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FOREWORD

This report presents the results of a sliding friction study performed in
an ion pumped vacuum facility using test hardware and materials alfowing
a direct comparison to results previdusTy obtained in orbital and other
ground test studies. This work was sponsored by the Jet Propulsion
Laboratory under contract 53123. The previous studies were performed
for the Air Force Rocket Propulsion Laboratory under contracts AF04611-
10747, FO4611-69-C-0080, and F04611-70-C-0029 and the Jet Propuision
Laboratory under contract 953123.

The study was conducted by TRW Systems Group, TRW Inc. The primary
purpose of the study was to determine the effect of extended sliding
on the friction behavior for comparison with thai obtained in the
eartier test programs.

The JdPL Project Manager was Mr. John T. Wang of the Thermal-Vacuum Group
headed by Mr. Thomas E. Gindorf, Environmental Requivements Section. Mrs.
June Timm of TRW is acknowledged for her activities in performing the data

reduction.

This report was prepared by TRW Systems, Cne Space Park, Redondo Beach,
California 90278. This document is subject to special export controls

and each transmittal for foreign governments or foreingqationsle map o orked
be made only with prior approval of the Technical Ini 06-01-09
Documantation Division —.TIDD Support Section, Jet Propulsion Laboratory,

Pasadena, California 91103.

This report has been reviewed and is approved.
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ABSTRACT

.ndary layer friction data under ion pumped vacuum was taken for

cwteen material couples. The test series was an extension of a previous
-« sy of the effects of modified fon bumped environments. Sliding
-ystances imposed in the present effort greatly exceeded any studied in
-ne previous contiguous, flight or ground tests.

car out of specific couples, in particular, thin film lubricants was
-pted. Whereas the previous studies were limited to approximately 120
-:ters of maximum sliding, sTiding in excess of 5000 meters was achieved

Tor some couples.

The behavior of the test hardware including wear out of the mechanisms
was noted. As a result, the impact of test interruption was observed for
saveral test couples. Recovery of the friction upon re-establishing
5s1iding in vacuum was generally rapid. The results of the extended .
‘slid{ng study reinforce the previous conciusion that sliding distance
(mechaniqal history} is the primary Tactor in establishing the force
lTimiting boundary layer friction. General friction values under the
extended s1iding confirm those observed in previocus orbital and the
related ground test studies.
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I
INTRODUCT ION

report presents the results of a sliding friction study in which the
cficients of friction over extended sliding distances were determined
~ gixteen material couples. The test hardware and materials were derived
- a previous orbital test program and were also used in generating
.oral other sets of comparative ground test vacuum data. In the present
=1, the test pairs on one module were subjected to over 1000 meters of
“iding while couples on the other module were tested to over 5000 meters.
~zar out of the test modules occurred during the extended sliding test
—gcessitating interruption and repair. Pre-planned alternates in the

~vent of such an occurrence were used.

ihis study is the culmination of several previous programs performed by
TR Systems for the Air Force Rocket Propuleion Labevratery and Jet
Propulsion Laboratory in surface adhesion mechanics. These studies are
directed toward improving the testing of devices, components and sliding
contact mechanisms by the establishment and definition of adequate sbace
qualification techniques. |

A previous program, AFRPL-TR-69-207 In-Space Friction Test(z), developed
a small friction subsatellite design and experiments, manutactured and*®
qualified two satellite systems (ERS 19 and 20) with associated ground
test hardware and performed both orbital and ground fest experiments of
the frictional behavior of sixteen material combinations. Details of the
spacecraft system are available in Reference 3, "Environmental Research
Satellites for In-space Frict{o;LExperiments - System Description
Document" and Reference 4,."Operations Plan: Environmzntal Research
Satellite No. 20". Details of the ground test experiment equipment
hardware are provided in Reference 5, "AFRPL Ground Test Friction

Experiment - Operations Manual”.

The orbital test phase was initiated in April 1967 with the Taunch of
FRS 20 from the Eastern Test Range. A planned elliptical orbit ranging

4
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from 4600 n. miles perigee to 60,000 n. miles apogee was achieved.
Experiment data was acquired over a fourteen-month period at which time
the spacecraft test was terminated. As part of the orbital test program,
prelaunch data was taken in an oil diffusion pumped ultrahigh vacuum
environmant prior to initiating the orbital test phase. Additional post
launch ground tests were also conducted which included tests to evaluate
the effects of ultraviolet radiation, inert gases, oxygen, water vapor,
laboratory air and controlled oil vapor contamination. These tests are
described in Reference 2.

In 1969 a set of comparative friction data was taken in the JPL Molecular
Sink Vacuum Facility. Subsequently, in early 1970 a comparative set of
ground friction data was taken in an ion pumped vacuum system as
described in Reference 1, Ion Pumped Vacuum Friction, AFRPL-TR-70-120.
The results of this study which extends the test initiated in a modified
ion vacuum environment (TRW Docu. No. 17805-6001-R0-00) are reviewed in
1ight of both the previous orbital, molecular sink, and ion pumped vacuum
friction behavior.
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Ir
BACKGROUND

CENERAL .
Gver the past six years under sponsorship of the Jet Propulsion

~aratory and AFRPL, TRW Systems has performed several programs to
~-rease the understanding of space c¢oldwelding and friction processes.
~rluded in these activities were the performance of in-space evaluations

-wieved by orbiting small special purpose satellites containing experiments

= secure actual long term space data. Paramount to justifying performing
+hp flight test evaluations has been the use of the orbital data as the
w518 for performing corgllary ground test comparisons and calibrations
af simulation faciltities. Such ground test studies in conjunction with
the orbital data has provided the means to develop criteria allowing the
specification of more meaningful standards for testing and qualifying
space hardware which involve mechanical motion.

The initial orbital investigation (contract AF 04-611-2383) developad five

experimental elements consisting of four Valve Experiments and a Suppiemental

Contactor Experiment (SCE). These test elements allowed the study of
twelve materials combinations under repetitive normal force contact
conditions. Two small satellites were designed, fabricated and success-
fully orbited. Each contained a complement of the five experiment units.
Pre and post Taunch tesis in several ground vacuum facilities were
accomplished prior to and following the orbital test phase. Extensive
orbital test data showed normal force coldwelding to be of a very small
magnitude. Contamination effects observed with the SCE allowed a clear-
cut differentiation between'thetgest environment produced by several

0il diffusion pumped vacuum chambers and an ion pumped facility. The
following conclusions regarding purely normal force metal-to-metal
contacts were made: ' -

(1) Large numbers of repetitive normal force contacts in the space
environment under contact stresses less than yield produced no coldwelding

force development of engineering significance.
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(2) Dielectric surface contamination buildup which occurred during
oil diffusion pumped ground simulation tests was not noted in space nor
with an fon pumped ground simulation test. (Such contamination buildup
is unacceptable in performing metal-to-metal coldwelding and friction
tests. )

(3) No evidence of a space environment exposure time dependence was
noted up to integrated orbit times of one year.

