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ASSTRACT

This report presents 2 comprehensive literature survey of adhesive
bondirg {cold welding) in the space environment. Space characteristics
are summarized and experimentai methods fcr reproducing these condi-
tions are investigated. Information is particularly directed towards
electronics and the metals used for electricai contacts. A total of 124
references are cited along with a selected bibliography of 44 citations.
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FOREWORD

The purpose of this report is to present a state-of-the-art survey
oi the field of metal--to-metai adhesion or cold welding in the space
eavirommenat. Included in this report is a discussicn of the character-
istics of the space environment and their efiect on metals and metal
surjaces, a review of the research on adhkesion phenomena under
atmospheric conditions and in an ulirahigh vacuum, and a discussion
of the achesion and fricton experiments that have been or wili be
conducted under actual space conditions. This report was requested
by R-CUAL-P, Marshall Space Flight Center, Huntsville, Alabama,
under Contract No. DA -01-921-AMC-14693(Z).

The contents of this report are based on a search of the unclassified
literature published since 1960. However, fundamental studies of
adhesion, friction, wear, and lubrication were conducted long before
this date by organizations concerned with the design and construction
of equipment with moving parts. Although most of this research was
conducted at atmospheric pressure, the resuits form the base for much
of the technology oi adhes‘on. Some of these data are inciuded in this
report; the literature under these subjcct headings should be consulted
for more detailed information. The acquicsition of data irom
Government-sponsorcd recsearch was facilitated by searches of the
literatire in the files of the foilowing agencies:

!) Naticnal Aeronautics and Space Administration.
2) Redstone Scientific Information Center.
3) Defense Documentation Center.

Other sources of information were the Defense Metals Information
Center, other literature searches on subjects related to adhesion,

and various engineering files.

In the case of Government-sponsored research, the results often
appear in a paper or article in a technical journal as well as in a
report to the sponsoring agency. Although the formal report is cited
as the primary source of information, thec articles are referenced also
for those who do not have ready access to Government reports. Also,

technical articles sometimes include discussion of the reported research.
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Section I. INTRODUCTION

The adhesion or cold welding of metals in the space environment
is a source of concern to those engaged in space research. Metal-to-
metal adhesion can occur under ultrahigh vacuum conditions when the
surfaces of contacting metals are denuded of the oxides and films of
adsorbed gases that are normally present under atmospheric conditions.
Regardless of the manner in which these surface contaminants are
removed, they will refcrm very slowly, if at all, in the hard vacuum
of outer space. Provisions must be made prior to launch to minimize
or prevent undesirable adhesion during a space mission.

Despite the current emphasis on the prevention of adhesion, the
day is rapidly approaching when it may be desirable to use this process
as a means to join metals in the space envircnment. The Marshall
Space Flighkt Center (MSFC) is studying an experiment to evaluate the
positive and negative aspects of metal-to-metai adhesion. During a
future manned space flight, anattempt might be made to repair a defzc-
tive printed circuit board in an equipment module. To perform this
task, the circuit board must be removed from the module connector,
repaired, and reinserted in the module. To ensure the success of this
experiment, MSFC must be assured that adhesion will not prevent
removal of the printed circuit board from the module, or its replace-
ment after repair. At the same time it would be desirable to use the
adhesion phenomenon in the design of tooling for repair purposes.

A state-of-the-art survey of the field of adhesion was conducted
te provide MSFC with the information required for planning this
experiment. The behavior of metals and metal surfaces in a vacuum
characteristic of those to be encountered at altitudes of several hundred
miles is emphasized in this report. Rather than confine this survey to
the effects of ultrahigh vacuum on the metals used in electrical contacts
and connectors alone, the entire field of metal-to-metal adhesion was
surveyed. Extensive research on adhesion phenomena has been
conducted since the early 1930's, and much of the present knowledge
of adhesion is based on the results of investigations undertaken by those
interested in friction, wear, and lubrication. With the advent of the
space age, problems associated with adhesion were encountered --
probiems which, in some instances, affected the performance of space-
craft equipment. Since the attainment of programmed objectives is
largely dependent on our ability to predict materials behavior in the
space environment, large-scale programs to investigate adhesion and
friction under simulated space conditions have been undertaken. Most
of the research has been concentrated on the prevention of adhesion,
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and extensive studies on the fundamental nature of aaghesion and the
deveiopment of improved lubricants for space applicatiorns have beea
conducted. The emphasis on this aspect of adhesion is understandable
because of the pressing need ior such information; however, resea:-ch
to promote adhesion is also needed.

A review of the published literature indicates there is little
correlation between the individual adhesion and friction data cbteined by
various orgarizations, but there is considerable agreement on the
general behavior of specific metal combinations. The lack of correlation
is not surprising, since the objective of the research program ranges
from a fundamental study of adhesion to the development of 2 lubricant
for a specific application. Also, there is 2 complete lack of standard-
ization in the specimen design, the metal surface preparztion, the
test environment, and the test procedares.

