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ABSTRACT

A pin-on-disk type of friction and wear apparatus
was used to study the effect of load, contact stress
and rider area of contact on the friction and wear
properties of polyimide-bonded graphite fluoride
films. Different rider area contacts were obtained by
initially generating flats (with areas of (.0035,
0.0071, 0.0145, and 0.0240 cm) on 0.476-cm radius hem~
ispherically-tipped ricers. Oifferent projected con-
tact stresses were obtained by applying loaas of 2.5-
to 58.8-N to the flats. Two film wear mechanisms were
observed. The first was found to “e a linear function
of contact stress and was independent of rider area of
contact. The second was found to increase exponen-
tially as the stress increased. The second also ap-
peared to be a function of rider contact area. Wear
equations for each mechanism were empirically derivec
from the experimental data, In general, friction co-
efficients increased with increasing rider contact
area and with sliding duration. This was related to
the build-up of thick rider transfer films,

INTRODUCTION

It has been shown in previous studies (1,2) that
polyimide and polyimide bonded graphite fluoride films
have potential for solid lubrication applications
(such as foil bearings (3-7)) where long thermal soaks
are encountered. Low weight loss rates, good ache-
sion, and good friction and wear properties were ob-
taiged for films theimally exposed at temperatures to
315 C.

In order to obtain a better ungerstanding of the
lubrication and wear mechanisms of polyimide-bonded
graphite fluoride films, a hemispnerically tipped ria~
er (8) and a rider with a U.95-im-~-diameter tlat on it
(9) were s1id against the film In general, two
stages (or regimes) of lubrication were 1dentified.

In the first stage, the film supported the load and
the lubricating mechanism appearea to be shear (plas-
tic flow) in a thin layer of the film between the bulk
of the film and the metallic rider, In the second
stage (which occurred after the original film had worn
through to the metallic substrate), the lubricating
mechanism appeared to be the shear of very thin solia
lubricant films between the flat area on the rider ano
flat plateaus generated on the metallic asperities in
the film wear track.

For the hemispherically tipped rider, the first
stage of lubrication lasted only a very short time
}(15 kc of sliding). However, for the 0.Y5-mmdiameter

lat sliding on the fiim, the first stage lasted about
3500 kc. The reason for this vast difference was be-
lieved to be caused by the very nigh projected contact
stresses imparted by the hemisphere. Under light
stresses the wear process consisted mainly of the
spalling of thin layers of the film (»>2 .m); however,
under the higher stresses created by the hemisphere,
cracks were generated which propagated through the
bulk film and led to the crumbling snd complete break-
up of the film on the wear track.
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This study was conducted to investigate the ef-
fect of projected contact stress in more detail, ang
to determine if rider area of contact affected the
wear rate. To do this, a pin-on-disk apparatus was
used with hemispherically tipped plus which had 0.67,
0.95, 1.36, 2nd 1.75-om - diameter flats on them,
Loads of 2.5, 4.9, 9.8, 14.7, 19.6, 29.4, 34.3, 39.2,
and 58.8 N were applied to the flats wnich slig
against the films at 1000 rpm in a 50% R.H, air atmo-
sphere.

MATERIALS

Pyralin polyimide (P1-4701) was used in this
study. The polyimide was obtained as a thick precur-
sor solution containing 43 percent solids. For a
sprayable mixture, a thinner consisting of N-methyl-
pyrrolidone and xylene was added. The polyimide-bondea
graghite fluoride films were prepared by miuing equal
parts by weio~t of polyimide solids with graphite
fluoride powder. The graphite fluoride used had a
fluorine-to-carbon ratio of 1.1. The films were ap-
plied to AISI 440C HT steel aisks (1.2 cm thick by
6.3 cm in diam) that had a hardness of Rockwell
C-58. The riders used in the friction and wear tests
were also made from the AISI 440C HT steel with a
har-dness of Rockwell C-58.

