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FRICTION AND WEAR OF PAPER TYPE WET FRICTION ELEMENTS
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ABSTRACT

A simple model of the engagement process has been
conceived for paper friction materials, consisting of squeeze
f£11m, squash £ilm, and edhesive contact phases. In support
of the model, leboratory test results are presented of paper
clutch squeeze and squash f£ilm bebavior in a new 1abc;ratory
test fixture. Also SEM photogrephs, profilometer data, and
clutch inertie dynamometer friction and wear results are dis-

cussed in the context of the new engagement model..
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INTRODUCTION  Paper-type friction materials have been used in
automatic transhssions for over 10 years and presently are specified for
f all OEM passenger car and light truck automatic transmission pletes.
However a plausidble mechanism of the friction and wear process for these
materials has not been reported. Most published research appears to have

been directed towards measuring the effects of different fluids and test

et e . o e

conditions on the frictional behavior of wet clutches. In these studies,
complete automatic trensmissions, constant velocity test machines, and

cluteh inertia dynamomet;ers have been employed.

Complete transmissions are used extensively in development and durs-
bility testing since the dehavior of clutch elements and transmission
f£luids in actual service is the final determinant of acceptadbility. But
automatic transmissions are ill-suited for cluteh res;earch investigations.
Por this reason investigators generally use production and experimental
clutch elements and fluids in special laboratory test fixtures. For
example, studies of single clutch plates and full clutch packs bave been

! performed at steady-state sliding conditions over a vide range of rudbbing
i speeds with the SAE No. 1 Friction Test Fixture (l). To obtain conditions
more closely resembling actuasl clutch engagements, later versions of this
machine and the SAE No. 2 Friction Text Pixture operste as inertia dyna-
mometers for the transient testing of elutches(z’ 3). Static and lovw-speed
‘dynamic friction of small specimens of clutch materials and fluids has

been studied at quasi-equilibrium conditions by several investigators using
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the Lov Velocity Friction Apparatus (LVFA) (1) and modified L-ball testers(S) .

While each of these test machines has undoubtedly provided. valuadble
test results, there has been rather poor agreement of fricti.on ;1ata among
the different test machines, even for the same material combinations, the
sape test fluid, and nominslly the same test conditions'?). Despite tnis,
each test machine bas yielded results vhich were reported to correlate with
actual transmission operation.

This apperent inconsistency may be resolved through examination of
the vet clutch friction and wear processes. The purpose of this paper is
to present a simple model of the engagement proecess for wet friction
materials in general, and for clutches with porous paper-type facings in
particular., ‘

ENGAGEMENT MODEL A simple concept of wet clutch engsgement was
developed to a8id in research and diagnostic investigations. This model
emplo;_'s three phases:

1. Squeeze Film Phase -~ vhere oil flows over and t‘.hrough
the porous paper materisl, preventing physical contact
of the friction surfaces, and providing torque through
viscous shear of the fluid film;

2. Squash FPilm Phase = vhere intermittent rubbing contact of
the clutch asperities produces some adhesive and
hysteresis friction and "squashes” oil from within
the porous paper material;

3. Adhe.sive Contact Phase - vhere hydrodynsmic and elasto-
hydrodynamic effects are minimal and adhesive effects

are dominant.
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SQUEEZE FILM PBASE - In this phase the hydrodynamic forces predom-
inate such that the friction elements are separated by a conti;xuous £ilm
of 0il. In the development of this model an analytical investigation of
the squeeze film phase was conducted. This work has been published
separately (6’7’8). Portions of the analysis descridbe squeeze £ilms with
porous annular plates(s) and porous rectangular plates(7). The asnnular
plate model applies directly to an ungrooved clutch plate. A grooved
clutch plate may be viewed as an array of rectangular plates in those
1ns;tances vhere the pressure in the grooves:is negligible.

The effect of sliding velocity on the squeeze film is only partially
known. If an ungrooved porous flat plate is pressed against a similar
non-porous plate, the effect of rotation is to reduce the oil £ilm thig:lmess(e).
But aétual peper plates are usually grooved and their surfaces may be non-
parallel. No analytical solution of this case has been found as yet,
but these factors can be expected to provide positive hydrodynamic action.