The available informat on indicates substantiz]l agreerent on the
following measures to minimize adhesion:

1) Use hard metais that have high elastic moduli and low ductility.

2) Use minimum contact pressures on metal surfaces.

3) Avcid cperating temperatures exceeding one-hali of the
absolute melting temperature of the metais.

4) Avoid sliding motion between metzl surfaces.

Research has also indicated that dissimilar metal ccuples bond less
readily than similar metal couples, metals with a hexagonal crystal
lattice structure have a lower coefficient of friction than metals with

a cubic lattice structure, and metals with widely differing atomic
diameters bond less readily than metals with similar atomic diameters.
However, more research on these aspects of adhesion is needed to
substantiate them as methods to minimize adhesion.

Generally, metal-to-metal adhesion can be enhanced by reversing
the concepts listed above.

The phenomenon of adhesion or surface welding in the space
environment is beconiing increasingly important to those engaged in
space exploration and research. While the major emphasis of current
research is directed toward the prevention of undesirable adhesion of
moving parts, the day when this phenomenon may be needed to fabricate
or repair structures in space is rapidly approaching. Research to
develop space welding techniques is already underway. Recently, the
development of electron-beam equipment for welding in space was
reported.! Current concepts of interplanetary travel envisage the use

2
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of orbiting space stations irom which flights to other planets can te
launched. Such staticns will provide ifacilities for the docking, fueling,
and launching of space vehicles. In additicn, these stations will supply
the life-support reguirements of the crew members and station person-
nel, as well as repair and rescue capabilities. Because of the planned
size of these structures, it will be necessary to place individual sections
of the stations in orbit and ccmplete the structural assembly in space.
Welding is a2 preferred method of assembly.
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Section il. BACKGROUND

1.  Achesion Concepts

According to Semcnov,? spontancous adhcsion of two picces
oi the same metal would occur as the result of simple contact alone if
the mewzl surfaces were smooth on a microscopic scale, the surfaces
were perfectly clean, and the crystal lattices of the opposing surfaces
had the same orientation. However, idcal adhesion does not occur
because these requirements are not satisfied.

On the microscopic scale, a metal surface is not smooth. The
most highly polished mectal surface has numerous irregularitics, whose
peak-to-valley distances measure from 0.05 to 0. l; ground metal
surfaces are much rougher, of course.? Even the smoothest surface,
which is formed by the careful clecavage of mica, has irregularitics
on the order of 0.002u. Thesce irregularities prevent true metal-to-
metal contact except where the projections or asperities of the opposing
surfaces coincide. On the basis of resistance measurements, Anderson’?
estirates the real arca of contact is about 107® times the arca of
apparent contact. In Figure 1, an artist's conception of the actual
appearance of a very smooth copper surface is shown.
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Metal surfaces are not clean. All metal surfaces exposed to air
consist of at least three distinct layers:

1) A layer of adsorbed gases.
2) A layer of oxide.
3) The bulk metal itself.

The oxide structure may be single-layered or multi-layered. The layer
of adsorbed gases is about 0. 0lp thick, while the thickness of the oxide
layer varies from about 0.001 to 10p, depending on the composition of
the metal and the environment. The oxide film on the noble metals may
be only a few atomic layers thick; it is much thicker on most oth=r
metals’ These contaminating films form very quickly, even at very
low pressures. Lewin® indicated that a monolayer of gas would form
on a surface in about 4 x 10”7 second in air at atmospheric pressure;
at a pressure of 107® torr, about three seconds would be required to
form a similar film. At a pressure of about 1077 torr, Hamm’
estimated that a layer of FeO, one A(0,0001u) thick would formoniron
at room temperature in one minute. It is generally agreed that the
presence of surface contaminants is the major factor that prevents
adhesion.

Precise orientation of the crystal lattices of the opposing surfaces
of polycrystalline metals is impossible to attain. Thus, adhesion
cannot be obtained without some distortion of the crystal lattices of
surface layers; in other words, an energy barrier must be overcome.
The energy required for crystal lattice reorientation can be supplied
by pressure, heat, deformation, etc.

The control of adhesion in the terrestrial environment is relatively
simple, since there are numerous means to promote or prevent bonding.
Lubricants of many types are available to minimize friction, wear, and
seizure. The normal surface condition of a metal (i.e., covered with
films of oxides and adsorbed gases) is a deterrent to bonding, and
coatings are available that will virtually ensure nonadhesion. On the
other hand, the tendency toward bonding can be enhanced by careful
preparation of the faying surfeces of the parts being joined. Coatings
or platings can be used to produce weldable surfaces and to promote
alloying. Perhaps the most effective means to ensure bonding is the
ability to control the bonding variables such as temperature, pressure,
time, deformation, etc.