FRICTION APPARATUS

A conventional type of pin-on-gisk friction and
wear apparatus was used in this study (Fig. 1); but
the riders were 0.476 cm-radius hemispherically tipped
pins with 0.67, 0.95, 1.36 or 1.75 nm-diameter flats
worn on them (see insert Fig. 1). The flats gave pro-
jected contact areas of U.0035, 0.0071, 0.0145 and
0.0240 cmé, respectively,

The flat areas were loaded against the films
(which were applied to a flat, 6.3-cm-diam disk) with
dead weights of 2.5 to 58.8 N. The disks were rotated
at 1000 rpm, and the rider slid on the disk at a
radius of 2.5 cm which gave it 2 lirear slidin? speed
of 2.6 m/sec. The friction specimens were enclosed in
a chamber so that atmosphere could be controlled. To
obtain a controlled air atmosphere of 10,000 ppm H>0
(~50% relative humidity), dry air and dry air bubb%ed
through water were mixed. The humidity was morw.itored
continuously. The rise in temperature on the film
wear track due to frictional heating was monitored
continuously by an infrared pyrometer,

PROCEDURE

Generation of Rider Flats

e T1ats on the 0.4/6 cm-radius hemispherically
tipped riders (pins) were generated prior to conduct-
ing the friction and wear experiments by sliding them
against a rubbed graphite fluoride film (which was
applied to a sandblasted AISI 440C HT stainless steel
disk), The rider was not removed from the holder
after the flat was generated or while it was cleaned;
and it and the disk (with applied polyimide-bonded
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?raph1te fluoride film) were positioned and indexed
n the apparatus by using a linear variadble differ-
ential transformer (LVOT) so that a flat-on-flat con-
figuration occurred with minimal misalignment being
introduced (Ftg. 1).

Surface Preoperation and CIeanigﬁ
The aisE surfaces were roughened by sandblasting
to a centerline average (cla) roughness of 0,9 to 1.2

micrometers. After surface roughening, the disks were
scrubber with a brush under running tap water. The
disk: » e rinsed in distilled water and then ciean,
dry corpressed air was used to quickly dry the sur-
faci.. Tne disks were stored in a dessicator until
they were ready for coating with the solid lubricant.

The rider was lightly scrubbes with ethyl alcohol
and with levigated alumina to remove tne graphite
fluoride transfer film tnat originated during the gen-
eration of the flat wear area. It was next rinsed in
distilled water and dried with compressed air. Lubri-
cant was not applied to the riders.

Film %ﬁglication
artist’s aribrush was used to apply the polyi-

mide-bonded graphite fluoride films to the disks.
Because the film did not dry rapidly, only a thin
layer was applied at one time in order to prevent
“running. Each thin layer was curea completely be-
fore the next layer was applied. The cure consisted
of heating the films at 100" C for 1 hour followed by
300" C for 2 nours.

The f1lm thicknesses evaluated in this stuay were
up to 39 micrometers (U.0015 in.). Since each layer
applied was from 7 to 13 micrometers thick, up to five
applications were needed to achieve the desired thick-
aesses.

Friction and Wear Tests

The procedure for conducting the friction and
wear tests was as follows: The test specimens were
inserted into the friction apparatus and the test
chamber sealed. A controlled moist air test atmo-
sphere (10,000 ppm Hp0) was purged through the cham-
ber for 15 minutes before each test and continuously
throughout the test. After purging, the disk was ro-
tated at 1000 rpm and a the load gradually applied.
The test temperature was 25 C.

Each test was stopped after 1/4 kilocycle
(1/4 min) of sliding, and the rider and disk were re-
moved from the friction apparatus the contact areas
were examined by optical microscopy ana photographed.
Surface profiles of the disk wear tracks were also
taken. The rider and disk were then placed back into
the apparatus, and the test procedure was repeated.
The rider was not removed from the holder, and loca-
ting pwns in the apparatus insured that it was re-
turned to its original position. The same was true
for the aisk.

Each test was stopped and the previous test pro-
cedure was repeated after selected siiaing durations.
Film wear was calculated by measuring the cross-
sectional area of the polyimide bonded grapnite fluo-
ride film wear track (from the surface profiles) after
each sliaing interval., Rider wear was determined by
measuring the change in the diameter of the wear scar
on the hemispherically tipped rider and then calcula-
ting the volume of material worn away.

Analysis of Sliding Surfaces

Optical microscopy techniques were used to study
the lubricating films, tne transfer films, ana the
wear particles in this investigation, The surfaces
were viewed at magnifications to 2000X. At these high
magnifications, the depth of field was very small (ap-
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prox. 1 um); thus the focusing distance was used in
measuring various features on the slidging surfaces
such as film thickness, and wear track depth.