(4} No evidence of any orbital altitude dependence was found between
100 and 2000 nautical miles.

The second series of investigations which were undertaken focused upon
shear or sliding friction conditions. A modular experiment was designed
(AFD4-611-9950) to permit s1iding eight riders across a similar number of
fixed specimens in an oscillatory manner. Subsequently, a special friction
satellite design (AF04-611-10747) was developed incorporating two such
modules and the necessary command 1inks to permit ground control of the -
experiment. Two satellites of this design were fabricated. One of these
was successfully launched into a 4000 X 65,000 nautical mile orbit. The
second was lost during a launch vehicle failure. A photograph of the two
friction spacecraft prior to orbital test is shown in Figure 1.

With the successfully launched satellite, orbital friction data was taken
over 13 months duration at which time the in-space test was terminated.
Following the satellite test program two corollary ground test investi-
éations were accomplished. As part of the earlier orbital fricticn test
program, reference oil pumped ultrahigh vacuum ground tests were performed.
These showed a lower friction force davelopment between about one-half of
the sixteen pairs tested from that which occurred in space. To resolve
this difference a ground test- (F04611-C-69-0080) was accomplished in
cooperation with the Jet Propulsion Laboratory using their MoTecular Sink
Vacuum Facility to perform a repetitive set of tests. The Molecular Sink
Vacuum Facility embodies advanced design features to produce a unique
space vacuum simulation. Following completion of the Mol Sink tests a
comparative set of data was also taken in an Ion Pumped (FO4611-C-70-0029)
Test Facility. Tha following conciusions have been deveioped Trom this

4
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Figure 1. ERS 19 and 29 Friction Spacecraft

95202

Q=
i

00~04d-100




20256-6001-R0~00

series of investigations:

(1) The orbital, Mol Sink and Ion Pumped Friction Data systemati-
cally agrees for the sixteen test material pairs tested.

(2) The orbital friction data shows no space exposure time
dependence throughout the thirteen-month test phase which included
long dwell periods between individual experiment runs,

(3) No orbital altitude dependence was noted.

(4) A systematic lower friction in an ail diffusion pumped ultra-
high vacuum occurred for about one-half of the test pairs.

{5) Controlled environment {vacuum degradation studies) in the oil
pumped test chamber with water, oxygen, argon and oil showed that those
material couples which had lower than the space friction values were
virtually insensitive to the degraded vacuum environment. By contrast
those couples agreeing with the space data showed a reduction in shear
forces under the degraded vacuum studies.

(6} Friction data taken in orbit over thirteen months and in the
Mol Sink and Ion Pumped test of ten days showed the accumulated
mechanical history to be the dominant factor in establishing the shear
force between sliding materials. ] ‘

2. FRICTION EXPERIMENTS

The experiment consists of two identical units, designated A and B.
Each unit contains a drive motor, a mechanical drive assembly, and
provisions for making friction measurements on eight individual pairs
of material sampies. Figures 2 through 5 illustrate one such module.
Three sets of modules ware built, two for ERS 19 and 20 and one set for
performing ground tests.

The experiment was designed to permit direct compafison of results
obtained in a laboratory vacuum chamber against in-space conditions,
50 that more meaningful data may be obtained from future laboratory
tests. For this reason, the experiment hardware was designed in a
modular method so that identical friction modules could be placed in
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Aoratory vacuum chamber and in an ERS spacecraft for in-space testing.
- {mportant parameters of the investigation are the cumulative number of
~riment actuations and the space environmental exposure tima.

+ flight experiment used two friction modules to produce reciprocating

iding motion between 16 pairs of frictional surfaces each of a different

sorial combinatien. The frictional surfaces were mounted in such a way

:t they extended out of the ends of the spacecraft and, thereby, derived
ximum exposure to the deep vacuum of space, while having maximum
-wiation from outgassing of other spacecraft elements. An individual
—periment module was commanded "on" through a command receiver Tink.

+e of a comnand Tink allowing controlled operation assured that the test
grfaces were not seriously modified by excessive wear prior to achieving
sxtended orbital exposures. The reciprocating friction specimens and the
:elemetry commutator were synchronized in order to maximize the ability
0 analyze the friction data as a function of velocity. The motors, gear
~rains, and all linkage bearings are hermetically sealed through the use
uf a bellows assembly and, therefore, the only friction points exposed to

vacuum are the test surfaces.

4 reciprocating motion was selected in preference to continuous rotary
ation for two reasons. The primary advantage is that a range of sliding
velocities can be investigated by this technique including zero at each
end. In addition, the use of such motion permits the sealing of all
working friction surfaces other than the test surfaces.

Elimination of cross-contamination is achieved by incorporating shielding
Wwithin each module plus utilization of the satellite itself for shielding
ourposes. Cross-contamination pFSb]ems are somewhat easier to treat in
space than in the laboratory. In space, one need only be concerned with
chielding iine-of-sight paths from primary or secondary surfaces associated
with the origin of the contaminants. The experimental surfaces cannot
receive a cross-contamination flux from the solid angle of space which

they view. 1In the Jaboratory, this same solid angle becomes an acceptance
‘ngle for receiving contaminants avising or veiuviing Trom the inner

surfaces of a vacuum chember.

11
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A key element in the experiment design is the reciprocating arm that
holds each moving test specimen. As shown in Figure 6, this arm includes
two mutually perpendicular flexures. The "frictional drag" flexure
supports two strain gages for indicating the amount of frictional drag
which is proportional to the degree of flexing. The output of these
gages s telemetered during the flight test. The "normal force" flexure
allows application of the normal force to the test specimen surfaces.
Strain gages mounted on this flexure allow for setting the magnitude of
the normal force. Adjustment of the normal force is made at the rider
specimen holder. The flexure assembly is designed with an overload
release function that will prevent stoppage of the module drive mechanism
due to total seizure of any pair of test materials. This is accomplished
by utilizing a shear-pin connection which yields if the coefficient of
friction between two samples increases beyond several hundred grams.

The strain gages and their bonding agents were directly exposed to the
space environment and, therefore, had to be capable of withstanding

direct radiation and solar heating and still meet the performance reguire-
ments. Because of their immediate proximity to the friction test surfaces
they further could not generate objectionable outgassing contaminants. A
satisfactory mounting was developed using a high temperature epoxy (BR 600)
which was thermal-vacuum preconditioned at £50°F after gage installation.

Figure 7 shows a Togarithmic plot of force versus amplifier output for
epoxy-mounted drag flexure gages. This particular flexure is a (-2)
configuration having a thickness of .016 inches and represents the design
used with the lower coefficient of friction materials. A (-3) configuration
which is not shown, has a .020 inch thickness and is employed with higher
force friction combinatigns. Aside from the thickness of the drag flexure,
. both configurations are identical.