Many of the means to control adhesion discussed above are not
available in the space environment. For example, lubricants for space
applications must be carefully selected, since many vaporize and lose
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effectiveness in’the hard vacuum of outer space. Similarly, oxides,
filins of adsorbed gases, and the coatings used to minimize adhesion
can be removed from metal surfaces in space by evaporation, disso-
ciation, or diffusion into the metal. Once removed, these surface
contaminants cannot reform or reform very slowly. Abrasion, caused
by the sliding motion of electrical and mechanical devices, can remove
these contaminants also. However, joining in space may be enhanced
by the environment. For example, mating surfaces can be coated or
plated with a material that will prevent adhesion on earth and will
evaporate to promote adhesion in space. Also, as will be discussed
later. certain metal couples bond more easily than others. However,
joining operations in space are somewhat limited by the lack of precise
control of the bonding variables.

Adhesion is defined classically as the molecular attraction exerted
between bodies in contact, while cohesion is defined as the molecular
attraction by which particles of a body areunited throughout the mess,
whether like or unlike. Some ambiguity concerning these definitions
has occurred in recent years. Some investigators use the term
""cohesion'' to refer to the bonding of similar metals, while the term
""adhesion'' is reserved for the bonding of dissimilar metals. Adhesion
will be used in the accepted sense in this report, except when discuss-
ing the results of research by organizations that observe the above
distinctions.

Adhesion is a solid-state joining process in which two or more
phases are metallurgically joined without the creation of a liquid phase.
The phenomenon of adhesion most closely resembles deformation
welding in which plastic deformation is the major factor in the forma-
tion of the weld. Diffusion is not required to produce bonding. The
term '"cold welding'' is also used as a synonym for adhesion. Two
theories that attempt to explain the mechanism of deformation welding
exist. According to the film theory, welding will occur when two clean
metal surfaces are brought into contact; however, plastic deformation
is needed to disrupt surface films that prevent intimate metal-to-metal
contact. The energy barrier theory contends that welding will not occur
even if clean metal surfaces are brought into intimate contact, because
an energy barrier must be overcome before welding can occur. Plastic
deformation provides this energy.

However, the undesired adhesion or bonding of space vehicle
components which are exposed to the space environment constitutes an
immediate, serious problem. Comronents with moving parts such
as valves, bearings, hinges, and certain electrical parts must function
after long-time exposure to the hard vacuum of outer space, Several
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instances of equipment malfunctioning have been reported in the litera-
ture as discussed below.

During the operation of Surveyor I on the lunar surface, a poienti-
ometer that was used to indicate the position of the azimuth axis showed
signs of failing after operating for about 100 hours® Because of outgass-
ing problems with lubricants in the lunar environment and because of
its proximity to the camera mirror, the potentiometer was not lubri-
cated. Failure presumably occurred due to seizure of the wiper contact
to the potentiometer winding after numerous operations. Improved
potentiometers with a dry, nonoutgassing, lubricant are expected to be
used on later Surveyor spacecraft. During the flight of an Air Force
research satellite, the signal strength from the satellite was lower than
expected and the spin rate was higher; however, over a period of several
weeks, the signal strength increased, the spin rate decreased, and
satisfactory performance was eventually obtained? These malfunctions
were traced to the apparent failure of a gold-plated antenna to unfold
when orbit was attained. During launch, the rolled-up antenna was
stowed in a retaining cup. As the result of extended vibration during
launch, the antenna rubbed against the retaining cup, and some of the
plating was worn away. Cold welding occurred at various locations
along the antenna when the satellite entered space, and the programmed
folding did not occur. In orbit, the antenna experienced thermal shock as
the satellite passed from hot to cold areas, and the welds opened gradually
to permit unfolding of the antenna. The improvement in signal strength
correlated with such a process, and the data were verified later by
laboratory tests. During the Gemini 4 flight, the astronauts' hatch
door jammed momentarily during the extra-vehicular activity.? The
jamming could have been caused by seizure of the hatch hinges. One
hinge member is made from titanium, while hard-coated aluminum is
used for the other member. A dry film lubricant is applied to the
rubbing surfaces to prevent seizure. There was evidence that the
lubricant had been inadvertently removad before launch.!®

In 1961, the Air Force attempted to orbit 50 pounds of fine copper
wires or needles at an altitude of 2000 miles in experiment West Ford.
The experiment was not successful, possibly because the neédles cold-
welded to one another.!! It was reported that benzene was used as the
adhesive to hold the 10™® mm diamecer needles together during the pre-
liminary phases of the experiment. It was expected that the benzene
would vaporize in space, leaving the separate needles ready for ejection.
This premise was validated by laboratory tests conducted in a vacuum of
10°® torr. However, after the failure of experiment West Ford, the tests
were repeated in a vacuum of 10" torr. Under these conditions, the needles
adhered to one another. Sincethe pressure atan altitude of 2000 miles (about
8 x 10~ torr) is lower than the test vacuum, adhesionwas apparently the
cause of failure.