Polyimide-~bonded graphite fluorige films were
transparent when worn to a thickness of 1 ym or less.
Since 1llumination and observation of the surfaces
were normal to the surfaces, interfersace fringes
could be seen in the films both on the disk wear track
and on the rider. Inteference fringes indicated when
very thin solid lubricant films were present and gave
an indication of their smoothness and continuity.

RESULTS AND DISCUSSION

Coefficient of Friction

The coefficient of friction for AIS] 440C HT
stainless steel riders sliaing against polyimide (PI)
~ bonded graphite fluoride (CFy)y, films is plot-
ted as a function of sliding duration in Fig. 2.

Since the riders had flat areas on them, different
loads applied to the same flat area gave different
values of contact stress, or the same load applied to
gifferent areas gave different values of stress. Fig-
ure 2 shows the effect of contact stress (pressure) on
the friction coefficient for constant loads of 4.9 N
(Fig. 2(a)), 9.8 N (Fig. 2(b)), 19.6 N (Fig. 2(c)),
and 29.4 N (F q. 2(d)). The contact stresses involved
ranged from 2 #Pa (300 psi) for the 4.9 N load applied
to the 0.024 cml-area flat to 56 NPa (8020 psi) for
the 19.6 N load applied to the 0.0035 cmc-area flat.

Regardless of stress, load, or area of contact,
the friction coefficient generally increased with in-
creasing sliding duration. Also, it is seen that in
general for constant load, the friction coefficient
tended to increase as rider contact area increased or
the rider contact stress decreased. To determine the
effect or rider contact area and rider contact stress
on the friction coefficient, friction coefficient val-
ues (from all tests) obtained after 60 and 500 kc of
s1iding are plotted in Fig. 3 as a function of rider
area of contact and in Fig. 4 as a function of contact
stress. The curves shown in Figs. 3 and 4 represent a
Vinear regression fit (least squares) of the data.

The curves indicate that the coefficient of friction
tends to increase with increasing area of contact and
to decrease with increasing rider contact stress.

The effect of temperature rise (due to frictional
heatina) on the friction coefficient was also investi-
gated, Table I gives friction coefficient values and
Table Il gives the temperature rise on the film wear
track due to frictional heating after various sliding
intervals for all experimental conditions, Figure 5
shows plots of these data (friction coefficient ver-
sus film wear track temperature) for (a) 60 k¢ of
sliging and (b) at the end of the experiments. The
curves shown in the figure are linear regression fits
to the gata, The linear regression curves indicate
that there is a very slight increase in friction coef-
ficient due to frictional heating; however, the data
scatter is so great that it is impossible to deduce
thut this is a real effect, especially for the data
obtained at the end of the experiments (Fig. 5(b)).

Film Wear

m wear was determined by taking surface pro-
files of the film wear track after various sliding
intervals and measuring the cross-sectional area of
material removed. Figure 6 compares surface profiles
of the film wear tracks for four different rider con-
tact areas after various sliding gurations under a
9.8-N load, Because the vertical magnification of the
profiles is avout 50 times the horizontal magnifica-
tion, the profiles are distorted by an exaggerated
track depth,
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At least 4 profiles at various points around the
wear track were taken after various sliding durations
and the wear areas averaged. For example, Fig. 7
plots the average cross-sectional area as a function
of sliding duration for a 9.8-N load applied to the
four different projected rider areas. The general
trend for each test was for the film wear to increase
in a linear manner as a function of s)iding adistance.
For eacn individual test, wear (W) was found to de di-
rectly proportional to sliging distance (s), thus a
wear equation of the form: W = Rs could be assumed
(12), where R is the wear rate. However, wear rate
as seen in Fig. 7 was not solely dependent on load.
Rider area of contact also intluenced the film wear
rate.

Figure 8 plots film wear as a function of siiding
duration for a corstant contact stress of 7 MPa (1000
psi) which was obtained by applying three different
loads to three different rider contact areas. Compar-
ing Fig. 8 to Fig. 7 indicates that the wear rate or
the films is more dependent on contact stress than it
is on tctal load,

Wear rate data for all experimental parameters
used in this investigation are summarized in Tables
111 and IV, Table Ill gives a matrix comparison of
the film wear rates as a function of load and rider
contact area, and Table IV gives a comparison of the
film wear rates as a function of contact stress and
rider area of contact. The wear rates are expressed
in terms of wear volums of material worn away per unit
distance of sliding (mé/m).