The 3.0 volts amplifier output represer.’  =nter value for the 500~
telemetry input. Use of a double-ended . .:ierential log amplifier permits
following both directions of the friction force during a specimen traverse
with nearly constant accuracy throughout the dynamic force range of interest.
Tests on the amplifier showed that within a range of 10° to 40Q°C, the

output voltage changes a maximum of 5 mv.

12
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;s satellite served as a vehicle in which to place the experiment in an
arth orbit, thus providing the environmental exposure and measurement
cariods desired. The satellite system provided for remote control of
the experiment and transmission of the resulting data to a ground control

station.

The satellite may be considered as being composed of an experiment and
the following four subsystems:

1. Command and Control

2. Beacon, Telemetry, and Signal Processing
3. Electrical Power

4. Mechanical

These subsystems are fully described in the Satellite Description

Document, Reference 3.

3. GROUND TEST HARDWARE ,

As previously described, two complete ERS satellite systems (ERS 19
and 20) with friction experiments were built. In conjunction with the
satellite design development, breadboard electronics were fabricated.
These breadboard electronics in conjunction with two additional
experiment modules {Figure 8) provide the hardware to perform Taboratory
friction tests in simulated space vacuum environments.

The major elements consist of:

a. Two Experiment Modules (A and B)

b. One Breadboard Electronics Rack

c. One Comﬁandegnd Segment Selector Box
d. One Normal Force Test Box

The recorder, power supply, and digital voltmeter equipment used in an
actual test setup are standard electronics equipment.

An expanded description of the ground test hardware and its cperation is
contained in Reference 4. A typical experiment setup is shown by the
interconnect diagram, Figure 9.

15
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Figure 9. Interconnect Diagram
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o Experiment Module

Each experiment module provides the mechanical structure to test
eight specimen pairs. A self-contained d¢ drive motor and cam follower
simul taneously drives eight moving specimens, which are individually
mounted on the end of the compound flexure arms, across the faces of
eight fixed specimens in an oscillating motion., Individual strain gage
sensors for each test pafr allow measuring a real time analeg force
signal of both the drag and normal forces. Initial normal forces are
set by adjustment of the individual moving sample holders at the end of
their flexure arm. Adjustment of the fixed specimen alignment with
respect to the moving arm is provided by adjustment nuts at the outboard
edge of the fixed specimen support webs.

s  Breadboard Electronics Rack

The breadboard electronics rack provides the basic power distri-
“bution, control, instrumentation and data processing allowing exercise
of the experiment modules. Upon initiation by the Command and Segment
Selector Box, these electronics automatically perform predetermined
functions using self-contained logic circuits. The signal output is
presented in a single channel format containing sequentially commutated
information, '

o Command and Segment Selection Box

This unit provides for the exercise of the experiment electronics
_ rack with two functions:

a. Command switches allowing initiation of six distinct
responses,

b. Se1f—c0ntaiped ctocks and an external logic inhibition
permitting.éntering and stopping at any pre-selected
data segment.

4. ION PUMPED VACUUM FACILITY

The test facility employed in this study was chosen as representative
of fon pumped ultrahigh vacuum systems routinely found throughout aerospace
organizations. In particular, a voom temperature chamber wall provided

18
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the major view factor to the experimental apparatus and test surfaces.

The facility and the test hardware is shown in Figure 10. The facility
consists of a double ended horizontal test chamber 18" dia. X 30" length.
The pumping system consists of a 400//sec ion pump and a titanium
sublimation pump (TSP). Roughing the chamber from ambient pressure is
accomplished by three sorption pumps. A sorption pump contains an
extended surface, porous structure which is cooled to liquid nitrogen
temperature to condense the gas. These pumps are periodically rejuvenated
by bakeout at elevated temperature. As can be seen in Figure 10, numerous
flanges on the test chamber permit the mounting of instrumentation and
electrical and mechanical feedthroughs. This facility has been operated

empty to less than 107 T torr.
7 . e
EJ oo “'T-n'zj-vv’ iy — = E:’, S # 9 . ‘\ . (/—1
‘ : { - Pt @) @ Electrometer
Sorption L - m - 25 e oot
Roughing 4 L i g o _;*”“'Ion Gage
Station _ F1sp A P i i gggzrol
Well ; , Ion Pump
B o Control
4 T ‘ R P ‘;
£ i ' : & I I3 ISP Control
400 1/Sec. e | | 14
B - : - 8 o S—
Ion Pump 2 e | e ?g
2 (e
. : ., ;
s By il .
Figure 10

Ion Pumped Friction Test Facility
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Throughout the test series the TSP was operated on a programmed basis
with continuous cooling of the TSP well surfaces with 1iquid nitrogen.

Total pressure measurements were made with a nude hot cathode gage of
the Bayert-Alpert type mounted in the chamber. HNo bakeout or other
active cleaning methods were used on the chamber or test elements prior
to the friction test., Similtarly, no active means were employed in any
of the previous friction tests.

5. TEST MATERIALS

The primary criteria applied in the selection of the test material
couples for the ERS 20 flight test was to provide a cross section of
material combinations whose friction might be responsive to variations
in the test environment. With 1imited knowledge of the microfrictional
processes for any specific materials, four general classes were
considered. The four classes are:

I. Metals and alloys

IT. Thin film lubricants

III. Inorganic compounds

V. Polymers )
Table I 1lists the specific materials selected for test on ERS 20. Also
shown in Table I s a list of the materials developed for the ERS 19
flight test which aborted in launch. An extensive solicitation program
of test materials was undertaken in developing both 1ists including
reviews with numerous industrial and government organizations which
have active friction programs underway. Table Il groups the test

'

material categories. =~ ™.

Each material sample used in this program was obtained from a single
common stock and batch processed to minimize the effects of materials
differences. Rider materials were 1/8" diameter balls crimped in the
aluminum flexure arm holders. The fixed specimen was a rectanqular filat
nominally 1/2 X 1-5/8" x 1/16". Vhere platings or transfer lubricant
films were used, the épp]icab1e substrate flat material is indicated

on Table 1.
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Table 1

(AFRPL FRICTION TQST MATERIALS)

FRICTION TEST MATERTALS - FRS 20 FRICTION TEST MATERIALS - ERS 19
oategoryflo) rider . flat cateaorf(l9) rider flat

A tungsten cathide (WC) x tunrsten carbide (WC) n titanfium {5=2.5 Sn) x titanium (5-~2.5% Sn)
B 4400 5.5, % tungsten carbide (WC) ] H44NOC 5.5, X double deposfited molyhdenum

. disulfide (MOSZISZIOD)
¢ tungsten carbide % aluminum oxide (bulk A1203) n. phospher bhronze X chrome electrolized 17-4-CRES
H tungsten carﬁ}de (WC) x gold plate (Au/52100) H repeat {Same as ERS 20)
E 440C 5.8, ;' “X boren nitride (BN} D 440C 5.5, X 460C 5.5,
B cobalt (Coy % tungsten rarbide (WC) I 440C 3.5. x MeS, filled polyphenylene
n 440C 8.5, ® 17-4 PH 8.5, 1 440C 5.8, X ‘!052 filled tantalum (AFSL .15)
s 440C 5.5, X burnished tunpsten diselenide G repeat (Same as ERS 20)