Extensive research on adhesion and varinus related subjects has
been conducted. While much of the recent and current research has
been sponsored by Government agencies interested in space applications,
important contributions to the basic understanding of adhesion have been
made by industry and university research organizations. Because of
the broadness of the topic of adhesion, the areas of technology covered
by this report are discussed below.

As its major objective, this report summarizes the information on
the adhesion of el:ctrical connections in the space environment. While
there may be occasions when it is desirable to use the phenomenon of
adhesion to produce electrical connections in space, the equipment
designer is much more concerned with the preventicn of adhesion. Many
electrical components and devices such as switches, relays, slip-rings,
connectors, and potentioraeters depend on sliding motion to ensure
electrical continuity of the contacting surfaces. Such connections must
function reliably after varying periods of exposure to the space environ-
ment. The reliable operation cof these components in the terrestrial
environment is taken for granted. Depending on the quality of the device,
contact can be made and broken indefinitely without failure. However,
similar performance under space conditions cannot be assumed, since
sliding motion tends to denude the contacting surfaces of films and
oxides that are normally present under atmospheric conditions. Becausc
these media cannot reform in the ultrahigh vacuum of outer space,
nascent metal is exposed and contacting surfaces can adhere to one
another. Even before the circuit becomes completely inoperative, the
performance of the electrical device can degenerate to produce undesired i
signals or noise in the circuit. Although hermetic scaling of electrical
components and circuitry could be used to ecliminate the effects of the
vacuum environment, such procedures increase the size, weight, and
: complexity of the equipment while bypassing the problem of adhesion.

; Similar disadvantages are associated with the use of redundant circuit
elements to ensure reliability. !
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Since the emphasis of this report is on the adhesion of electrical
connections, the report is likewise primarily concerncd with the metals
used in the construction and plating o{ contacts. Included among these
metals are gold, silver, copper, zinc, cadmium, chromium, molybde-
num, and thallium. However, the research reported in this publication
is not restricted to these metals alone, because of the following:

1) Adhesion data on certain of the metals above is limited or non- :
existant.
2) Important contributiors to the technology of adhesion have been %
made during studies with the more common structural metals.




3) Since the tendency for adhesion to occur is related to the
physical properties of the elements themselves, a broad
spectrum of metals should be included in this survey.

2. Opercting Environments for Spacecraft

In designing equipment for service in space, man is faced with
the necessity to consider operations in not one but several different
environments. These environments are associated with the following
activities:

.
EXTVI

1)  On the ground.
2) During launch, ascent, and reentry.
3) During long-tirne operation in space.!?

The conditions imposed by these envirorments have an important bear-
ing on adhesion and related subjects such as friction, wear, and
lubrication.

During the normal ground activities prior to launch, the mechanisms
used in spacecraft are operated repeatedly to test components and entire
systems. Thus, parts that may operate momentarily during the launch
cycle actually accumulate many hours of operation. The lubricants used
in these mechanisms must therefore be equally effective in both the
terrestrial and space environments. Similarly, electrical contacts
receive many hours of operation before launch and must be designed to
withstand such service. In addition to problems caused by test and
checkout cperations, the designer must consider the potential hazards
created by the launch-site environment. Delicate mechanisms must
be protected from rain, mist, fog, sand, and dust as well as salt spray
and high-humidity conditions. Electrical parts are particularly sensi-
tive to such conditions.

During the launch, ascent, and reentry cycles, the mechanisms
used in spacecraft are subjected to a2 wide variety of environmental
conditions ranging from those encountered on the ground to those
encountered in outer space; in addition, extremes of vibration, shock,
and acceleration are experienced. As the spacecraft ascends through
the lower atmosphere, the air behaves as a continuous medium or
compressive fluid. Aerodynamic heating is encountered as the kinetic
energy of motion is converted to thermal energy by compression of the
medium and by friction between the fluid particles. At altitudes above
300 kilométers,the mean-free path of the gas molecules exceeds the
dimensions of the spacecraft,and aerodynamic heating is no longer
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significant. During the ascent cycle, the pressure drops rapidly from
760 torr at sea level to about 10-® torr at an altitude of 125 miles to
10-? torr at 50C miles and lower at higher altitudes. Heavy shock
and vibration loads occur during the launch and ascent period also.
Thus, for this environment, lubricants must be effective at both high
and low temperatures and pressures. PBEearings must be designed to
withstand the expected vibration and shock loads. Electrical devices
whose performance depends on sliding motions are particularly sensi-
tive to vibration, since repeated small motions can damage contacting
surfaces.

