so0lid film coating is immersed half-way into various
fluids for a period of 24 hours at 73.5°F. The panels are removed, clsaned and
examined visually for evidence of softening, lifting, blistering, cracking or

peeling.

Adhesion -

The dry so0lid film lubricant is applied to anodized aluminum panels and Limersed
in water for 24 hours and then wiped dry. A sirip of masking tape is presscd
onto the panel and removed abruptly. Film removal cxposing the surface of the

metal panel is the criteria for failure.

Corrosion Resistance -

An aluminum panel having a solid film depositqd on one surface is contacied
under load with the surface of an unlubricated panel. The specimen is cubjocted
to 95 + 3 percent relative humidity at 120°F for a period of 500 hours. After
this period, the surface of the unlubricated panel is examined for evidence of

corrosion.

T-MAN-66-12
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TABLE IIT

Prdnerties of Interest in Evaluating Pigments

Melting Point

Hardness

Solubility in HZO and Organic Solvents
Crystal Structure

Oxidation Resistance

Thermal Stability

Friction and Wear

» TM-MAN-66-12
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TABLE IV

Test Conditions of Interast

Atnospheric Composition
Atmospheric¢ Presswure
Temperature

Load

Speed

Type of Motion
Rédiation




TABLE V

Condensed Specification Requirements for a Resin Bonded Solid Filnm

Regquirement Tyoe of Test Method

1. Film Appearance and Thickness Visual in microscope and Magna Gauge.
2, Film Adhesion , Panel test as in Table IT.

3. Thermal Stability Panel test as in Table II.

4, Fluid Resistance Panel test as in Table II.

5. Endurance Life Falex test.

6. Load-Carrying Capécity Falex test.

7. Corrosion Resistance ‘ Panel test as in Table II.

8. Storage Stability Store for six months, apply film amd

test by methods 2, 3, 4 and 5 above.

TM-MAN-66-12
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TABLE VII

Test Cavabilities of Various Commercially Available Solid Film Lubricant Test Devices

Temperature Speed Load Atmosphere
(°F 2 (RPM) (Pounds)
Falex Ambient 290 To 4,500 Air
Hohman A-6 =~ 60-1500 - . - 60-3, 000 0-800  Air and Inert
Mpha IFW-1  Arbient 0-200 130-630 Air
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TABLE VIII

Some Bearing Component Tests Used for Evaluation of Solid Films

Type Bearing Type Solid Lubricant Temperature, °F Ref.,
204 ball Ceramic-bonded To 750 5
2@4 ball p Gas-entrained powders To 1200 ' 6
206 ball Vapor~deposited To 900 7
209 ball Vapor-deposited To 900 7
Instrument-sized ball Soft metal To 600 8
204 ball Gas-entrained powders To 1000 9
75-rm bore roller Gas-entrained powders To 1000 9
Plain spherical Organic powders To 1200 10
Plain spherical Ceramic-bonded To 750 11
Spherical P.T.F.E.~fabric Ambient 12
Plain T.F.E. 550 13
Cylindrical P.T.F.E. Ambient 14
" TH-MAN-66-12
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TABLE IX

Environmental Conditions Affecting Solid Films Lubricanis

Temperature

Gaseous Composition
Gaseous Pressure

Load

Speed

Type Motion and Contact

Radiation

TM-MAN-66-12
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TABLE X

Wear Life in Air of a Solid Film as Obtained in two Dual Rub Shoec Machines

Test Conditions

Appsratus - -« - - -
Load = = = = « - - 100 1lbs,

Disk-Rub Shoe

Wear Life / p, Steady State / J» Cut Off
Film Cure (revolutions) L
Temp (°F) AR Riz MRT Rigg/
- 925 9,400/ .045/.160 13,200/-/.15
960 12,000/.085/.155 15,600/-/.15
1010 8,400/.055/.190 13,200/-/.15
1105 *9,400/.07-.145/.185 19,600/-/.15
b 4 411/2 way point k :
1250 *9,200/ ¢ 065,14/ .20 16,000/-/.15
Tslowly
1400 11,000/.05/.20 13,600/-/.15

*These films would probably have shut
off the machine earlier if the cut of
point had been 0.15. The wear lives

Speed - = =« = = - & L00 RPM
Teniperature - - ~ - 400°F
Disk Material - - - M-10

Rub Shoe Material - Inconel-X

Films: MoS,:B,04, 12:1 by wt.

Approx. 1 mill thicke.

of the other films would probably not
have been affected.

1/ - Automatic cut off at 0.20 or by hand when loud noise accompanied sharp

increase in am.
2/ - Automatic cut off at 0.15
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Lubricant
A(MRI)
B(NASA)

c(NavY)’

TABLE XI

Comparison of Three Films

MoS,+Graphite and 64

E55

=
o

&

Composition Vear Life/Standard Deviation(t)*

80°F s 600°F s 900°F « 1000°F : 1200°F : 1500°F

Pb3+H0S,+B,0 8,228 : 19,323 : : 14,224 :

2772 ¢

N : 688 :
CaFp+0xide Frit ; ; 2,605 : i 5,006 1 26,798
s s 1,15 H : 2,13 : 28,225

H : : : :

: : H s :

Sodium Silicate 16,532

*Average of six runs.
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FIG. 3

CONTACT GEOMETRY FOR TWO CYLINDERS
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FIG. 4

TWO POSSIBLE ORIENTATIONS FOR AN ANKULUS

RUBBING ON A FLAT

. SKETCH A
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FIGURE 5

Falex Lubricant Test Machire
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FIGURE 12

Plain Spherical Bearing
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FIG. 13

ROLLING FRICTION EXPERIMENTAL APPARATUS
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FIGURE 14

Main Effects and Interactions for Ceramic Bonded Films
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