(WSe,/17-4FH)

H ¢cobalt {Co) ! 4 silver plate (Ag/l7-4PU} 1 L40C 5.8. 3 M052 filled teflon (Duroid 5813)
D cobalt (Co) x cobalt {(Co) n repeat {Same as ERS 20)
o cobalt (Co) X beryliium (Be) G L40C S.S, x buraished oS, /sulfided 52100
] atuminum {Al) » herylliom (Be) G 540C 8.5, x polyimide bonded HOSZ[44GC
¥ 4400 S5.S. X - 157 glass filled teflon (PTFE}) - F vepeat {Same as ERS 20)
F H40C 5.5, . X polyimide (Vegpel 5P21) F repeat  {Same as RS 20)
[ 440C 5.5, X burnished natural molybdenum ] repeat  {Same as LRS 20)

disulfide (Moszfl?—ﬁpﬂ)

0

440C 5.5, ® burnished synthetic molybdenum J P5 carbon b4 sprayed A1203152100
disulfide (HOSZIIT—&PH)

*See Table V for category indentification and comparisons

00-04¥-L009-9520¢



Table 11
AFRPL FRICTION MATERIALS CATEGORY SUMMARY

General

Categary Class
Carbide X Carbide 11
Metal X Carbid?,l; | 111
Carbide X Oxide = 111
Matal X Metal I
Metal X Nitride 1
Metal X Polymer _ . Iv
Metal X Lamellar Film L 11
Metal X Soft Metal Film I1
Metal X Composite Lubricant - II,iII,IV
Metal X Oxide ' I1I

Total Sample Combination

Total Lubricants

Total Unlubricated

Number of Test
Combinations Empioyed

ERS 20
1
2

ERS 19

5T S T o N S o B e v |

00-0d-1009-95¢0¢
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I1I
PERFORMANCE OF EXPERIMENTS

1. GENERAL

This section describes the friction test prafile utilized in the
extended ion pumped vacuum test. Since a comparison is made of these
rasults to previous orbital results, this section also summarizes the
orbital test. These descriptions serve as a basis for the data
presentations and result discussions contained in the following sections.
The orbital, molecular sink, and jon vacuum tests exercised the experiments
with identical run profiles. Included were both intermittent and
continuous sliding phases. This allowed investigation of environmental
and time dependent parameters in addition to studying the efrects of
cumulative sliding. A special test profile was used in performing the
extended ion vacuum test,

For the three previous primary tests the materials on Module A were run

to 66 meters of sliding and those on Module B to 120 meters. The duration
of the orbital test was fourteen months. 'By contrast, ten days of vacuum
exposure each were used for performing the molecular sink test and jon
pumped vacuum test. For the modified ion vacuum test both modules were
operated through 120 meters over a ten-day te§t perjod. The extended ion
pumped test operated Module A in excess of 1500 meters and Module B to
5600 meters. '

2. ORBITAL TEST

The orbital test phase was initiated in April of 1967 with the
successful taunch of ERS 20 (0V5-3) from the ETR aboard a Titan III
launch vehicle. The orbit achieved was that nominally planned of 4600
X 60,000 nautical miles. The. {friction test was initiated 48 hours
after spacecraft injection. OrbiéaT data was taken by various STADAN
tracking stations under real time control of STADAN Space Physics at
Goddard Space Flight Center. Operational limits of the spacecraft
dictated that the friction data be acquired at slant ranges of 50,000 km
or less between the command station and the spacecraft. The spacecraft/
experiment operations were essentially nominal throughout the entire
arbital test. Included in the orbital test were both intermittent and

23
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continuous run profiles. The initiz® «s> 221 test plan called for
T7%s was Tater modified to

approximately six months of test dats., 1775
extend the test past twelve monthe of «uvi:28tive space exposure and
incTuded an extended passive dwell nurios z0d continuous run phases.
Friction data was obtained throughout the “rbital test for fifteen of
sixteen material combinations. As indirs 2249 by the felemetered data,
the shear pin for the 440C x 17-4 Pif +14iriie5s steel combination

appears to have released after very 1itile sliding.

3. EXTENDED ION PUMPED VACUUM TEST
The ground test friction experim:nt 564 electronics were integrated

during October 1970 into a TRW System, fon Pumped Vacuum Facility. New

material specimens from the samples duwtrited in Section ITI were
installed. All couples were the same o in_the previous test combinations

except A7, which tested 440C x AFSL-1%  »_composite Tubricant of MoS,

in tantalum.

The experiment modules were mounted in the vacuum chamber as shown in
Figure 11. A channel section provided the structural element between

the chamber wail and the two modules.

The operational status of the frictiun c/prriment modules was such that
all sixteen material combinations could bre tested. After a pretest
checkout following integration, the vacinun test phase was initiated and
the predetermined 120 meter experiment run profile for the modified ion
pumped test implemented. Table III provides the experiment operational
summary for the extended fon pumped vecutm lest which was a continuation
of the previous sliding history.
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TABLE III
EXTENDED ION VACUUM PERFORMANCE SUMMARY

: DATA
DATE MODULE RUN LAPSED TIME
HOURS MINUTES
APRIL 21, 1971 A 1 | 00
APRIL 26, 1971 A 12 ' 12
13 24
14 . 19
15 24
16 30
17 : 18
18 30
19 30
20 - ' 30
21 : 30
APRIL 27, 197 A 22 60
23 ' 42
24 32
25 - 48
26 48
- 27 54
- 28 60
29 - ' 72
30 66
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TABLE TII {cont'd)

DATA

JATE MODULE RUN LAPSED TIME
HOURS MINUTES
2L 28, 197 A 3 | 78
: 32 72
33 - 96
34 ' ' 384
35 108
IRIL 29, 1971 A 36 2
‘ 37 ?
38% 2
“PRIL 30, 1971 A 39 2 12
' 40 2 18
41 %% 2 54
“AY 17, 1971 i\ . 42 3 6
43 - f
. QfFEE ' 3 30

* Ran for 1 hour and 41 minutes. Motor current increasing then stopped. On
again to complete run. .