Satellites and other spacecraft that operate in orbit are subjected
to such conditions as ultrahigh vacuum, temperature extremes, zero
gravity, and various types of radiation. The space environment and
its effect on electrical and mechanical devices is discussed in the
following section. The aspects of operations in the hard vacuum of
outer space will be emphasized.

3.  Space Environment Characteristics

The space environment is extremely complex. During the
past eight years, cxtensive knowledge on its structure and effect on
spacecraft materials has been acquired through space exploration.

The general outiine of the space environment is well established; how-
ever, there are gaps in the knowledge, particularly in the description
of the radiation environment, that remain tc be filled. Many problems
with the effects of the space environment on surfaces have been
encountered, and much remains to be done in detailing the effects of
certain aspects of this environment on emittance, reflectivity, absorp-
tance, sliding friction, etc. These effects are difficult to study in the
terrestrial environment, because of the problems associated with the
simulation of space conditions. It is difficult enough to simulate such
individual aspects of the space environment as ultrahigh vacuum, solar
racdiation, and thermal radiation. It is niuch harder to simulate a
combined environment.

The major regions of the earth's atmosphere and their characteristic
features are given in Table I.!13 The properties of the atmosphere below
an altitude of 56 miles are best described in the U.S. Standard Atmo-
sphere.!* In calculating accurate data for the atmosphere above 56
miles, it is necessary to account for variations caused by time (hour,
day, year, season, and sunspot cycle), location (altitude, latitude, and
longitude), solar activity (ultraviolet radiation, solar plasms, and
magnetic storms), and proccsses (diffusion, ionization, dissociation,

10
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Table I. Main Regions of the Eartk's Atmospherel3

Approximate
Altitude

Atmospheric Range Characteristic
Region Subregion (sm) Features

Homosphere | Troposphere 0to? Mean molecular weight
constant; heat transfer
by convection

Stratosphere 7 to 30 Constant molecular
weight; increasing
temperatures; region
strongly heated by both
earth infrared and solar
ultraviolet radiation

Mesosphere 30 to 56 Constant molecular
weight; decreasing
temperature. Mixing
processes dominant
throughout homosphece

Heterospherel Thermosphere| 56 to 340 Frequent particle
collisions; diffusion
process dominant

Exosphere 340 to 37, 000| Collisions rare, temper-
ature constant to about

5300sm; diffusion process -
dominant

recombination, etc.). Since upper atmosphere measurements are not
made on a regular enough basis, a mathematical model is usually used

in determining the desired properties. TablesIl and III show the prop-
erties of the upper atmosphere from altitudes of 100 to 10, 000 kilometers
as calculated with such a modell*’ *® Data at sunspot maximum and
minimum are given to show the variation in properties caused by sunspot
activity. The variation in the density of the atmosphere as a function of

altitude is shown in Figure 2.

Since a discussion of the effects of the space environment on the
properties of all materials used in spacecraft is beyond the scope of
this report, the following sections will be devoted to a consideration of
the cffect of certain space conditions on metals, metal surfaces, and the 4
materials uscd to prevent adhesion. Most metals are quite stable in the :
space environment from the engineering strength standpoint, but surface
properties change significantly with long-time exposure. T
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a. Effect of Uitrahigh Vacuum

Whenever extremely low environmental pressures are

ncountered, the direct evaporation of metals must be considered.
When the environmental pressure is so low that the mean-free path
of the vaporized molecules is long in comparison with the dimensions
of the evaporating structure, recondensation is no longer significant
and the rate of evaporaticn is dependent only on the surface temperature
and the corresponding vapor pressure of the metal. Such is the case
at.altitudes of about 120 kilometers where the mean-free path exceeds
one meter.

The Langmuir equation, as shown below,can be used to calculate
the rate of evaporation or sublimation of meatals. The results of such
calculations for elemental metals and semiconductors are tabulated
in terms of the temperature at which various thicknesses of metal will
evaporate in one year in Table I 16 At the temperatures likely to be
encountered by spacecraft (about -73° to 83°C for the Agena satellites)
in orbit, cadmium, selenium, and zinc will suffer appreciable losses
through evaporation, but none of these metals is-used for stractural pur-
poses. However, the use of cadmium plating on electrical contat;’fs
exposed to the space environment should be avoided. Magnesium
will lose less than 0.001 centimeter per year by evaporation unless the
temperaturé exceeds 170°C. While such a loss is unimportant when
magnesium is used for structural purposes, it-could be significant if
a magnesium film were used for its optical properties. The evaporation
rates for other metals likeiy to be used in the spacecraftare insignificant
at the expected surface temperatures. Data on the vapor pressures of
the solid and liquid elements have been compiled by Honig (Figure 3).17

1
W= P (ﬁ) /2
17.14 T

where W = rate of evaporation, gm/cm? -sec,
P = vapor pressure of the metal, torr,
M = molecular weight of the material,
- T = temperature, °K.

