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VAPOR DEPOSITED GOLD THIN FIIMS AS LUBRTCANTS' TN VACUMM (10T um Hg)
by T. Spalvins and D. H. Buckley
) Lewis Research Center
‘National Aeronautics and Space Administration
Cleveland, Ohio
ABSTRACT 24 775
Gold thin films of 1800 A° to be used as lubricants were vapor

deposited on Ni, Ni-Cr and Ni-Re substrates. Strong bonding (adhesign)

and durability between the film and substrate were found to be essential
when thin films are used as a lubricanti Factors which were investigated
included the selection of the film and substrate material. - Strong durablilty
of the thin film is divectly related to the type and structure of the
interfacial region. Two methods of substrate preparstion prior to vapor
deposition were investigated: (1) mechanically polished surface and

(2) electron bombasrded surface. CGold was vapor deposited on the mechanically
polished surface at room temperabure and on the thermally epched surface
at an elevated temperature spproximatly (S800°F). Strensth and durability
of the films were investigated in sliding Friction experiments with a hemis
spherical niobium rider sliding on the films at a velocity of 5 feet per
minute. . Results obtained in thgse friction experiments indicated that

the film endurance life was considerably better on the thermally etched
surface. This increased film durability with the thermally etched surface
is believed to be due to the formation of a diffusion type interféce
between the film and the substrate. Due to the disregistry =t grain
boundaries, a higher rate of diffusion and preferential trapping in and
around the grain boundaries occurs, with these regions acting as

"lubricant reservoirs" during the friction experiments.
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INTRODUCTION

Thin, soft metal films may be used as lubricants in outer space for ro-
tating or sliding components to reduce the coefficient of friction and to
eliminate complebe seizure of the moving parts. Previous experiments
have shown that thin metal films deposited conventionally have very
limited operational lives because of the weak adhesion of film %o
substrate (ref. 1). This weakly bonded film, when brought into sliding
contact with another surface, is subject to easy rupburing, and -thus
its use as a lubricant is limited.

References 2 to 4 describe in great detail the depositien
parameters for thin-film prepéraﬁion, mostly on glass substrates, with
special emphasis on the structural, mechanical, optical, and magnetic
properties of the thin film. Less consideration has been given %o
vapor thin films vapor-deposited on metal substrates. The objective
of this investigation was to study these vapor-deposited thin films
and to obtain strong bonding (adhesion) bebween film and substrate.
Strong bonding is essential for film durgbility in lubrication. Two
factors were considered: (1) material (both film and substrate)

selection and (2) preparstion of the substrate material.

The substrate and the film materials were selected on the basis of
20lid-solubility principles (ref. 5) and thermal-expansion coefficients.
If two materials are mutuaslly soluble, diffusion and alloying teke
place at elevated temperatures, and, if the surface is atomically clean,

vacuum deposition can then result .in adherent filums (ref. 8).



Adhesion of a vapor-deposited metal film to a substrate depends on
the type and structure of the interfacial region and the nature of the
bonding forces across this region (ref. 6). Henece, surface cleaﬁing
was investigated in order to achieve strong bonding (adhesion) between
the substrate and the film.

e friction characteristics of vapor-deposited 1800-4° gold films
on nickel, nickel -*10-percent-chromium, and nickel - S-percent-
rhenium substrates were determined under ultra-high-vacuum conditions
(lO'llmm Hg). The experiments were conducted with a hemispherical rider
of niobium (which is slightly miscible with gold or nickel) sliding on
the thin film. ‘The rider was run at a load of 250 grams, a speed of
5 feet per minute, and ambient temperature.

APPARATUS
Vacuum Vapor;Deposition Apparatus

The vacuum vapor-deposition apparatus in figure 1 basically consists
of a commercial evaporator unit with an 18-inch-diameter by 30-inch-~
high bell jar. A number of modifications were incorporated inside
the bell jar For proper specimen mounting, inversion, electron bombard-
ment, vapor deposition, and pumpdown-to lovwer pressures.

The 2'% inch diameter disk specimen is mounted on a stainless-steel
gpecimen holder through which a circular rod is inserted for support and
inversion. This inversion gives a proper positioning of the disk for
electron bombardment and vapor deposition.