Extensions of the squeeze film analysis for flat ungrooved porous
plates has led to the simulation of a complete clutch application, including
. the calculation of clutch torque, oil £ilm thickness, and £ilm temperature
rise (9). From this analysis it was found that only near the end of the
squeeze £ilm phase does the calculated friction reach levels normally
associated with paper plates. The early portion provides an apperent time
1ag between pressure application and torque generation. In this early .
- portion of the sgueeze £1lm, the oil between the plates flows predominantly
over the clutch surfaces, repidly closing the initial gap to about

600 microinches. As the plate separation diminishes, this flow rapidly
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decreases and the resultant n:w becomes largely into the porous clutch
material. The oil within the paper plates probably is slowly e;cchanged
by this means. .

While the powver density and energy absorbed by viscous shear in the
squeeze £ilm phase 15 i'elatively small for paper plates, this time-dependent
phase is important to:

1. supply "fresh" oil into the porous paper facings;

2. assure uniform convergence of the cluteh plates,

thereby preventing cocking and uneven plste loading;

3. provide & smooth torque buildup for the initial engagement.

SQUASH FIIM PEASE - With a porous friction element, the squeeze
£11m thickness dces not asymptotically approach zero. Instead there is a
finite closing velocity, since oil can flow into and through the porous
material. The squash £ilm phase begins and the squeeze £ilm phase ends vhen
mechanical contact is made. Initial contact is to the highest surface
asperities of the resilient paper plate, producing elastic deflections which

release ¢il from within the surrounding porous material. The oil flow

. provides localized cooling for the contact zone and helps generste hydro-

dynamic support around the asperity. This unique self-protection of asperity
contacts appears to be essential for durability of paper-type clutches. With
the passage of time the proportion of hydrodynamic support generally will

decrease and the extent of mechanical action will increase. This mechanical

.action results in sdhesive and hysteresis friction which complements the

friction due to viscous shear.
The phenomena of the squash £ilm phase are both time and speed dependent

and are not readily amenable either to mathematical analysis or controlled
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experimental investigations. This is unfortunate, since the bulk of the
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engagement energy absorption appears to occur in this phase. fr this
phenomenon vere fully understood it would be possidle to opti'mi.ze paper
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density, permeability, and resilience. However, it is probable that present
- paper materisls are pearly at their optimal form, as the result of years of
intensive evolutionary development.

ADHESIVE FRICTION PHASE - When the sliding velocity is low and
sufficient time has elapsed for the hydrodynamic squeeze and squash film;
to vanish, the adhesive friction predominates. According to the tbeory of
adhesion this friction is sensitive to the paper compliance, flow pressure,
surface geometries, and surface energy of adkesion. With an ATF present,
the physical apd chemical properties of the adsorbed and chemical reaction
surface £ilms must also be considered. These are both temperature and
1 prior-history sensitive. With typical friction elements and transmission
fluids, the unknown factors become so overwhelming that experimental studies
: mst be used almost exclusively.

Investigations of wet clutch friction using the LVFA and modified
four-ball testers bave revealed phenomenological effects of changing fluids,

additives and temperstures. These steady-state studies can help provide

understanding of wet clutch engagement phenomena for the finel phase of

clutch engagement where adhesive effects predominate. Tests of this type show

[P e

1 that wben pbysical adsorption goverms, the adhesive friction will decrease
X with increased sliding velocity. This is the characteristic of Type F

transmission fluids. I)e:crc:nR transmission fluids appear to depend on chem-

an o el

ical action to provide & positive friction slope with sliding veloecity.
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PAFER FRICTION MATERIALS This class of materials is made from
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DO cellulosic and often chrysotile asbestos fibers, using a liquicf phenclic-type
resin as 8 binder. Filler materials msy be used, the most apph;'ent of vhich
is graphite. The two prime vendors of these materials appear to di.tfer
primarily in the finishing of the paper surface. One vendor obtains the
£inal finish directly from & hot-pressing operation in which the paper
material 4s bonded to the steel core plates. This results in a relatively
smooth and flat surface, but with some density and permeability variations
over the plate. .These variations presumably result from small irregulsrities
in the paper stock. Furthermore, with this process the paper surface mey
bave & lower permeability than the interior materisl.