Table 111 shows that for a constant riaer contact
area, the film wear rate increased as load increased.
The Table also shows that for constant loaa, the film
wear rate decreased as the area of contact increased;
indicating a contact stress (pressure) effect. Table
IV shows for constant contact stress, the wear rate
was either relatively constant or it increased with
rider contact area; inuicating a possible rider area
of contact effect.

Figure 9 shows plots of average film wear rates
as a function of contact stress. In Refs. 8 and 9, it
was deduced that two different wear mechanisms could
occur for PI-bonded (CFy)y films. The data of
Fig. 9 tends to confirm that analysis, where a linear
curve is seen and four other curves are seen departing
from that curve at various values of contact stress.

It is beljeved the linear curve was caused by the
first wear mechanism and the other curves were due to
the second. The first wear mechansim was postulated
to be due to the spalling of a very thin textured lay-
er (<1 um) at the surface of the film. The textured
layer resulted from the polyimige and graphite fluo-
ride plastically flowing and ccalescing on the wear
track of the film. Repeated passes over this layer
caused it to blister and spali. As Fiy. 9 illustrates,
this wear mechanism seemed (0 be directly related to
contact stress and not dependent on area of riger aon-
tact. The wear rate for the 1st wear mechanism (R])
increased as contact stress (pressure) increased ac-
cording to the relationship R) = C]P, where
Cy 1s a constant and P is the contact stress in
M}a. A linear regression fit of the data in Fig. 9
produced a wear equation for the 1st w i mechanism Gf

W) = Rys = 1.2x1u=15ps

where W) is expressed inmd and s in m,

The 2nd wear mechanism was postulated in Refs. 8
and 9 to be caused by defects in the bulk or by de~
fects at the surface propagating into the bulk andg
causing rather large wear particles to be proguced (up
to 6 um thick). The cata of Fig. 9 indicate that both

contact stress ond area of rider contact influenced
the film wear rate of this mechansim.

To determine an equation for the wear rate for
the 2nd wear machans ism, the wear rate values attribu-
ted to the first wear mechanism were subtracted from
the total wear rate values given in Tavle 1V, These
values are plotted on semilog paper in Fig. 10 as &
function of contact stress. A least squares exponen-
tial fit of the data produced a series of pafallol
exponential curves of the form Rz = Ca(1.3)F, where
Ca 1s a constant that appeared to depena on the rider
contact area (A). A least squares power fit of the
four values of Cp asa funct19n of rider contact
area was made and Cp = 3.1x1U~/A%+¢ ywere A
is expressed in cmé, Thus, the wear equation for
the second wear mechansim becomes:

Wy « Rzs = 3.1x10~7a5.2(1.3)P

The wear rate (R) for the values of contact stess
(P) ang rider contact area (A) used in this investiga-
tion thus becomes:

RaRp*Ro =~ 1 0210715P ¢ 3.1x20-745-2(1.3)P m3/m

The curves of Fig. 9 were plotted from this equation
and show very good correlation with the experimental
gata,

The above equations were derived without consider-
ing any effect of frictional heating. Figure 11 plots
film wear rate as a function maximum film wear track
temperature, The figure tends to imply that the film
wear rate increased as a function of 1ncreasin? film
wear track temperature. Tliic fioure may be misleading,
however, since both the film wear rate and the film wear
track temperature were dependent on load and contact
area. [f the Table I is compared to Table jI, it is
seen that for any particular constant load, a wide range
of wear rates were obtained with no positive degree of
correlation with the film wear track temperature. Thus,
if a true effect of frictional heating does occur, it is
clouded by the load and contact area effects.

Area of Contact Error Analysis

~ Ore problem in determining wear rates as a func-
tion of contact stress was determining the rider area
of contact, When determining contact stress, constant
area of rider contact was assumed; but the surface
profiles of Fig. 6 indicate that as film wear occurred,
the sides of the wear track alsc helped support the
loads, In addition, the data of Ref. 9 showed that
on fnitial contact, the rider flat only made contact
with the tips of the film asperities, and that the
area of contact of the rider with the film was about
one fifth of the projected area of contact.