The specimen-mounting assembly has a fixed adjustment; that is,
when tThe disk is.positioned for electron bombardment, it is always

3 inches from the electron gun, and when the disk is inverted for vapor



deposition, it is of 3.5 inches from the filament. The water-cooled
electron gun is lecated directly above the sperimen disk and is controlled
by a power supply. The filament is constructed from two 0.023-inch
molybdenum wires, 2 inches in length and interwound. The evaporating
material used is a 3-inch-long, 0.020-inch-diameter gold wire of
98. 999-percent purity. This gold wire is wound around the molybdenum
filament, which is inserted in the filament holders. Disk specimen
temperature is measured by two Chromel-Alumel thermocouples placed”
inside the specimen holder and is then recorded by a temperature recorder.

Before vapor deposition, a movable shield is placed in front of the
substrate so that both filament and gold can be well degassed before
any material is deposited on the substrate.

In addition to the mechanical pump, the three-stage oil diffusion
Pump and the liquid-nitrogen baffle that are part of the usiial vacuum
system, two additional pumping systems were introduced: (1) a stainless
steel dome that was placed just below the top of the bell jar and
functioned as & cryopump while being cooled by liquid nitrogen and
liquid helium, and (2) a liquid-nitrogen-cooled titanium sublimatbion
pump. The pressure was measured with a nude, hot-cathode ionization
gage, and the vacuum was approximately 1078 willimeter of mercury.

Ultra-High-Vacuum Friction Apparatus

The vacuum-friction apparatus (fig. 2) was used for debermining
the coefficient of friction for the coated and uncoated surfaces. The
apparatus has ‘two distinet chambers, the specimen chamber and the

bearing chamber, both of which are connected to the forepumping system.



The forepumping system of the apparatus comnsists of a cold trap
which is made up of molecular sieves backed by liguid-nitrogen-cooled
containerg. This system is connected to two mechanical pumps through a
2-inch stainless-steel vacuum valve.

The specimen chamber, which is connected to the mechanical pumping
system by a bakable high-vacuum valve, is provided with an ion pump
(400-1iter-per-second), as well as cryopumping surfaces (liquid nitrogen
and 1liquid helium). The specimen chamber contains a cold-cathode
(Kreisman) vacuum gage for measuring pressures. The pressure in the
specimen chamber is a@proximately lO"ll millimeter of mercury. The
specimen and bearing chambers are bakable at 700° and 400O F, respectively.

The bearing chamber, which is cénnected 0 the forepumping system by
a 2-inch valve, is equipped with an ion pump (125-liter-per-second);
which is placed in operation only after the mechanical pumping system
has reduced the chamber pressure to about 3_0_4 wmillimeter of mercury.

The bearing chanber also containg g 1iquid—nitrogen—cooled-titanium
sublimstion pump. -The combination of pumps is used.to pump the bearing
chamber to about lO_lO millimeter of mercury in preparation for an
experiment.

The rotating shaft, upon which the :3% ~inch disk specimen is mounted,

is supported on bearings in the bearing chamber. The shaft support
bearings have a large clearance and sre mounted in a cartridge so

that the shaft expansion takes place into the test chamber and the possi-
bility of the magnet striking the diaphragm is eliminated. 8Since loading
was applied by deadweightes, the expansion did not change the load ou the

specimens. The bearing cartridges are water cooled to prevent any



damage to the bearings during the bakeout cycle.

The rotaiing shaft projects through the rear wall of the test chamber
first and then through a molecular flow seal (fig. 2). On the bearing-
chamber end of the shaft is mounted a 20-pole magnet, which is separated
Tfrom a similar magnet, ocubside the vacuum chamber, by a 0.030-inch
diaphragm (0.160-in. air gap). The drive masnet, outside the chamber,
is powered by a hydraulic motor with a variable speed capability of
4000 rpm (sliding velocity at the friction specimens, 2000 ft/min).
Because -of instabilities in the drive motor at low speeds ( 10, 20,
and lOb rpm), these speeds were obbained by ubtilizing a speed reducer
with a ratio of 10.