** Motor stopped at 5 min. early. Drawing 450 mils, Power supply set to limit
at 450 mils.

#*% Removed from chambef—bel1gws leak.
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TABLE III (cont'd)

DATA
DATE MODULE RUN LAPSED TIME
HOURS' MINUTES
APRIL 15, 1971 A-B 10a
APRIL 16, 1971 B 1 ' (0
12 12
13 : 24
4 19
15 24
16 30
17 18
18 30
19 : 30
20 ) 30
| 21 30
APRIL 19, 1971 B - 22 60
23 o A2
24 32
25 48
26 48
27 | 5
; 28 ‘ 60
' 29 72
30 . 66
APRIL 205 1971 B 31 78
- 32 72
33 . 96
34 . B4
35 108
APRIL 21, 1971 B 36 120
MAY 3, 1971 B 37
38
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TABLE IIT (cont'd)

DATA
T YODULE - RUN LAPSED TIME
HOURS MINUTES

11971 b | 39 2 12
u, 1971 B 40 2 18
o, 1971 B a1 2 54
42 3 6

7, 1e71 B 43 3
44 3 30

10, 1971 B 45 4
£ 28, 1971 B _ : 46 3 30

¥ 2, 1971 B 47w 4

‘ ' 48 .4

Y6, 1971 B . 49 5

| | -~ 50 5

7, 1971 B . b1 7

52 5

Y8, 1971 B 53 7

54 . 7 .
Y9, 1971 B 55wk 9

““lodule B motor stopped. :Bellows leak.

srive shaft broke. _
“‘ne ball bearing on the drive mechanism wore out.

2q
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The method of test differed somewhat from all previous studies in that

a logarithmic sample rate of data acquisition was used. Between

scheduled data taking events the experiment was run continuously by-passing
the normal integral clocks and counters of the ground test electronics.
During the actual data acquisition the complete ground test electronics
package was used. Figure 12 illustrates the data acquisition frequency
used versus accumulated sliding.

Original plans called for operation of Module B to 1000 meters of sliding
and Module A through 15,000. Recognizing the possibility of mechanical
wear out of the test hardware, pre-planned alternatives allowed reversing
“the role of which module would be used for the greater extended sTiding.
Furthermore, should mechanical reasons terminate both modules in test,
the necessary repair was to be effected and the test continued to 5000
ratheyr than 15,000 meters.

During performance of the test, all options were exercised. Initially
Module B was exercised through 1000 meters of sliding in early April.
Subsequently, the Tonger Module A test was started and proceeded through
about 1500 meters. At 1500 meters an anomalous drive motor current and
subsequent failure to run was encountered. Rather than break vacuum,
Module B was placed into extended test wherein at nearly the same total
sliding ~1500 meters an analogous behavior was observed.

Since both modules were inoperative it was necessary to terminate the
test and remove the modules from the chamber for inspection and repajr.
Following a brief examination, it was ascertained the motor failures
were the result of a loss of vacuum seal due to a fatigue failure of
the main bellows. This failure is shown in Figure 13. Analysis of the
total number of stress-reversal (~35,000) cycles each module had
encountered and the appropriate bellows 1i¥e expectancy formulas,
showed the failures fell within the predicted values.

New bellows assemblies were ordered with a material substitution providing

for gredter cycle lifetimes incorporated. Because of the prior vacuum )
: ‘ SO
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tance

1S

Estimated Experiment Run Time vs. Sliding D

FiGURE 12.

METERS OF SLIDING
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aperation effects on the drive motor assemblies, these were felt
anreliable and an available spare motor substituted.

After six weeks delay necessary for bellows delivery and module reassembly,

Hodule B was placed back into test. However, a series of other mechanical

failures necessitated two additional disassembly and refurbishment
‘)erations. Fortunately, residual hardware in the form of bearings

rmvolved in the original manufacture were available. Damaged flexure

arm assemblies were replaced by cannibalized elements taken from Module A.

i
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IV
RESULTS SUMMARY

1. GENERAL

JExtended sliding friction data for sixteen material combinations was
obtained under ion pumped vacuum conditions. Compared with the resul+
of previous tests conducted in oil pumped ultrahigh vacuum, controlleg
environment degraded vacuum and in satellite orbital test conditions,
the friction behavior is found to generally match the orbital results.
Whereas previous studies showed that the microfrictional process betyer
different material combinations is sensitive to different aspects of a
test environment, this study showed that continued siiding of a given
test pair did not measurably alter previous findings except as wear out
was noted. |

Specific results for each material combination are discussed in the
following section. Appendix A presents individual coefficient of
friction graphs for each material combination for both the orbital and
the extended ion pumped vacuum tests. Since the extended friction data
is a continuation of the previous modiFied fon pumped test, the curves
inctude this data as the first 120 meters.

Appendices B, C & D provide the graphical results for the o0il pumped,
molecular sink, and ion pumped friction tests respectively.

2. SUMMARY
Summary results are as follows:

1.. In two instances (Co X Be and Co X WC) the maximum friction
force noted in the extended friction test did not achieve the
values cbserved during the orbital test. An earlier ion pumped
test of Co X Be (AFRPL TR-70-120)} did show excellent agreement.
In the case of Co X WC the current study shows a friétioha]
behavior comparable to the previous ion pumped behayior. The
Tower frictional Torce for these two couples was noted in the

- prioy modified jon pumped test with extended stiding producing
no clarification of the observation.
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. frictional behavior for all couples throughout the extended
-iing tests generally agrees with shorter sliding distance

;5 generated in previous tests. MWear out of selected
--3inations was noted.

‘ntorruption of the vacuum conditions permitted evaluation of
+he alteration (if any} and rate of recovery on the frictional
forces. Several couples exhibited transitory reduction in
friction followingair exposure which returned to the vacuum
value upon continued sliding in vacuum.

No cvidence of static friction in the classical sense was
evidenced in the data records using an intermittent mechanical
test and an oscillating slide profile which routinely passed
through zero velocity.

Passive mechanical history (non-sliding) was found to produce
a measurable increase in running friction on the thin film
lubricants tested. Passive dwell had little, 1f any, relative
effect on the other material combinaticns.

Accumulated mechanical sliding {miieage) was found to be the

dominant factor in controlling the development of friction in
spaée, the molecular sink and ion pumped vacuum and modified

in vacuum except as previously noted.

Observable mechanical s1fding,1ncubation (an initial amount of
sliding during which the friction increases) was found for
several of the unlubricated material combinations. '

In the orbital test program the greatest discrepancy between
frictional behavior in oil pumped ultrahigh vacuum and space
was found for unlubricated metal systems. Such differences
were not noted in either the molecular sink or the ion pumped

tests.

ly
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No universal conclusiocns from these tests regarding the
influence of hardness, solubility, or crystal structure can
be made. Generally those materials having a high shear

strength exhibit high coefficients of boundary layer friction.

It is suggested that for unlubricated combinations, true
contact area growth may be a controlling factor in the
specific friction developed between a test configuration
of a ball on a flat.

Based upon the differences found in previous studies between
data from a room temperature wall/oil pumped ultrahigh vacuum
and orbital conditions, this type of simulated space environ-

ment may be unacceptable for determining force 1imiting frictional

processes for certain material combinations.

Agreement of friction of some material pairs in all the
conditions studied in the previous programs and in this study
indicates that less sophisticated and expensive testing can
be used in evaluating some materials in hardware designs.

No evidence of friction dependence on orbital aititude was
found.

Summarized on the following page are typical coefficient of
friction values for each test combination. Included in this
summary are data- taken in an oil pumped ultrahigh vacuum.
Comparison of this with the orbital data showed general agree-
ment between seven combinations and disagreement of eight com-
binations; no definitive tests of one combination occurred.