The second vendor grinds the surface of the paper after bonding to
provide & more uniform structure, but with substantislly grester surface
roughness and waviness. With this process the paper surface may retain
substantial amounts of the grinding dedbris. Both types of paper materials
bave performed well in automotive service. Typical profilozneter* traces

for new samples of these materiels are sbowm in Figure 1.

- . . .
" . . . ¢ —_

he differences between pressed and ground surfaces should be readily
apperent from the SEM (Scanning Electron Microscope) photographs of
1 Figures 2 and 3. A partially opened asbestos fiter bundle and some manu-
facturing debris can be seen in Figure 2b. The smoother sections of

% A1l profile and roughness measurements were made using a Brush-Clevite
150 system. Surface damage and attendant profile error during
measurement vas avoided by limiting the profilometer stylus pressure
t0 200 mg.

o o —— = SO
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the corresponding profilometer trace result from local flat areas such as
appear in this photograph. The corresponding photograph of the ground
sample (Pig. 3b) reveals the effects of grinding; obscured £iber structure,
irregular plastic flow zones and substantielly greater surface debris.
These plastic flow zones provide some of the smooth-curved portions of

the corresponding profilometer trace.

SQUEEZE FIIM TESTS The complete clutch pack was judged impractical
for direct squeeze f£ilm measurements. For this reason a smll, constant
force fixture was designed which could accept most passenger car clutch
plates and permit precise transient measurements of the oil f£ilm thickness
for constant force, non-rotating applications (Fig. 4). Thbe apply force is
set by sdjusting air pressure to the Bellofram actustor with a precision
regulator. A single clutch plate, located in a pool of oil, is supported
by low rate springs (not shown) to provide a known ﬁitial oil film
thickness. Individual clutch faces also may be tested by bonding clutch
plates directly to the base. When the release lever is tripped, the voltage
signal from the displacemezit sensor triggers a storage oscilloscope which
records the variation of displacement with time.

The squeeze £ilm fixture was tested with precision ground steel plates
to compare experimental oil £ilm thickness-time test results with analytical
velues. The test and analytical thickness-time curves were coincident down

40 70 microinches. Below 70 microinches the results vere somewhat erratic,

presumably due to & randomly occurring, very slight cocking of the plate,

Above this £41lm thickness the test results were repeatable within an indicated

10 microinches.
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Fev paper plates wvere found t0 require up to 100 applications to
achieve repeatable behavior. This was believed to be the result of air
removal from the interior of the paper structure. When new plates were
vacuun impregnated with the test oll, the oscilloscope traces were immediately
repeatable, within 15 microinches, over the entire trace. Test results then
matched well with calculations from the squeeze f£ilm analysis for porous
facings vwhen the trensient vibrations were filtered (Fig. 5). The initial
contact occurred at roughly 200 microinches, apparently due to & slight
cocking of the plate,

This squeeze f£ilm apparatus has served as & means to measure conveniently
and rspidly the average permeability of complete clutch facings and the
elastic response of the paper. As might be suspected, both the squeeze £ilm
and elastic deflections differ between hot-pressed and ma paper plates
of similar paper structure (Figs. 6,7). These differences nearly vanished
after both plates were ground in an identical manner, cleaned, vacuum
impregnated and retested (Figs. 8,9). The horizontal 1ines on the right of
the traces denote the equilibrium deflection for each load.

FLUID EFFECTS -~ Continued squeeze f£ilm cycling on this fixture with
an ATF using a high molecular weight Viscosity Index (VI) improver resulted
in an appe_lreut loss of peper permeability after about 1000 cycles. No
such effect was noted vhen a similer fluid with a low molecular weight VI
improver was used. Furthermore, the squeeze film bebavior could be restored
‘by pentane extraction of the fluid within the paper plate and reimpregnating
wvith fresh oil. Some used plates vhich exhibited ebnormally low friction
levels in service similarly wvere found to provide near-normal friction after

& solvent extraction and reimpregnation. The squeeze film behavior of
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these plates also recovered normal properties by this process. T;ae

extract from these used plates was analyzed and found to be hiéb in oxidized
01l and acrylates, compared with fresh factory-£111 ofl. This suggests
that ope possible cause of clutch failure is the selective accumilation of
thickened o1l onto and into the paper plates, csusing a thicker oil £ilm,
lover friction, and an extended, higher energy shift. Presumabdbly, this
added encrgy and resultant higher temperatures would precipitate the thermsl
degradation of the cellulosic fibers and their dinder resin.