The disk specimen is mounted oﬁ the end of the horizontal shaft in
the best chamber. Against the disk, a 3/16-inch hemisphericsl rider
specimen is loaded. The rider is held in place by a rigid arm, vhich
projects through a port in the side of the vacuum chamber. The seal
is made at the wall by utilizing a bellows connection between the chamber
wall and the rigid grm. A removable gimbgl.assembly,.which is-used’to
load the rider against the disk surface and to monitor the fTrictional
force through a strain-gage assembly, is Tastened to the rigid arm
outside the vacuum chaumber.

PROCEDURE
Specimen Preparation and Mechanical Polishing of Surfaces

The nickel disks used in this investigation were prepared from
electrolytic nickel. - Small nickel slugs were placed into a zirconium
oxide crucible and the crucible was placed in an induction vacuum

furnace which was then evacuated. After evacuation, the furnace was filled



with argon and the metal was melted. Once molten, the liquid nickel was
poured inte a copper mold and cooled to room temperature. The nickel-alloy
disks used in this investigation were prepared in a similar manner.
Afterward, the castings were wmachined to the reguired dimensions. Before
the disk specimen was ‘mounted the high-vacuum evaporation apparatus for
electron-bombardment cleaning and vapor deposition, the disk was
mechanically ground with 400- and 600-grade emery papers. It was then
finished with levigated alumina on a lapping wheel.

Once the surface was micropolished, vacuum deposition was preformed
at two temperatures on two surfaces: (1) at room temperature, on a
micropolished surface which had not been cleaned by electron bombardment,
and (2) at 800° F, on a micropolished surface which had been cleaned
by electron bombardment.

Thermal Etching

The substrate surface was clesned under high—vacpum conditions
(10"6 to_lO—Tmm Hg) by electron bombardment. During bombardment, the
disk was kept at ground potential and served as the anode; the electrons
were supplied by an annular tungsten cathode, which was képt at applied
voltages of 3.5 to 4.5 kilovbdlts and a beam.cu;reht of 70 to 80
milliamperes. The electron-bombardment cleaning was perfoxrmed foﬁ.
approximately 30 to 45 minutes, and the disk temperature wasg in the
range 1100° to 1200° F. Electron bombardment can be used for both
cleaning the surface and hesting the substrate materiél, if the electron
beam is kept on continuously.

During electron bombardment the surface is cleaned by dissociation

of the contaminants {i.e., adsorbed gases or oxides)(ref. 4). Considerable



energy ils then liberated, the substrate temperature is increased and
surface topography is changed. This thermal process, known as thermal
etching (refs. 7 and 8), develops grooves where the grain boundaries
inbersect the surface and produces selective etching on The faces of
individual gxrains. This selective-etching effect occurs because
different planes and grain boundaries *have different surface energies
(ref. 9). Grain boundaries have a relatively high surface energy
with respect o the crysitals and they do unot have the normal
coordination number. Therefore, grain boundaries are the preferential
sites for thermal etching and solid-state reactions (ref. 7). It is
believed (ref. 9) that evaporation (either of metal or of oxide)
appears to be the dominant mechanism in the formation of the etched
structure.
Vapor Deposition

After thermal etching, the electron-beam intensity was gradually
reduced, and thug the temperabture of the disk was lowered. Once.a
temperature of approximately 800° F was reached, the electron beanm
was cut off, and the disk_was inverted for vapor deposition of gold.
The rate of evaporaticon depended on the filament current. . A current
of about 35 to 40 amperes was passed through the filament until the
temperature wasg high enough to melt the gold wire and thus wet -the
molybdenum filament. Once this was achieved, evaporation was allowed
Tor 2 minﬁtes. The thickness of the films deposited was kept at
approximately 1800 ﬁ.. After deposition, film thickness was measured

with an interference microscope.



RE$ULTS AWD DISCUSSION

The strength and the durability of thin films are determined largely
be the degree of adhesion. Adhegion of a vapor deposited metal £ilm to a
metal substrate depends on the formation of an alloyed surface. Very
weak adhesion between the film and the substrate occurs when the substrate
surfaces are not properiy cleaned. The gold films depositgd,on the
"uncleaned" surfaces of nickel, nickel-chromium, and nickel-rhenium
disks were poorly adherent, as was shown by the scotch tape'tesﬁ and by
the friction test. 1In the first test, if adhesion was poor, the film
adhered to the tape rather than to The substrate. This test, although
gualitative, gave a good comparison between films with good and poor
adhesion.