By contrast, a comparison of molecular sink test data shows
twelve of thirteen combinations agree. The early wear out of
synthetic Mosz in the flight test may have been the result of
a non-typical sample. For three material combinations no
direct comparisons could be made. The lack of orbital data
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FIGURE 14. Extended Jon Pumped Characterization

Campar‘fsan of Orbital, Post Launch UKV, Molecular Sink and lon Pumedj Results

+ N A
g:?f;:—:i?én Materigl® Uy, Frigntt uy, Post Launchl] nisaaree | Sgree Fuy Mol sinkt!  Disagree |4gres ﬂ v Ton! Disagree 1 Agree Elefi\gﬁ- Qisagree | Agres !
Al 2300 x BN | .35 - 0.85 0.2 -0.4 % 0.4 -0.4 % I. 0.4 - 1.8 P 0.4 - 0.9 ‘ ¥ 'l
L] 440C x Syn. MoS, §.1 wear out 0.04 H n,n3 % 10.06 ;o 0.04 weargut X ‘ !
a3 4400 % WC .85 0.55 % 0.8 v las ! % 0.8 "
Al 4400 x 17-4 PH 0.1 shear oin ng-1.3 no test 1.2 « 1.6 no test 1.0 ' no test 1.4 no test
as | to x 3¢ 1.6 - 2.2 n.45 X 1.5 - 2.0 voiie-z0 oo v
A 1o x Co 0.5 0.4 X n.4 X 9.4 : X las B S
A7 W x Au o.r}’g'- 6.3 0.15 - 0.25 X 715 - 0.3 x |oo X ] 240CKAFSL-15(2.15)81 €. rmatd pair
AS 4400 % Polyimide 0,2 - 0.3 0.27 i, n.25 b | 0.2 - 0.3 3 X 0.2 - 0.3 i %
81 390C x Wse, 0,04 0.05 X 0.04 x §.04 | ! X 05 wearout %
a2 Co x Ag n.e -0.4 t.2-04 oo j0z2-04 X 0,3-0.4 wear‘mt b4 1 0.5-1.0 weareut ¥
33 HE x MC 0.75 - 1.2 9.55 X " no data no test 0.8 - 1.3, X 0.8 -1.2 %
B4 WEox A1,0, 1 0.3 -~0.6 n.5 % 0.4 - 0.8 Xoa045-0.6 L : 0.5 - 9.6 %
85 a1 x Be 0.25 - 0.9 0.35-0.65 xor [ 0.2.- 0.55 pet {9.4 - 0.55 o 0.3 - 0.6 g
5 To z WC 0.3~ 1.6 0,45 X no data no test 0.45- 1.3 i . % 5.4 - 0.8 L
87 440C x PTFE n.2 n.3 X 4.2 X n.z H X 0.18 . X
56 440 x Nat. MoS, 0.03 wear out 0,04 ’ L X 1,03 wear gut X 1 n.G4 b 0,03 wearout %
]

naterizls section for dascription.

ceefficients of friction, u . reoresent tveical data obtaines in each set of tests.
atzd ta intermittent run affects noted only in orbital test
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for one of these was due to the release of a shear pin during
the flight test. Two combinations were not tested in the
molecular sink tests because of inoperative strain gages.

The ion pumped friction {ests show good agreement between 14
of the 16 materials pairs. The lack of correlation in the
synthetic M032 tgst is attributable to the lack of significant
test data in the flight test. The result is comparable to
previous ground tests suggesting an abnormality in the flight
test sample. The early wear out of the silver coated sample
in ion pumped tests did not occur in any of the previous test
series. Prior to wear out, the friction value appeared nominal.
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Y
DISCUSSION OF RESULTS

1. GENERAL

The individual behavior of the friction test coupies is discussed
in this section. General features have been summarized in the Results
Summary. A graphical comparison of the frictional behavior for fifteen
of the material couples tested in this study with previous test results
can be made by examination of the graphs in Appendix A with Appendices
B, C & D. Each couple can also be examined for the infTluences of the
test profiles and deliberately controlled envirvonmantal parameters.

Appendices B, C & D present grephs of the data obtainzd in the three
previous ground tests: oil pumped, molecular sink and ifon punned
vacuums. Datails of these tasts are containad in References 1, 2 & €.

A1 data is shown as a coefficient of friction. The coefficient of
friction is defined as the meesured sliding force diviced by tihe applied
normal force betwsen the transTating surfaces. '

Cinetic coefficient b= EsTidinq S
of friction k FnormaT ‘PN

Hhile the data 1s presenited as @ cosfficimit of frictien, the roader
shouid bz cautionad, these weoorted vaiwes of friction for the {ast

materials are oniy ropresentative of wnz lcads and ceouniries tosted

here. Other cecometries end loods mav exnibit significoutiy different

fricticnal bahavior,

2. SPECIFIC MATERIALS BEHAVIOR

The Tollowing specific discussions of each material couple have
been developed by exemination of the partinent graphs of Appendices A,
B, C & D.
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440C x BN

The extended, modified ion vacuum, ion vacuum, molecular
sink and orbital tests demonstrate the same average
sliding friction.

ATl tests show a considerable variation in friction from
run 1o vun.

None of the tests suggests intermittent sliding produces
a systematic change in the frictional behavior.

The friction behavior of this pair shows no apparent
change by exposure to the modified ion vacuum conditions.

440C x Synthetic MOSZ,

The modified ion vacuum results agree with all other
ground tests. The extended ground test demonstrates a
wear out as noted in the orbital test.

A1l tests show that non-sliding produces a higher friction
which is not noted with continuous sliding.

The friction behavior of this pair shows no sensitivity

to any of the modified ion vacuum conditions.

440C x WC : )

The extended ion vacuum coefficient of friction agrees
well with previous ion vacuum, molecular sink and orbital
tests.

A1l tests show a strong mechanical sliding incubation of
about ten meters prior to reaching the equilibrium
friction behavior.

There is no évidgpce of a friction dependence with
intermittent sliding conditions in any of the tests.

The friction behavior of this pair was uneffected by

any of the modified ion vacuum environments.

4408 x 17-4PH

The modified ion vacuum coefficient of friction agrees
well with that of the molecular sink and ion vacuum
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tests. A shear pin release of this couple in orbital
test negates any orbital friction comparison.

A1l tests show strong mechanical sliding incubation
up to twenty meters stiding to reach the equilibrium
friction behaviar.

The friction behaviar of this pair was uneffected by
any of the modified ion vacuum environments.

No evidence of intermittent sliding effects was found
in any of the tests.

A continued rise in friction force with cumulative
sliding was noted in the extended ion vacuum test.

Co x Be

The friction behavior of this couple does not agree with
that of the orbital, molecular or ion pumped vacuum,
Previous orbital, molecular sink and ion vacuum ground
tests show a continuously rising friction. Extensive
$1iding in the current study provides no c¢larification
as to why the behavior was different.

No evidence of 1ntermittent s1iding effects was found in
any of the tests.