The effect of ultrahigh vacuum on the oxides and films of adsorbed
gases on metal surfaces is important from the adhesion standpoint, since
these contaminants cannot reform under these conditions. Oxide films
can be removed by evaporation, dissociation, diffusion, and by a combi-
nation of ¢iffusion and chemical reaction. The results of a series of
calculations by Hamm' on the rates of oxide removal are given in Table V
(data are also included on metal evaporation rates) and Figures 4 and 5.
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Table IV. Sublimation of Metals and

Semiconductors in High Vacuum?!®*
. Temperature (°C). at WhichSublimation Rate.is
- Element*¥|" 1000 A/yr 10-3cm/yr | 107 'cm/yr
S ca 400 80 120
Se 50 80 : 120
. Zn 70 130 180
. Mg ilo. © 170 ' 240
Te 130 180 220
Li 1 ~ 150 210 280
Sb 210 270 _ 300
Bi 240 I 320 : 400
"Pb © 270 . 330 430
In ‘ 400 " 500 610
Mn 450 540 650
Ag 480 590 700
Sn . 550 660 800
Al 550 680 810
Be - 620 700 840
Cu 630 760 900
Au 660 '800 950
Ge < 660 800 950
z E Cr 750. 870 1000
: Fe : 770 : 900 1050
— Si 790 920 1080
Ni 800 940 1090
g Pd 810 940 1100
& Co ) 820 962 1100
i Ti 920 1070 1250
v 1020 1180 1350 i
" Rh 114¢ 1330 1540 \
| Pt 1169 1340 1560
§ B 1230 1420 1640
i Zr 1280 1500 1740
; Ir 1300 1500 1740
" Mo 1380 1630 1960
C 1530 1680 1880
Ta 1780 2050 2.300
Re 1820 2050 2300
: W 1880 2150 2500
‘ * XII International Astronautical Congress, fdited by R, M. L Baker
1 and M, W, Makemson, 1963, Table I, p 335.
" 7 Gaseous molecules taken as monatomic, except Se, Te, Sb, Bi é :
taken as diatomic; C mean molecular weight taken as 24,
16 '
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Figure 4. Discociation of Oxides in a Vacuum '’
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Except for the dissociation of silver oxide, thé temperatires at which
these phenomena occur are higher than the expected metal surface
temperatures. The removal of silver oxide at a rate of 100 A per yeaf
at -127°C in a vacuum of 10712 tofr may be significant, depending on
the duration of the exposure period. Additional data on methods to
calcu]:ate evaporation and dissociation rates have been provided by
Dusbrnam18 In some cases, tae removal of adsorbed films of gases
from metal surfaces may affect the mechanical properties of the-metals.
However; unless the composition ov structure of the metal is altered
by d1ffu51on inward of tne gascous. elements,. or outward of volatile
congtituents, the metal is usually str onger in the vacuum than in.a gas.
Except for fatigue properties, no large strengthening effects have been

. notad.1?

o

The effect of ultrahigh vacuum on the lubricants used to reduce
frictional-drag and minimize the power required to 4drive mechanisms
is highly significant, since most conventional lubricants vaporize or
otherwise lose taeéir effectiveness in the space environment. Lubri-
‘cants are subjected to environiriental extremes, since they must
function orn the ground, during launch, ascent, and reentry, and in
space. Extensive research has bcen conductzd ox the following c¢lasses
of materials for space lubrication: oils and greases, laminar sglids,
plastics, solt metals, and ceramics. Laminar solids and soft metals
appear to be most promising for operations in.space. Fof deta11ed
information in this research; the voluminous literature on lubricants,
principles of luarication, and related subjects should be consulted.
Clauss and Young!? provide an excellent state-of-the-art review in a
recently: publishied book. Annotated bibliographies on. lubrication for
.space applications have been compiled by Abbott, 20,215 22

b. Efféct of Temperature

The operating temperature of a space vehicle is affected by
its altitude, time of day, season, and latitude. The variation of temper-
ature with altitude is given in Tables I and II; however, these temper-
aturcs are a measure of the kinetic energy of the atoms and molecules
in the atmosphere at the indicated altitide, and they do not represent
spacecraft temperatures. Aerodynamic heating is important at altitudes
where the atmosphere has apﬁreéiabl"e density. At altitudes above 300
kilometers, this typc of heating is insiignificant. Thus, the actual
temperature of the spacecraft is dependent on solar radiation, earth
reflection (albedo), earth emission, and emission of radiation from the
vehicle itself. The spacecraft temperature is controlled by tae ability
of the space vehicle skin to absorb, reflect, emit, or transmit this