Figure 3 shows typical thermally etched copper surfaces. Copper is
a particulatly suitable wmetal with which to illustrate the general
‘phenomenon of thermal etching since it etches readily in vacuum during
electron bombardment. If figures 3(b) and (c¢) are compared, it can
be seen that, when the intensity and the duration of the eleckron beam
bonmbardment are increased, thermal etching will occur, particularly
at the graln boundaries. The micrograph of figure S(a)‘was taken at
a higher magnification to illustrate the thermsl faceting on the
various grains.

The groove formation at the grain boundaries is illustrated in figure
4. The groove formed can be measured interferometrically (refs. 10 and 11)
by the boundary groove angle 6. The angle 6 depends not only on

the tempersture and time of thermal etching, bubt also on the orientation
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of the planes-at the particular grain boundary. Since it is believed that
evaporation (either of metal or of oxide) is the dominant mechanism for
the formation of the etched surface in vacuum (ref. 9), surface cleaning
must take place at the same time. Figures 5(a) and (b) show etched
surfaces of a nickel - 10-percent-chromium alloy disk which was etched
for 5 and 10 minutes, respecjively. As the time was increased, the
etching became more selective at the grain boundaries.

The micrographs were taken after vapor deposition of gold on the
thermally etched nickel - 10-percent-chromium alloy surface (fig. 5(c)).
The preferential accumulation of gold in and around the grain boundaries
which is indicated cén be attributed to the fact that, during vapor
deposition, the impinging gold atoms migrate on the surface because
they have kinetic energy and accumulate in the grooves of the grain
boundaries (ref. 12). Another factor is the elevated temperature of
the substrate (approximately 800° F), which enhances the surface
migration of the impinging atoms. This phenomenon indicates that grain
boundaries may act as trepping sites and become saturated with deposited
atonms.

Since nickel and gold are mutually soluble (ref. -13) and deposition
ig performed at elevated temperatures, diffusion takes place. It is
believed that the strong bonding found between the substrate and the
film on the electron-bombarded surfaces ig due to the cleanliness of
the surface and to the formation of a diffusion type of interface. The
diffusion-type interface is characterized‘by a gredual change in composition
across the interfacial region (ref. 6) rather than by a sharp boundery

between the film and the substrate. This was also confirmed by an
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electron-bean microprobe on the gold-deposited nickel alloy disks used
in this investiation. The gold diffusion was detectable in the bulk
to a depth of about 2700 E. As ig well known, the rate and depth of
diffusion are dependent on both temperature and bime. As already
described, the time and the temperature for diffusion are relatively
short.

Intimate contact between the film and the substrate is essential
for this diffusion bonding. A vacuum deposited film, however, is in
good contsct with the substrate. The diffusion rate of gold is not
uniform over the entire etched surface. AL the grain boundary, the
average distance bebtween the atoms is somewhalt larger than in the
perfect crystal, and therefore a disregistry is formed at the grain
boundaries. Because of the presumably “"open structure" of the grain
boundaries, the rate of diffusion is highex there than it is through
crystals (ref. 14). In addition, it has been found that grain-
boundary -diffusion depends on orientation difference across the
boundary, diffusion being least for small orientation differences (ref. 15).
Considering the preferential etching of grain boundaries, the preferential
saturation around the grain boundaries of the impinging atoms, and the
higher rate of diffusion through the  grain boundaries, it can be said
that grain boundaries act as "reservoirs” for the deposited material.

Very few quantitative studies of the effects of solute on grain
boundary diffusion have been done. Souwe .qualitative results have been
published in the literature (ref. 16 and 17). An investigation had been

conducted with silver diffusing into polycrystalline copper alloys. It
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was observed that the alloying elements in copper had decisive effects on
the rate of silver diffusion along the grain boundaries. According o
the above investigators, a faster rate of silver diffusion was observed
along the copper-alloy grain boundaries. From the splid solublility
principles the gold-nickel combination used in this investigabion

would be similar to the copper-~silver combindtion and, should, therefore,
reveal similar effects.' An electron-beam microprobe study was performed
on the gold-nickel specimens of this investigalbion to differentiate
between diffusion in the grain boundaries and diffusion in the grains.