The effect that the wear track sides had on the
true area measurements was not nearly as great as
those caused by the film asperity interactions; and
as the diameter of the flat area increased, the ef-
fect of the side support decreased. Figure 12 gives
photomicrographs of three rider contect areas after
various sliding intervals under a 9.8-N load, showing
the contact areas made by the sides of the wear track.

The 0.0035 cmé-area flat is shown after 760 kc
of sliding (Fig. 12(a)). The projected area of con-~
tact, due to the side support of the wear track, was
found to be 0.0028 cmé, a 77% increase in contact
area. The 0.007]1 cm.area flat is shown after
3500 kc of siiding (Fig. 12(b)). The side support
area was 0.0032 cm?, a 46% increase in contact
ares. The 0,0145 cm.area flat is shown after
4100 kc of sliding (Fig. }12(c)). The side support
area was 0.0019 cm?, a 13% increase in area.




S R R TR Wy BT VAT T AR P s TRTY AR 8T R TR

Undoubtedly, the contact at the sides of the
wear track affected the film wear rate in some man-
ner, Howuver, the result: indgicete the effect was
mirimal since film wear incressed at a relatively
constant rate (Fig. 7).

What seemed to be most important were the ini-
tial conditions of load, contact stress and ares of
rider contact. These parameters determined whether
thin, lamellar wear particles or large brittle-
fracture wear particles were produced.

Rider Transfer and Wear

measurable wear of the metallic rides flats
occurrad when sliding was complately on the Pl-bonded
(CFy)n film, Only when the metallic substrate
was reached, and the asperities of the substrate
interacted with the rider was wear observed on the
rider (9).

Pl-bonded (CFy)p transfer to the rider flat
was found after al‘ sliding tntervals and under all
sliding conditions. Initially (for all tests),
transfer was very thin. Figure 13(a) shows a typical
transfer £1lm that occurred after | k¢ of sliding,
This particula- photograph is from the test whi:;
employed the 4.% N-load applied to the 0.0071 cme.
ared flat, The transfer film was drawn in the direc-
tion of slicing and showed oroad colorfui iater-
forence bands where the transfer was thickest, The
thickest transfer in this photograph was 0.8 ym
(wavelength of red light).

As sliding duration progressed, the transfer to
the rider flat tenged to increase. In most cases,
the transfer maintained its flowing nature and re-
mained continuous and thin enough for interference
bands to exit, Figure 13(b) shows transfer to the
same rider flat after 6900 kc of sliding, indicating
the change in transfer,

It was observed as the amount of transfer in-
creased, so did the friction coefficient, For exam-
ple, the friction coefficient for the test which

loyed the 4.9-N load slicing against the 0.0071
cmi-area flat after | kc of sliding was 0,12, As
sliding continued and the transfer slowly builit-up
sFig. 3), so did the friction coefficient (Fig.

(a,): ana after 6%00 kc of sliding the friction co-
efficient was 0.20.

In a few instances, the friction coefficient
went to values higher than 0.30, When this occurred,
vary heavy ridges of transfer were observed on the
rider flat, An example of this is seen in Fig. 14,
where a high magnification photomicrograph ct the
rider transfer which occurred to the 0.0145 cme.
area flat under a 4.9-N load after 7900 kc of sliding
is seen, The transfer here is very thick (up to 9 um
thick) and does not shuw the colorful interference
dbands as were seen in the thinner transfer, The
friction coefficient was 0.33, Even though friction
seemed to increase with increasing transfer, no ef-
fect on wear was discernible. In general, however,
thicker transfer films tended to occur on the larger
area of contacts which indicates that the increase in
f11lm wear rate at lower stress levels for the larger
diameter flats (Fig. 10) may be due to the heavier
transfer.