PARTICLE EFFECTS - Independent of fluid effects, production samples
of paper plates sometimes exhibited smell veristions of sQueeze-squash
behavior with cycle time. Small particles were found in the oil after
cycling vwhich looked like the debris pictured in the SEM photographs. Micro-
scopic examination of these cycled plates revealed the paper pore structure
40 be substantially cleared of debris, apparently from the alternating oil
flov of the squeeze and squash £ilm action. A lesser quantity of these
perticles vere found upon cycling pressed paper plates than with ground plates.

The possibility that the dedris from ground paper clutch plates might

_ influence clutch engagement bebavior was then investigated. ¥For this study

a production peper clutch plate was tested vhich was known to exhibit a
drop in dynamic friction after the first fev engagements, then slovly recover
over the next few hundred engagements. This paper was graphited, so

lamellar wear particles from the grephite possibly could foliate on the

. paper surface during the squeeze f£i1m phase. From the model it was hypothe-

sized that during breakin the combination of surface debris and the graphite

wear particles might "clog" the pores of the paper surface, effectively
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reducing its permeability and thereby providing a thicker oil film and &
lover dynamic friction. With repeated use, the flakes of grapl;ite and
otber dedris could slovly erode awsy, restoring the normal trit;tional
characteristies.

A clutch plate of this type was tested on the SAE No. 2 clutch test
fixture and found to have low friction after 18 application cycles. This
plate was then tested on the squeeze £ilm fixture, cleened, reimpregneted
vith fresh ATF, and retested. An apparent increase in permeadbility wms
not;ad after cleaning. Substantial amounts of debris, high in graphite flake
content, were released during the initial squeeze film tests, although
little vas visidble following subsequent sqQueeze film tests which vere
performed after cleaning. Further clutch machine tests initially showed
normal friction, but a small dip in friction occurred with added aspplication
cycles. This minor drop was presumed to bave resulted from the generation
of additional wear debris with the added testing,

SAE NO. 2 CLUICE FIXTURE TESTS Tests of single plates and complete
clutch packs wvere performed on the SAE No. 2 machine to further evaluate
.the engagement model. From tests on the squeeze film apparaetus, it appeared
that the wear of the paper material should be insignificant for a few tenths
of a second, since most of the engagement energy in this period would dbe
dissipated in viscous shear. To test this notion, ungrooved single plates
vere carefully measured, then tested with an apply time of 0.2 seconds.

.- Measurements were taken periodicelly until equilibrium copditions were
reached. This required about 400 applications. The samples wore rapidly
for the first seversl applications, then graduaslly tapered off such that no

additional wear was detectable sfter 200 applications. When the apply time
wvas increased 10 0.4 seconds, apparently the samples both wore and swelled.
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After additional testing, surface examination of some samples sho;red greater
comtact areas, but with an increased average paper thickness.

Indirect measurements of the wear then had to be employed: such &s
profile mapping several areas of the clutch plate and noting changes in the
peak-to-valley height distributions with added testing. These calculations
showed an equilibrium wear rate for the 0.4 second apply time of
0.1 x 1072 cu.in/ft.1b. The apply time was extended further in increments
until a complete engagement was made at 2.2 seconds. Tbe volume of paper
material worn, per unit of work, was found generally to increase and at an
increasing rate a5 the engagement time increased. The specific wear rate

vas 1.6 x 1077

cu.in./ft.1b. for the full engasgement. However, the wear
sometimes was confined to one area of one side of a plate. The cause of
this had not been determined, but it appears that the paper materiel wvears
in a manner such as to produce & constant contact pressure. With some
localized swelling, the paper wear presumably also becomes bhighly localized
until"t.he paper material becomes stabilized dimensionally. Despite the
non-uniformity of wear, the wear rate per unit of work done was found to
.increase dramatically as the engagement time increased and the sliding
velocity decreased.