By the use of the absorbed electron method,one grain boundary, in one
instance, appeared to have a higher gold concentration than the adjacent
mairig; further attempbts on other grain bouﬁdaries failed to show suchi'
an affect, however. The difficulties are probably the same as those
that beset other methods: the large beam width, which activates a
relatively large area and gives inadequate resulution; and interference
from other elements in the specimen, which presents standardization
problems.

The friction curves for the gold film on pure nickel (fig. 6(a))
indicgte that the films had relatively short durability. The
coefficient of friction did not remain at a constant low value but
stqadily rose ©0 higher values. This conbtinuous rise of the coerficient
of friction revealed that pure nickel was g poor friction material and
that not even the gold films on s clean surface could afford protection.
This might be attribubed to the fact that pure pickel is relatively
soft (Brinnel 75) ﬁhen compared with nickel alloys which have a higher

hardneass (Brinell 98-103).
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A comparison of gold-film strength and dursbility on thermalli’
etched (cleaned) and unetched (uncleaned) surfaces for nickel alloys
(figs. 6(b) and (c)) indicated that the gold film was broken immediately
on contact of the niocbium rider on the rotating disk. - The coeffidient -
of friction at the beginning of the experiment for the gold films on
uncleaned nickel alloy substrates was about 1.2. This value was
indicative of the unlubricated sliding (1.2 and 1.25 for Ni-Cr and
Ni-Re respectively). This indicated that the gold film was broken
and metal-to-metal contact through the film had occcurred. Based on
the above evidence it was obvious that very weak adhesion existed
between the gold film and the uncleaned surface.

The thermally etched nickel alloy substrates of nickel-chromium
and nickel-rhemium with gold films wmalintained a coefficient of
friction between 0.3 and 0.4 for a relatively long time (45 min. ).

This indicated that there was strong bonding (adhesion) due to the
formation of a diffusion-type interface, as discussed previously.

As the-film was broken, the coefficient of friction did not abruptly
rise to the wvalue for the bare metgl but increased gradually and became
erratic. The absence of abrupt change may be abttributed to the depth
of diffusion and the grain boundary reservoirs, which can supply
additional lubricant during the friction test:

SUMMARY OF RESULTS

The following results were obtained from an investigation of vapor-

deposited thin gold Tilms as lubricants on nickel and nickel-alloy

substrates in vacuum:
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1. Marked improvement in film endurance life during friction experi-
ments was obtalned With.lBOO-E'gold films when substrates were cleaned
by electron bombérdment and thermally etched prior to deposition of the
gold.

2. Vapor deposition of gold on nickel and nickel alloys atb
approximately 800o F Tformed a diffusion type interface in which there
was a mubual solubility of the substrate and the film. Because of the
disregistry at gréin boundaries, a higher rate of diffusion and
preferential trapping in and around the grain boundaries occurred with
these regions acting as lubricant reservoirs during the friction
experiments.

3. Nickel-chromivm and nickel-rhenium alloy substrsteg produced
longer film durgbility in friction studies than did pure nickel
éubstrates, Presumably because of increased substrate hardness.

REFERENCES

1. Weaver, C.: Adhesion of Thin Films. Second European Vacuum
Symposium, G. Krend, ed., R.A. Lang Verlag, 19683, pp. 193-199.

2. American Society for Metals: Thin Films. ASM, 1964,

3. Hass, G.: Physics of Thin Films. Vol. 1. Academic Press, Inc., 1963.

4. Holland, L.: Vacuum Deposition of Thin Films. John Wiley & Sous,
Inc., 1960.

5. Hume-Rothery, W.: Atomic Theory for Students of Metallurgy. Third
ed., Inst. Metals, (London), 1960, p. 361.

8. Mattox, D. M.: Interface Formation and the .Adhesion of Deposited

Thin Films. Retp. No. SC-R-65-852, Sandia Corp. Jan. 1965.