CONCLUDING REMARMNS

Very little information on the mechanisms of
bonded-solid lubricant film lubrication, wear, and
fatlure is available in the literature. In addition,
most analytical expressions for the predtction of
wear have been concerned with metallic surfaces or
polymer solid bodies. Adhesive (10-1¢2), sbrasive
(13-16), corrosive (17-18), fatigue (19-20), de-
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lamination (21) and various other mechanisms of wear
have been proposed (22), end analytical expressions
formulated for each,

The results of this study and others conducted
by the author (8,9,22,24) indicate that all these
mechanisms can occur for the polyimide-bonded graph~
{te fluoride films, Adhesion definitely takes place,
this 1s evident from the thick transfer films ob-
served, Abrasion often occurs, but this is usually
due to a third body. A haid particle can embed it~
self into the film and abrade the metallic rider.

The abraded rider can then abrade the film, Also
sharp metallic substrate asperities can abrade the
rider (after the film is worn through to the sub-
strate). Results from Refs. 23 and 24 indicated the
type of atmosphere in which the experiments were con-
ducted markedly influenced the wear results, indicat-
ing a corrosive effect, This study shows that
fatigue-1ike and delamination-1ike particles are
produced in the first lubrication regime. Thus, the
total wear picture is a complicated one.

Most of the wear theories stated above relate
wear rate (wear volume per unit sliding distance) to
the total load. Fatigue wear {(19-20), however, is
associated with contact stress (pressure). This
study indicated the wear rate of Pl-bonded (CF,)
films was more dependent On contact stress than ?oao;
thus. it appears a fatigue type of wear process is the
more prevalent type of wear taking place.

The analysis ‘2 complicated however, becsuse two
types of wear pam iCles ard produced, thin lamellar
wear particles (<l um thich) and brittle fracture type
of wear particles (>1 um thick), The resuits of this
paper indicated that the projected contact stress and
the rider contact area determined the rate at which
each type of particle was produced, For a constant
rider area of contact, the transition from the first
wear mechanism to the second wedr mechansim seemed to
be a gradual process (Fig. 9). Figure 15 shows high
magnification photomicrographs of the film wear tracks
after various sliding intervals for the 0.007) c
area rider flat sliding on the film under loads of (a)
4,9-N, (b) 9.8-N, (c) 18.6-N, and (d) 29.4-N. The
figure 11lustrates the effect of increasing contact
stress on the f1ilm wear process. As the load or con-
tact stress is increased, the wear track changed from
a very smooth surface to one where large regions of
cracking and spalling occurred.

SUMMARY OF RESULTS

Friction, wear, surface profilometry and opticail
microscopy studies of polyimide-bonded graphite fluo-
ride films sudbjected to various load, various contact
stresses, and various rider areas of contact indicate
that:

1, At least two different wear mechansims of the
film occurred.

(a) The first was associated with the spalling
of a thin textured layer at the surface of the film,

(b) The second was believed to be caused by
defects in the bulk or at the surface propagating into
the bulk and producing large wear particles.

2. Film wear for the first lubrication mechansim
was found to be dependent On projected contact stress
and indepvendent of rider area of contact. A wear
equat fon was derived from ghe experimental date and
found to be Wy « 1.2x10-15ps, where W) is
wear volume in m>, P is contact stress in MPa, and
s is sliding distance in m.

3, Film wear for the second lubrication mechansim
was found to be dependent on projected contact stress
and rider area of contact. A wear equalivon derived
from the experimental data was found to be
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W = 3.1x10=7a%2(1.3)Ps, where Wy {is wear
volume in m¥ for the second ne’r mechanism, and A
is rider area of contact in cm<,

4. In general, the friction coefficient for each
test increased with sltdin? duration; ana the amount
of transfer to the rider also increased with sliding
duration. Thus, low friction coefficients were asso-
ciated a thin layer-like type of transfer and M¥h
friction coefficients with a thick, heavy type o
transfer.

5. No measurable wear occurred to the rider flats
until the metallic substrate was contacted.
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TABLE 1. - SUMMARY OF EXPERIMENTAL UATA AND RESULTS