After this vear testing, paper clutch plates of both the pressed type
and the Md type may be quite similar in visual appearance,

profilometer traces, and squeeze film bebavior. SEM photographs of & ground

_paper plate after LOOO clutch applications are shown in Figure 10. Note

the similarity of this used, ground paper semple with the new, pressed

paper sample of Figure 2. The relative absence of particulates within the
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” paper structure should be apparent in Figure 10b.
e
r‘q.'?”z}“»: Representative profilometer traces of this and other clutch surfaces

are shown in Figure 11. Note the change of scale from Figure f, particularly

the horizontal scale. This wvas done to provide a better visualization of

. . .
e e = P sty s, P St Gt

surface flatness. The sample with BOOO cycles was tested under more severe
j conditions, resulting in a slightly wavy surface. This seems to cause &
slightly lover dynamic friction at the higher sliding velocities, presumably
due to the more favorsble hydrodynamic action of a vavy surface. Two glazed
appesring plates vere included in Figure 11 to illustrate the fact that

Bt Rty s

"glazing" does not necessarily produce substantial friction changes. The

sample with the lov friction was found to have near-normal friction after s
solvent extraction of the retained oil and reimpregnation with fresh oil.
Both samples exhibited a smeared, a8lmost scaled surface appearance under
the SEM, with periodic pores of & few thousandths diameter. These surface
scales could be expected to greatly reduce the permeability of the surface
layer and possibly produce & lower friction level in the sqQueeze and squesh
£4)m pheses. However, when examined under an optical microscope, it was
found that the "sceles" open readily as the paper surface is loaded in com-
pression by a flat glass plate. Apparently the "scales" are relatively free
t0 move, making them influence friction only in the relatively short squeeze
£1im period.

WEAR OF A CLUICE PACK A pack of four new paper plates was measured at
: several locations on each face and tested for 2000 cycles on the SAE No. 2

clutch machine., Plates wvere periodically removed during the test for wear

measurements and squeeze film testing,then reinstalled in the same order

! and orientation. The wear of the paper plates was uneven at first, being

R002 1913
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greatest tovard the plate OD and at circumferential locatioms where the
total pack thickness wvas greatest. Thus, in some plates the vear vas not

& maximm at the point of maximuwn plate thickness. These find'i'ngs were
expected, since the largest mechanical contact pressure should occur at the
thickest section of the pack apd be biased toward the (D due to mechanical
deflections of the end plate. After sbout 500 cycles the (D bias diminished
rapidly. The paper wear from 1000 to 2000 cycles was essentially uniform
from (D to ID, but was not yet uniform ecircumferentially. The wear of the
facing closest to tbe apply piston was greatest, with vear generally decreesing
for more remote positiqns (Fig. 12). This may be attributed to the effect
of spline friction, since displacement of the clutch and separator plates

is required to maintain torque in the squeeze and squash £1lm phases. The
plates nearest the piston then have & larger aversge spply pressure and &

slightly longer apply time. Since the wear occurs primarily st the end of

‘the engagement, these relatively small differences of load and time can pro-

duce significant differences of paper wear rate.

The steel separator plates exhibited a similar trend (Figure 13). Steel

.plate wear was variant vith angular position, also tending to reduce the

total separator pack thickness variaftions. The .greatest wear on each plate
occurred et the same angular location. Some minor scoring was observed in
these tests which appeared to have resulted from abrasive inclusions in the
asbestos.

EFFECT OP FATTY ACIDS In en attempt to determine experimentally the

extent of mechanical contact, 8 clutch plate was cycled under closely
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controlled conditions on the SAE No. 2 machine until steady state frictionmal
behavior was reached. Several successive torque-velocity traces were
recorded using & Type F fluid, At the end of one of these engagements a
syringe vas used to inject 0.1% oleic acid into the fluid chamber of the
test machine. While this concentration does little to alter the fluid flow
apd viscous shear behavior, it is more than adequate to lower the adhesive
forees greatly. The change of torque vas immediately apparent on the next
clutch application and was repeatable thereafter. The shaded area of

Figmre 14 should be indicative of the relative amount of mechaniesl contact
during tbe clutch application, since this 1s the result of a change primarily
to the adhesive component of friction.