22

ot




thermal energy. Elaborate means to accomplish these objectives
have béen déveloped with considerable success. The expected variation

in surface temperature for the Agena satellite program was -100° to
200°F. ‘ -

Such temperature variations are not expected to affect the mechan-
ical properties of structural metals, although they may influénce the
rate at which oxides and films of adsorbed gases aré removed from-
metal surfaces. The expected surface temperatures may be important
when metals having widely different coefficients..of expansion are joined;
however, such problems can be overcome by proper material selection
and joint design.

c. Effect of Sputtering

Sputf:ering, or the removal of atoms from the spacecraft
surface by atomic or molecular bombardment, will be important af
altitudes where high-velocity, solar-wind particles are encountered.

The probability of sputtering is high when the energy level of the imping-
ing particles exceeds a minimuri threshold level of about 50 ev.23
Assuming a low-intensity solar wind, Reiffel indicated that a 300 A
(0.03u)-thick coating of aluminum would be destroyed in a month, During
a solar storm, the same coéating c‘:()uld‘ be destroyed in a matter of

hours. While such a loss of metal is unimportant from a strength
standpoint, sputtering could seriously affect ths optical and emissive
properties of the space vehicle iskin.

The mechanism of supttering has: been used in adhesion studies as
a means to clean metal surfaces in a vacuum.

d. Effect of Radiation

The effects-of solar radiation, earth reflection, and earth emis-
siononthe surface temperature of a near-earthsatellite has been already
discussed. Penetrating radiation such as cosmic rays, radiation from
the Van Allen belts, and -electromagnetic energy is also present at,
high altitudes. This radiation has little effect on the properties of
structural metals. However, semiconductors are sesitive to this type
of radiation, since it produces changes in their érystal lattice structure.
As a result, their electrical properties are permanently altéred.,
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4. . Sinuletio_n of the Space Environmgm

-

The . s1mu1at1on of the cond1t1ons that exist in outer space is
a d1ff1cult undertakmg because of the complexity of space and a lack

<of detailed knowledgé concerning ‘many of the :space phenomena. How-

ever, to a large degree, the sucééss: of the space program depends on
the ability to test materidls, components, and entire systems under
the :expected. operating conditions. The design and construction of
space ¢hambers is a major factor in the field of environmental testing.
Numerous facilities have been constructed or are in .the plarning

‘stage.

The lack of adequate test facilities and the inability to repréduce
results at various lpcations-have undoubtedly had a bearing on certain
failures in the space program, i.e., failures in meeting the program,
objectives, lather than those assoc1ated with. the launch and orbital
phases of the mission. Many of ihe current problems are associated
with surface effecfs The emittance, reflectivity;,; adsorptance, and
the tendency to-cold weld depend on the physical properties of sirfaces.
These properties can be influenced by such space énvironment phenomena
a's thermal and penetrating radiation, ultrahigh vacuum, temperature
e;{tremes, -etc. Three recent missions, OSO-1, OSO -2, and Mariner 4,

‘have produced important data on cdatings: and have pointed-out the

difficulties in correlating $pace data with those derived from environ-
fhental testing. ‘For example, in mission OSO-1 the thermal radiation
propérties of twe coatings were measured under simulated conditions
at two locations and in'space. Neither the data.obtained at the two
test facilities agreed, nor did these 'individual data agree with those
produced under space conditions. Similar results were .obtained dur-

ing the ‘OS0O-2 flight, although agreement 6n certain trends in the per=

formance data was observed. Considerable improvement in data -
correlation was observed-during the Mariner 4 flight. The-'observed
surface temperatures wére only a few degrees lower than predicéted.

The importance of data correlation was. e’mphaé_ized‘ in a 1964 symyposium
devoted entirely to-dis¢ussions on the thermal radiation of solids ?*
During the symposium, Gaumer stated that the most irmportant means

.of ensuring reproducibility of datawere:to specify the surface complétely

in terms of material, surfacé preparation, coatings, etc.

Problems have also been experienced in predicting the ‘behavior of

surfaces in‘ultrahigh vacuum &onditions. Fortunately, it is easierto

duplicate these conditions (to a.degree} than'those which involve radiation
sources. Some problems associated with adhesion and friction have
already been cited. However, notable progress has been made in
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establishing a good basis for the understanding, of the mechanisms of.
adhesion and friction, -and thé problem now is to apply this knowledge.

wisely.

Numerous facilities to simulate certain aspects of the space
environment have -been designed.and constructed by the National
Aeronautics 2nd Space Administration (NASA), the Air Fbrce, and by
space-oriented industrial firms. A partial listing of these facilities,
together with their size and Vacvum rating, is shown in Table VI.1! .

Table VL

Partial Listing

Space Simulation Facilities!?