Load,| Rider |Projectad rider  Average value of friction Test Thickness | Film n!ar rote,
N contact | contact stress coefficient at: durstion, | of film mo/m
arey, ke worn
¢ MPa pst | S ke |60 ke 500 kc| End test through,
[ ]
2.5 | 0.0035 7 wuo | 0.2]0a8] 0.15 0.16 ] 11%0 13 0.8x10~14
4.9 | 0.0035 14 2o | 0.02]0.14] o0.18 0.19 565 15 2.3x10~14
.0071 7 0w Jdef a2 .19 2] 695 15 .29x10~14
L0145 3.5] 500 Jdel .19 .15 KR EREL 13 .25x10-14
0240 2.0 o JA5] .19 .19 .20 | 10 300 8 .idx10-14
9.8 | 0.0035 28 | 4000 o.14]0.26] -—1} 0.16 400 15 2.9x10-14
.0071 14 | 2000]| .13] .19 .22 28| 3500 39 1.7x10-14
0145 ? 1000 Jd6 2 .23 .23 | 11 670 30 .60x10-14
. 0240 a1] e0]| .lo] .2 .34 29| 430 10 L27x10~14
14,7 | 0.0035 42 o0 | 0.13}0.22] o.22 0.22 200 5.5x10~14
L0071 2l 0w JA3] s .16 . 690 1Y) 2.6x10-14
19.6 | 0.0035 50 soov | 0.13]0.13] -—- 0.13 b 23 46.0x10-14
.0071 28 | a0 Jd4] .18 BV .18 800 21 4.9x10-14
.0145 14 2000 Jdo| .2 .28 200 1140 16 2.4x10-14
.024y 8.1] laov de] .2 .19 Al 2o 25 2.2x10-14
29.4 | 0.0071 a2 o000 | 0.13]0.13] -—- 0.13 45 21 55.0x10~14
.0145 21 00 Jdel .26]  -—- .22 12 10 12.0x10-14
.0240 12 1800 JA71 . .28 .25 910 2 6.1x10-14
34.4 | v.0l8% 28 | aowo| o0.14]0.18] -—- 0.16 90 14 34.0x10-14
39.2 | 0.0240 16 2wo ] o.e]oay] -— 0.18 20 25 24.0x10-14
58,8 | 0.024u 24 300 | V16| emme| e 0.18 20 14 123.0x10-14

TABLE [I. - TEMPERATURE RISE ON FILM WEAR TRACK DUE TO FRICTIONAL HEATING

Losd, | Riger |Projected rider] Film temperature (°C) at sliding durations of:
contact fcontact stress
area, 20 |60 |200]500] 1000] 2000 4000 | End test
cmé MPa psi
2.5 | 0,0035 7 000 |25°f2e*fa]3a"|n® |- |- K}
4.9 |0.0035 | 14 2000 | 3vl ]38l 34387 — | —- | =; | 35
0071 ? 1000 | 28] ]320 13335135, |36, |34, 3¢
.0145 3.5 500 | 317347 [3a7 §3a"] 347 | 347 |40, 4w’
.0240 2.0 3w f 2y’ |3t |3 }33" )33 |37 |36 37
9.8 {0.003 | 28 o | 30|33 oo | = | =2 |
L0071 | 14 2000 | 307|347 1420 |aas]| 43" | a2; |43 43
0us | 7 1000 | 33°]38° |42 {48’50 |49 | s0° 507
.0240 4.1 600 | —~=f--c]---]a°|-— {8 |-- 48
14.7 {0.0035 | 42 600 | —<f-c|=z|=l == |~ --<
L0071 | 21 3000 | 38" |8’ |57 |52°) emm | o= | -~ 54
19.6 | 0.0035 | 56 8000 | 427 |48 |-~z |o=z] —- | — | — | a8
L0071 | 2 40w | 41° 1517 |58 1597 -c | -— | o= 57
0145 | 14 20 [ 45)|00) |03’ 65 jedl | —- | —- o4’
.0240 8.1 | 12v0 | 38" Jou’ [su|61" | 60° | 56" | ~-— 1
29.4 " 0.W71 | 42 6000 | 45° | eae | oo | coe] —oe | oe= | - 54°
L0185 | 2l 3000 | ~—fo—ctoes =] == ] - | = n:
.0240 | 12 180 | —|72°fj8u° | 1°] — | =~ | - 69
34.9 [0.0185 | 28 4000 | a2° |78 | s ceel cme | wem | —-- 07"
39.2 ]0.0¢40 | 16 2300 | s’ | 80" | =] ] moe | em | —- §7°
58.8 | 0.0240 | 24 3500 | a9 | cec e mme ] eoe ] o= | --- a9’