15

7. Moore, A.J.W.: Thermal Faceting. Metal Surfaces. Am. Soec. for Metals - .

and Met. Soc. of AIME Seminar, ASM, i963, pp. 155-198.

8. Inman, M.C.; and Tipler, H.R.: Interfacial Energy and Composition
in Metals and Alloys. l\get. Rev., vol. 8, no. 30, 1963, pp. 105-166.

9. Hondros, E.D.; and Moore, A.J.W.: Evaporztion and Thermal Etching.
Acteg Met., wvol. 8, no. 9, Sept. 1960, pp. 647-653.

10. Moore, A.J.W.: The Influence of Surface Energy on Thermzl Etching.
Acta Met., vol. 6, no. 4, Apr. 1958, pp. 293-304.

11. Hilliard, J.E.; Cohen, M.; and Averbach, B.L.: Grain-Boundary
in Gold-Copper Alloys. Acta Met., vol. 8, no. 1, Jan. 1960,
pp. 26-31.

12. Mattox, D.M.: Film Deposition Using Accelerated Tons. Rept. no.
SC-DR 281-63, Sandia Corp., Nov. 1963.

13. Hansen, M.: Counstitution of Binary Alloys. Second Ed., McGraw-Hill
Book Co., Inc., ]:958.

14. McLean, D.: Grain Boundaries in Metals. Clarendon Press (Oxford),

1957.

15. Mykura, H.: An Unusual Grain Boundary Diffusion Effect in Impure
Nickel. Phil. Mag., ser. 8, vol. 4, no. 44, Aug. 1959, pp. 907-911.

16. Arkharov, V.I.; and Gol'dshtein, T.Ye.: Effects of Small Additions
on Antimony on the Frontal Diffusion of Silver Inbo Crystalline
Copper. Akad, Nauk SSSR Doklady, vol. 66, 1949, pp. 1133-1115.

17. Arkharov, V.I.; Ivanovskaya, S.I.; and Skornyakov, N.N.: BEffect
of Certain Dissolved Admixtures on the Frontal Diffusion of
Silver Into Polycrystalline Copper. Akad. Nauk SSSR Doklady,

vol. 89, 1953, pp.669-672. (Trans. No. NSJ-6r-58, AEC, 1953.)



B-50%24

/G

VACUUM VAPOR DEPOSITION APPARATUS

/—L|Q. N2 AND He
~”

BELL JAR COOLED DOME

L_11Q. N, COOLED Ti
SUBLIMATION PUMP

ELECTRON
GUN —_

~~DISK SPECIMEN

rume 141 QI @s 74 0y LiQ.

He OUTLET
POWER
INLET 5
(\ol A _—NUDE
' [ONIZATION
GAGE
HEATING FOR ¥
Au WIRE —
. He INTAKE

L1Q, Ny INTAKE
AND OUTLETS

Figure 1.



/& 4

ULTRA-HIGH-VACUUM FRICTION APPARATUS.

i,

HYDRAULIC
DRIVE MOTOR
WATER-COOLED
SUPPORT BEARING—, /,,—MAGNETIC-DRIVE ASSEMBLY
‘*- R
TO ION PUMP 5
AND MECHANICAL SHAFT, rDISK SPECIMEN

<
PUMPING SYSTEM— | e

=
o A
N
WATER-COOLED <>
=

SUPPORT BEARING—

RIDER ecimen

s SPECIMEN
MOLECULAR e
. ” BELLOWS TIONAL
FLOW SEAL \ FORCE
POWER . O
SUPPLY 1

i
GIMBAL LOAD
JELECTRON ASSEMBLY
{CUN WITH COLD-CATHODE
- — ]
3 VACUUM GAGE

ASSEMBLY
Co-7939

20 19N “GLASS WINDOW

PUMP AND

MECHANICAL

PUMPING

SYSTEM

~LiQuID  [BEARING CHAMBER

MASS
SPECTROMETER

SPECIMEN
CHAMBER—

SN-MAGNETIC-
DRIVE

ASSEMBLY

o
~

7~

1Y
A STRAIN-MEASURING

ASSEMBLY

CD-7938

SPECIMEN

Figure 2.