Co x Co .

The extended ion vacuum coefficient of friction agrees
well with all previous tests.

In all tests a very minor mechanical sliding incubation
was noted. ‘
No evidence of intermittent sliding effects was found in
any of the fests.

The friction behavior of this pair was unaffected by any
of the modified ion vacuum environments.
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g. A7 - 440C x AFSL-15

(1) No evidence of mechanical sliding incubation is noted
for this couple.

(2) No alteration in friction w1th intermittent sliding is

. found.

(3) No change in friction during modification of the ion
pumped vacuum was found.

(4) As this pair was not previously tested, no comparisons
are made.

h. A8 - 440C x Vespel SP-21
(1) General agreement of the modified ion vacuum frictional
* behavior with that for all previous tests is evidenced.

(2) Mo test shows evidence of any intermittency, dependency
or mechanical sliding incubation.

{(2) The orbital and ion pumned tests show a decrease in
friction under continuous sliding.’

(4) Decreases in friction found in the modified fon vacuum
tests suggested as being a fuhction of continuous
sliding rather than an env1ronmental influence are

strongly in ev1dence w1th the extended vacuum test.
-

i. Bl - 440C x WSe,

(1) The extended ion vacuum results agree with those of the
previous ground and orbital tests.

(2} Intermittent sliding consistently results in an initial
increase-in friction which reduces with continued rubbing.

(3) A1l tests show a modest increase in the coefficient of
friction with accumulated sliding.

(4) The friction behavior of this pair shows no sensitivity
to any of the modified ion vacuum conditions. :

(8) WMo significant mechanical incubation is evidenced for
this couple. _

{6) WMear out occurred during the exténdéd siiding s tudy.

42



20256-6001-R0~00

j. B2 - Co x Ag

(1) The extended fon pumped vacuum friction agrees only with
the previous ion pumped friction study which also indicated
a rapid wearout of the silver. Similar behavior was not
noted in previous ground nor the orbital test phase.
Wearout in the Tatter two tests is thought to be related
to sample aging.

(2) The modification of an ion vacuum produced a decrease
in the friction of this couple with nitrogen, water and
oxygen. However, argon, carbon dioxide, and methane
additions produced no apparent change. The. specific
influence noted is Tikely associated with the formation
of nitrides and oxides of silver,

(3) HNo significant mechanical incubation is evidenced for
this couple.

{4) Friction during the extended sliding study was dominated
by the substrate materials.

k. B3 - WL x WC :

{1} A1l tests show mechanical incubation of about 5 meters
sliding to reach the equiiibriuﬁ sliding friction.

(2) The typical coefficient of friction in the modified ion
pumped vacuum agrees with that of the orbital, mol sink
and ion pumped vacuum tests.

(3) No evidence of a friction sensitivity to any of the
extended ion pumped vacuum environments was noted.

. B4 - WC x AT,0, -

(1) Indication of mechanical incubation was noted in modified
jon and orbital tests. No such sliding incubation was
found in the mol sink or ion vacuum tests.

(2) The general coefficient of friction of the modified ion
vacuum tends to agree with previous orbital and other
ground tests,
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(3} Water vapor introduction in both the modified ion vacuum
and eartier modified oil pumped vacuum produced a decrease
in friction.

m. B5 - Al x Be

(1) There is general agreement between the results of the
modified ion vacuum, ion vacuum, mol sink and orbital
tests. .

(2) The orbital test shows an intermittency effect where the
friction is highest with following long intermittent
dwell periods. ,

(3) Mechanical incubation appears to be inconsistent from

 test to test. '

(4) A suggested time dependent adhesion was found only in
the orbital test.

(5) The modified ion vacuum friction showed no sensitivity
to the conditions studied.

n. B6 - Co x WC - ‘

(1) There is apparentiy some effect on limiting the increase
in friction with continued sliding in the extended ion
vacuum friction when compared to previous orbital and
ion pumped test results.

(2) Some evidence of a sliding mechanical incubation is found
in all the tests.

(3) Ho evidence of an intermittent effect upon friction was
noted. B |

(4) No specific alteration of friction due to exposure to a
particular modified ion vacuum is noted.

G. B7 - 440C x PTFE Teflon

(1) The extended ion vacuum friction and all previous tests
- demonstrate the same average friction.
7} Ho evidence of intermittent s1iding behavior was found
in any test. '
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Slight mechanical incubation was evidenced in the
orbital test.
No evidence of a change in the friction with any of the

modified jon vacuum environments was found.

BS -
(1)

440C x Nat M082 7

The extended ion vacuum test friction agrees well with
previous orbital and simulated space vacuum friction.
Wearout after the same nominal sliding occurred in the
orbital and mol sink tests.

Higher friction immediately following intermittent sliding
dwells was consistently found in all tests.

No evidence of a friction change with any of the modified
ion vacuum conditions was noted.

i
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VI
CONCLUSIONS

The extended ion pumped vacuum friction test shows good agreement with
ERS 20 orbital test results generated under contract AF 04(611)-10747,
molecular sink results generated under contract F04617-69-C-0080 and
ion pumped vacuum data generated under contract F046171-70-C-0029. By
contrast, the ovrbital friction test data did not correlate for about
50% of comparative friction data generated in an oil pumped ultrahigh
vacuum. A1l materials which did not correlate showed considerably
higher frictional behavior in the orbital test.

In this test two couples continued to exhibit a lower Timiting friction
force as earlier noted under the modified fon vacuum conditions, contract
- 952996. These two couples, Co X Be and Co X WC showed ng sensitivity to
a particular modifying gas during the previous phase. Rather the
develeopment of tha witimate friction force was less than that noted in
space vacuum. A similar friction value in fon pumped vacuum was noted
for the Co X WC couple. Extended sliding did not resolve the difference
noted for either couple between the space and ground test behaviors.

General frictional values measured throughout the extended sliding test
confirm the applicability of the frictional characteristics and comparisons
established with shorter mechanical testing profiles in the previous vacuum
test studies.

Hear out of thin film Tubricants was noted. Two couples showed a
continuous increase in fr%ctinn with continued s1iding throughout the
extended sliding test. ATl other pairs achieved a fairly constant
friction force following some initial sliding under vacuum. The two
couples with continuously increasing force apparently continue to modify
their contacting surfaces. The rate of such modification s a Ffunction
- of the geomatries and normal force loads imposed.

While the friction coefficients between several couples became quite high
in no case did any palr evidence gross sticking {coldwelding),
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Interruption of the extended sTiding vacuum test to repair the experimental
~units showed either no effect or a rapid recovery to the earlier frictien
values upon re-establishing sliding in vacuum. These results reinforce

the premise that the sliding distance (machanical history) is the primary
factor in establishing the force limiting boundary Tayer friction.

These friction results are not consicdered inconsistent with clean surface
studies and normal force adhesion measuremants of metals which show strong
sensitivities to minor vacuum environment variations. Rather, this
illustrates the strong role micromechanics plays in dominating the shear
force development between engineering materials sliding over engineering

dimensions.