T . T T N




ALt s ot 5

R

R A N RS el e UL Lo L bt LR A

TABLE 111. - COMPARISON OF POLYIMIDE-BONDED GRAPHITE FLUORIOE
FILM WEAR RATES AS A SUNCTION UF LUAD AND RIDER CONTACT AREA

Total load Rider contact area, cm@

N b | 0.0038 0.0071 0.0145 v.0200
Film wear rate, m3/m

2.5 ] 0.55 ] 0.8x10-14

4.9] 11 |2.3x10-14 | o0.29x10-14 | 0.25x10~1¢ | o0.14xi0-14

9.8 | 2.2 |2.9x10-1¢ | 1.2x0-14 | e0x10-14 | .22x10-1¢

14.7 | 3.3 |5.501014 | 2.exl0-1¢

19.6 | 4.4 | a6x10-19 | 4, 9x10-}4 2.4x00-14 | 2 2x)g-14

29.4 | 6.6 |-—~emeee- 55x1u-14 12x10~14 | ¢, 1x19-14

3] .7 3ax10°1¢ | e

39.2] 8.8 |- 24x10~14

58.8 [13.2 124x10-14

TABLE IV. - COMPARISUN OF POLYIMIDE-BONDEL GRAPHITE FLUURIDE FILM
WEAR RATES AS A FUNCTION OF CONTACT STRESS AND RIDER CONTACT AREA

g i L AD . e s ey i s e

T L e

Contact stress Kider contact area, cad
(pressure)
0.0035 0.0071 0.0145 0.0240
MPa | psi Film wear rate, m3/m
2.0 | 3v0 ——— 0.14x10-14
3.5 | sov 0.25x00~14 | caomae
4.1 | 600 0.27x10-14
7.0 | 1000 | 0.80x1u-14 | 0,29x10-34 | 0.60x10-14 | ——.
8.1 | 1200 2.2x10-14
12 1800 6.1x10-14
14 2000 | 2.3x1u719 | 1.7x10-14 | 2.4x10-14 | -
16 300 24x10-14
21 300V | ~——mmeeee | 2.6x10-14 12x10719 | e
24 3500 | ——-- 124x10-14
28 |40cy | 2.9x10-1% | a.9x10-1% | 34x10-19 | oo
a2 6000 | 5.5x20-14 55x10-14
56 8010 46x10-14
7

e e e s

g
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Figure 2. - Effect of rider contact area and projected contact
stress on the friction coefficient of polyimide-bonded graph-
ite fluoride films as a function of siiding duration for loads
of (a) 4 9-N, (b)9.8-N, (c) 19.6-N, and (d) 29. 4-N.
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Py L
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SLIDING DURATION, ke

Figure 7. - Polyimide-bonded graphite fluoride film wear as a function
of sliding duration for a 9. 8-N load applied to four different rider
contact areas.
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Figure 8 - Polyimide-bonded graphite fluoride film wear as a func-
tion ot sliding duration for a constant contact stress of 7. 0 MPa
(1000 p¢ ) which was obtained by using various loads and areas of
contact,
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Figure 9. - Average P1-bonded (CF, ), fllm wear rate exper-
imental values as a function of conqact stress showing
wear rate curves which were derived from the data points.
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FILM WEAR TRACK L

1% um

(b) 0.0071 cm®-AREA FLAT. (3500 ke OF SLIDING. )

Fiqure 12 Photomicrographs of rider contact are
vals of sliding under a 9 8-N load showinc
sides of the wear track

as after various inter
] the contact made by the




(c) 0.0145 cm?-AREA FLAT. (4100 kc OF SLIDING. )

Figure 12. - Concluded.
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Figure 13. - Photomicrographs of the transfer to the 0. 0071 cml-area
rider tlat after (a) 1 kc of sliding and (b) 6900 kc of sliding for the
4. 9-N 10ad applied o the flat




SLIDING DIRECTION

HEAVY RIDGES OF
FILM TRANSFER

Figure 14. - Photomicrograph of the transfer to the 0. 0145-cm“-area
rider fiat after 7900 kc of sliding for the 4 9-N load applied to the
flat. (u=0.33)
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Figure 15 - Photomicrographs of the film wear tracks showing
the effect of load (at a ynstant area of ntact of 0.0071-
cm?l on fiim wear
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