$20¢-3



E-3024

/&

ELECTRON BOMBARDED SURFACES

i)

S

Cu DISK ELECTRON BOMBARDED IN HIGH VACUUM AT
1200° F FOR 3 MIN (x500)

Figure 3(a).

ELECTRON BOMBARDED SURFACES

CU DISK ELECTRON BOMBARDED CU DISK ELECTRON BOMBARDED
IN HIGH VACUUM AT 1200° F IN HIGH VACUUM AT 1450° F
FOR 3 MIN (x250) FOR 20 MIN (x250)

Figure 3(bl(c).



GRAIN BOUNDARY REGION INTERSECTING SURFACE

<
_—SURFACE \\ o //
// b g
GRAIN A|GRAIN B GRAIN A}RAIN B o
1 o
- e o]
-~ A o
<GRAIN BOUNDARY GRAIN BOUNDARY &
BEFORE ELECTRON AFTER ELECTRON
BOMBARDMENT BOMBARDMENT

Figure 4.

90% Ni-10% Cr ALLOY, ELECTRON 90% Ni-10% Cr ALLOY, ELECTRON
BOMBARDED AT 1150° F FOR BOMBARDED AT 1100° F FOR
5 MIN (x625) 10 MIN (x625)

ELECTRON BOMBARDED SURFACES
Figure 5(a)(b).




E-3024

20

90% Ni—10% Cr ALLOY, WITH Au DEPOSIT
SUBSTRATE ELECTRON BOMBARDMENT

(x625)

Figure 5(c).

COEFFICIENT OF FRICTION FOR Nb SLIDING ON Ni
WITH AND WITHOUT Au FILMS

(1011 MM Hg), 250 GMS, 5 FTIMIN, 75° F

1.4 —

dode—

1.0

COEFFICIENT
OF FRICTION

.64

O
g }WITH Au FILM ON CLEAN SUBSTRATE
o < WITH Au FILM ON UNCLEAN SUBSTRATE
a WITHOUT Au FILM
il I | | i I
0 10 20 30 40 50 60

TIME, MIN
Figure 6lal



<2/

COEFFICIENT OF FRICTION FOR Nb SLIDING ON 90% Ni —10% Cr ALLOY
WITH AND WITHOUT Au FILMS

(10711 mm Hg), 250 GMS, 5 FTIMIN, 75° F

7202-H

1.4
1.2
o
Al> }WITH Au FILM ON CLEAN SUBSTRATE
Lo o o WITH Au FILM ON UNCLEAN SUBSTRATE
! 0 WITHOUT Au FILM
\ ¢
COEFFICIENT
OF FRICTION -8 © o I'?'D
/
/
61— < 0 7]
o I L
o o 4070
o /
A
D>
e | | | | | |
0 10 20 30 40 50 60 70
TIME, MIN
Figure 6(b).

COEFFICIENT OF FRICTION FOR Nb SLIDING ON 95% Ni—-5% Re ALLOY
WITH AND WITHOUT Au FILMS

(1011 MM Hg), 250 GMS, 5 FTIMIN, 75° F

1.4
1.2
g WITH Au FILM ON CLEAN SUBSTRATE
= © " WITH Au FILM ON UNCLEAN SUBSTRATE
= 14 O  WITHOUT Au FILM
= L
= /
= . ]
!
= o l |
[
w g o =
o
© /
/
'4M9_ N
'D—‘D"'»
3 1 | I I | |
0 10 20 30 a0 50 60
TIME, MIN
Figure 6lc),

NASA-CLEVELAND, OHIO E-3024







DOCUMENT REQUEST

Pl rulninif

16

FF 492 DEC. 6B

- DOCUMENT REQUESTED

A NASA ACCESSION NUMBER: [ﬂ_ NACA/NASA REPORT NUMBER
0

N5 36775 'T

¢ (PLEASE DO NOT WRITE IN THIS SPACE) T

o COPY TYPE .REQUESTED:

: MICROFI
case Pile ] Cij!E EFULL SIZE

49 REQUESTER IDENTIFICATION

E AEQUESTER'S FACILITY IDENT NO‘| f REQUESTER'S CONTRAGT NO

2523

G AUTHORIZED SIGNATURE AND DATE,

Ellen Davis kar 27, 1980

NOTE: For prompt service, please
follow instructions on back
of last copy.