Of prime interest is the general observation that the in-space and hoth
moTecular sink, ion pumped friction resuits were controlled by the
mechanical history and appeared independent of the exposure tima. Where
space mechanisms are rece%ving additional time dependent contaminant gas
lToads from space system hardware, no 1imitipg test conditions will apply.
The result of space vacuum time independence indicates that meaningful
friction material and design evaluations are possible using the mechanical
history (mileage) as the primary test control for measuring the limiting
forces and assessing potential wear out.

itJ, r/'
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APPENDIX A
EXTENDED ION VACUUM DATA & ORBITAL DATA

This section contains graphical presentations of the friction data for
the sixteen material combinations studied in the Modified Ion Pumped
Vacuum Facility. Shown on the opposing page is the corresponding
orbital friction curve except for A7 which is a new test combination
in this study.

The order of presentation is by designation on the experiment modules

A1-8 and B1-8.

Page
50 Al - 440C

51 Al - 440C
52 A2 - 440C
53 A2 - 440C
54 A3 - 440C

BN Extended Ion Pumped Data

BN ERS 20 Orbital Data

Synthetic M052 Extended Ion Pumped Data
Synthetic M032 Orbital Data

WC Extended Ion Pumped Data-

55 A3 - 440C x WC Orbital Data o

56 A4 - 440C x 17-4 PH Extended Ion Pumped Data

58 A5 - Co x Be Extended lon Pumped Data

59 A5 - Co x Be Orbital Data

60 A6 - Co x Co Extended Ion Pumped Data

61 A6 - Co x Co Orbital Data

62 A7 - 440C x AFSL-15 Extended Ion Pumped Data

63 A7 - WC x Au-Orbital Data

64 A8 - 440C x SP-21 Extended Ion Pumped Data

65 A8 - 440C x SP-21 Orbital Data :

66 Bl - 440C x w5e2 Extended Ton Pumped Data
67 Bl - 440C x wSe2 Orbital Data

68 B2 - Co % Ag Extended Ion Pumped Data
69 B2 - Co x Ag Orbital Data

70 B3 - WC x WC Extended Ion Pumped Data
71 B3 - WC x WC Orbital Data

L S S S T

+y



Page
72

73
74
75
76
77
78
79
80
81_

B4
B4
B5
B5
B6
B6
B7
B7
Bg
B3

20256-6001-R0-00

A1,0, Extended Ion Pumped Data

273

A1,,0, Orbital Data

23

Be Extended Ion Pumped Data

Be Orbital Data

WC Extended Ion Pumped Data

WC Orbital Data

x Teflon Extended Ion Pumped Data
x Tefion Orbital Data

¥ Natural MoS

2

Extended Ion Pumped Data

x Natura] MoS, Orbital Data

I
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A single initial data noint of~0.1 coefficient of friction was
aobtained in the flight té_st. The telemetry data from the space-
craft suggested the shear pin for the flexure arm had released.
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APPENDIX B
OIL PUMPED FRICTION DATA

This section contains composite graphs of the ground friction data for
sixteen material combinations studied under contract AF 04(611)-10747.
The study used a TRW oil1 diffusion pumped ultrahigh vacuum chamber to
provide the test environment. Three sets of ground test data were
generated from the prelaunch, post taunch and controlled environment

tests. The facility, procedures and discussion of the results are
contained in AFRPL-TR-69-207, Reference 2.

Results of the ground tests are shown here to allow comparison with
results shown in Appendix A, C & D.

The order of presentation is by des}gnation on the modules Al-8 and
- 1-8, ‘

Page
83 A1 - 440C x BN Ground Test Composite

. 84 A2 - 440C x Synthetic MoS2 Ground Test Composite
85 A3 - 440C x WC Ground Test Composite

86 A4 - 440C x 17-4 PH Ground Test Composite
. 87 A5 - Co x Be Ground Test Composite
88 A6 - Co x Co Ground Test Composite

89 A7 - WC x Au Ground Test Composite

90 A8 - 440C x SP-21 Ground Test Composite

9]‘ Bl - 440C x wSe2 Ground Test Composite

92 B2 - Co x Ag Ground Test Composite

93 B3 - UC x WC Ground Test Composite

94 B4 - WC x A1203 Ground Test Composite

g5 B5 - Al x Be Ground Test Composite

g6 B6 - Co x WC Ground Test Composite

g7 B7 - 440C x Teflon Ground Test Composite

98 B8 ~ 440C x Natural MOSZ Ground Test Composite
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. APPENDIX C
MOLECULAR SINK FRICTION DATA

This section contains the graphical presentations of the friction data
for the sixteen material combinations studied in the Molecular Sink
Vacuum Test Program. '

The order of presentation is by the experiment designations on the
modules Al1-8 and B1-8.

Page
100 Al - 440C x BN Molecular Sink Data

107 A2 - 440C x Synthetic Mosz Molecular Sink Data
102 A3 - 440C x WC Molecular Sink Data ' '
103 A4 - 240C x 17-4 PH Molecular Sink Data
104 A5 - Co x Be Molecular Sink Data
105 A6 - Co x Co Molecular Sink Data
106 A7 - WC x Au Moiecular Sink Data
107 A8 - 440C x SP-21 WMolecular Sink Data
108 BI - 440C X NSez Molecular Sink Data
109 B2 - Co x Ag Molecular Sink Data
111 B4 - WC x Al,0, Molecular Sink Data
112 B5 - Al x Be Molecular Sink Data
114 B7 - 440C x Teflon Molecular Sink Data
115 BB - 4400 x Natural MoS, Molecutar Sink Data
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APPENDIY 2
ION PUMPED FRIZTION DATA

This section contains the graphs of grc.~z test friction data taken in
ion pumped vacuum under contrast F04611-72°-C-0029. The study used the
same TRW ion pumped chamber used in the z_bsequent modified ion vacuum

test.

The order of presentation is by designz="zn on the modules A1-8 and B1-8.

Page
117 ° Al - 440C x BN Ion Pumped Czzz
18 A2 - 440C x Synthetic MQS2 N
119 A3 - 440C x WC Ion Pumped C:zt2
120 A4 - 440C x 17-4 PH Ion Purizd Data
121 A5 - Co x Be Ion Pumped Datz
122 A6 - Co x Co lon Pumped Datz
123 A7 - WC x Au ~ Ion Pumped Cziz
- 124 A8 - 440C x SP-21 lon Pump2< Zata
125 Bl - 440C x WSe, lon Pumped lata

= Pumped Data

126 B2 - Co x Ag lon Pumped Dazz
127 B3 - WC x WC Ton Pumped Datz
128 B4 - WC x A1203 Ion Pumped Zzta
129  B5 - Al x Be Ion Pumped Datz
130 B6 - Co x WC Ion Pumped Datz

131  B7 - 440C x Teflon Ion Pumzz? Data
132 BB - 440C x Natural M082 Ior: Pumped Data
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