SUMMARY AND CONCLUSIONS A simple model of the engagement process has
bees conceived for wet friction materials, especially those.: with porous paper
surfaces. The model consists of three phases: & time-dependent hydrodynamic
squeeze £ilm phase vhere no mechanical contact is made and torque is
genem't'ed through viscous shear alone; a time and velocity dependent squash
£1ly phase vhere intermittent rubbing of asperities generates some adhesive
?riui.ou, produces additional hydrodynamic action, end provides local
cooling; an adhesive contact phase where hydrodynasmic effects are minimal
and shere _phygical and chemical reaction surface films largely control the
tridMen.

In support ©of the model, laborstory test results were presented of

Jpapes elutch squeeze/squash £ilm bebavior in & new leboratory test fixture.

Also SEN photographs, profilometer data, and clutch inertia dyneamometer
frickion and vear results were discussed in the context of the new engagement
podd.
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While no incontrovertible conclusions may be reached st thfs time
about the validity of tbe model, it has proven to be useful in under-
standing inconsistencies of test results from different test machines.
Both the model and the squeeze f£ilm fixture have aided in disgnostic
investigations.
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Pigure Captions:

FPigure 1

Pigure 2
(a and b)

Figure 3
(a and b)
Figure b
Pigure 5
FPigure 6
Figure 7
Figure 8

Figure 9

Figure 10

’ (a and b)

Figure 11
Figure 12
FPigure 13

Figure 14

Profilometer traces of typicsl unused paper materials.
SEM photographs of a typical pressed paper materie;l.
SEM photographs of & typical ground paper material.
Schematic of squeeze £ilm fixture.

Comparison of squeeze £ilm results.

Squeeze f£ilm traces for 8 new pressed paper plat;.
Squeeze film traces for 8 new ground paper plate.
Squeeze film traces for a ground pressed plate.
Squeeze film traces for a reground pap;ar plate.

SEM photogrephs of a typical ground paper plate after
4000 applications. )
Comparison of new and 'used pepe'r surface profiles.
Paper'plate w;ar as 8 ﬁmcti-on of pack position.'

Separator plate wear as & function of pack position.

Effect of a fatty acid on clutch torgue.
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Commente and Questions

(1) Since the objective (one and only) of the study was to assess
the cerabilities of the testing procedures, the specific observations from
individual tests are of interest, not the general conclusions on materiasl
cheracter and expected performance. Since we heve no ides of the arrlication,
1 think we would be taking quite s chance fmx if we were to go so far into
making vredictions, and there is no reason that we should.

(2) for the reasons in point (1), the materisl in Aprendix B and
eope of the material 4in Aprendizes A and C are really the importent parte, and
therefore they muet be in the text, rather than in the Apcendix.

(®) If ooint (R) ie followed, then it would be earier to retsin the
figure order cselected by combining Exptl. Proc. and Exptl. Resulte, Hence I
tried to do thie; I may not like it when I look it over a fex deys hence.

(4) Thenpersregdive in Fig, 1 does not seem very good to me; in
narticular, \gome/ lixges for\park pdmnies w I belliexe sh be radiesl do not
look radiel aZ drawn.” wawdY e R

() Bande on Fast tests: how obteined? ndt clear to me. MJ’-I( Msan .08
I iip i

“(8) T~ In Zig. 4p -~ Graphit area --, Hop obtained? Not, cleer to me. /
T esdiry *«-P M ‘Lw ¢ “,,‘.,f,&-a “‘7"‘“

(7) The Bibliopraohy references are so incorrlete thet I cannot
locate most of them; I am particularly puzzled by reference 7, which apperently
te¢ addrecced t> me but, td> the best of my “nowledge I have never received, and
reference 10, in which oaly the authore are given, Some >f the >taer
reference descrintions are aleo incomplete, but not es bad.
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