1. SHIPPING COPY

KAJXA JLILMFIL ARY 1ELNAIGAL IAFUKMAIUA FAGILEIT
OFLRATED BY |NFQRMATICS VNFORMATION SYETEMS COMPBANY
FOST SGFFICE BOXK 4287 HALTI’HORE "WASHINGTON INTERHATIONAL MM‘DI!T, MARYLAND Z1240 TELEPHOHE 13041 700, 5200

4

< OTHER BIBLIOGRAPHIC INFORMATION (f3striiat i nus & dse

T8 ARE WHANDWR
[ 4 DOCUMENT TITLE:

I-DATE OF HEPDARAT, |3 AUTHORIS): T T

K CORPORATE SOURCE' - - L CORPORATE REPORT NO,

. WM CONTRACT MO -

N, MAILING LABEL {must be impnnted on all copias: include zip code)

Ellen Davis

WTIS



RESPONSE TO DOCUMENT REQUEST
{See item checked below for the specific reply to your request)

THE DOCUMENT YOU REQUESTED

MAY BE OBTAINED FROM-
1) Supénntendent of Documents U S G.P.O. Washington DC 20401,
D (2} dauonal Technical Information Service, Springfield, Va 22150

D {3} Defense Documentation Center. Cameron Stanon, Alexandna, Va 22314
3

1S QUT OF STOCK AND NOT REFRODUCIBLE .BECAUSE
Cliss Copynghted L] (8} Not suntable for reproduction
(6! Journal Artigle L] (8} Source prohitits raptoduction
LH7} Purchase ltem, contact source

e
HAS DISTRIBUTION LIMITATIONS WHICH FREVENT US FROM SATISFYING YOUR
REQUEST

Available frem the Facility 1o

r

£ 1100 NASA only [0 t12) U's Government Agencias only
3 {11} NASA and 1s contractors 1113y Us Government Agancias and
only Caontraciors only

I:I 114) Classifiad our recards do not indicate adeaquate clearance: contact your
cognizant contracting agency.

D {15} Classified document in Category. . 0ur records do not mdicate that
your arganization has been certified access 1o that category

[1t18) Non-NASA document and therefore avaifable fram tha Facility anly to NASA
and its contractors” our records do not wdicate that you are registared with s
as a NASA contractar

D {17] Source controls and momrars all distnbution

I5 NOT AVAILABLE FOR THE FOLLOWING ADMINISTRATIVE REASON
L2 118) Notavaiable autside U.S
il {15} Reguwes approval of-ancther Government agancy for ralease [Serv. Rapt ).
1 this approval 1s being sought, you will ba notified . - .

] Il 0) Approval sought in x 19 has been denied

[] t£1 Contains proprietary information requinng approval of rasponsibls NASA
Office for ealease (Spac Rel ) this gpproval 15 Bamg sought, you will be noti-
find

D (22) Approvel sought in #21 has been damed

] {23} Obsolate withdrawn frem crrculation

{ 1124} Cut of subject scope, not retamed in Facility’s collection

128} Qut of print. not to be repnnted or reproduced

[ 1(26) Repeatad attempts to obtam have been unsuccessful,

IS NCT YET AVAILABLE
flequest again whan announced in STAR or CSTAR journals
3 127} Avadabilty 1s undar review.  [] {29} Not yet published
[J (28} Review Copy or Advance
. Copy stage of publication
D 130t Out of stock- being repnnted. will be forwardad
[J {311 Notin Faciity's collaction, aguon has baen taken to obiain copias; you will be
rotdied

IS INADEQUATELY IDENTIFIED
[J132) Please furmish correct NAGA/NASA accession number or raport number, or
addinonal bibliograpiuc iformatian
D {33) Accessian number or report number cited 15 not vald. check reference

15 NOT AVAILABLE IN COPY TYPE REQUESTED
[1134) Avalable in ricrofiche only. 8 micrefiche 1s anclosed
[1135) Available in printed copy only

IS5 NOT AVAILABLE IN MULTIPLE COFIES,
[J(36) Enclosed s one photocopy and one microfiche tha microficha may be utidizad
as a reproducible master