Location

Size " Vacuum
(ft) (torr)
Jet Propulsion 27x53 1x1076 -
Labs
' General Electric 381 x 30 (3) 1x10°8
 NASA, 35 % 60.(2) Ix10°%
. Goddard ’ )
NASA, 65 x 120 1x107°
Houston. 35 x 43 1x107*
NASA, Langley 55 x 58 1x 107
. Douglas 39 (spherical) 1 x10-10
Républic¢ 13 x 24 Ix10-%
| North American 15 x 28 1% 1078
* McDonnell 18 x 30 Ix 10-8
+ Grumman 19 x 26 ’ 1.x1079
~ 8pace Technology 30 (spherical) 1x1077
Labs

RGA 20 x.26 5x 107¢
25
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A space chamber is an assembly of subsystems(shell, vacuum system,
thermal system, solar simulators, test and control equipment, and
instrumentation). It would be desiradle to simulate other features of
the space eavironment, such as Van Allen belt and cosmic radiatica,
zero gravity, magnetic ficlds, and micrometeoritepariicles, but much
remains to be done to fully understand these phenomena and develop
suitable means to simulate them.

The facilities at NASA's Manred Spacecrail Center are an example
of the advanced state of space simulation. The iarger of the two test
chambers at this location is 85 feet in diameter and 120 feet high. This
chamber will accommodate a spacecraft having dimensions up to 75 feet

‘high and 25 feet in diametler with a maximum base diameter oi 40 feet.

These chambers will provide the vacuem, thermezl, and solar irradia-
tion enviroarnent of space and ihe lunar surface. A combination of
mecharnical and diffusion pumps. plus 20 K cryvopumping, will maintain
a pressurc of 117 torr under load (fuil-scale spacecraft plus two
space-suited astronaunis). Pumpdown time is estimated a2t 24 hours or
less. The heat-sink charzcteristics of outer space will be simuelated

- by a shroud of black. nitrogen-cooled panecls. Cazrbon-arc solar

simulators will irradiate the area with energy of the proper intensity
and collimation. A variable-speed turniable will be provided to rotate
the spacecraft as needed. The smallerof the iwo test chambers will

- - =be primarily used for astronaut training. It will be cquipped to provide
“many of the feaiures incorgporated in the large chamber, but in a less

sophisticated manner.

The desizn of vacuum systems and instrumentation for space
chambers has been discussed by Hnilicka and Geigcr5 and by Latvala,
Wang. and Mulkey:™ All systems usé 2 combination of methods to
achicve the desired vacuum, since ro single picce of equipmert can
handle the entire task. Mechanical pumps are used for "roughing™
operations to reduce the chamber pressare to the range where diffiusion
pumps can be used efficiently. Significant advances in/diffvsion pump

" technology kave extended the ceffective range of such equipment.

Suitably trapped diffusion pumps can produce vacuums in the 1075 to 10-%°
torr range. lon or ion-gettering pumps and cryogenic pumping
techniques are nceded to produce lower vacuums. Most modern large
vacuum chambers can simulate altitudes of 100 to 300 miles (10~> to
10™% torr) without difficulty. and pressures corresponding to an altitude
of about 1500 miles (10‘” torr) appear to be feasible. Pressures as

low as 10" torr have been produced experimentally in a small chamber.
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Accompanying these accompliskments in high-vacuum technology
has been the development of suitable insirumentation to measure such
low pressures. A variety of equipment Las been designed to accomplish
this objective, but as yet there is no practical answer to the problem
of ultrahigh vacuum measurement that is accurate, simple, and
Inexpensive.

The techrology of simulating secondary radiation, i.e., earth
reflection and earth emission, was reported by Ciauss?? in connections
with 2 program to provide such features for a large space chamber for
the Arnold Engineering Development Center. The earth reflection
{albtdoj and earth emission intensity and spectrum are ndt completely
defined since they depend on the cloud cover, terrain, and space vehicle
position in the case of earth reflection. Because of the comparative
size of the earth, it was not practical to duplicate secondary radiation
with a2 single source. In this case, the required irtensity of radiation
was provided by tungsten filament lamps positioned around the chamber.
Reflectors were used te confine the radiation to the desired spectrum.

Solar radiation for the test chamber was provided by carbon-arc
solar simulators mounted on the outside-of the carbon.?® Of the
available artificial radiation sources, the carbon-arc most closely
resembles the spectrum of the sun. Because the carbon-arc is deficient
in ultraviolet radiation, mercury lamps were used to fill in this portion
of the spectrurm. The design, operation features, and instrumentation
of solar radiation sources are discussed by Norman?2®

27
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Section IIl: ADHESION PHENOMENA UNDER ATAOSPHERIC CONDITIONS

The basis for much of the current knowledge of the technology of
metal-to-metal adhesion is associated with prior research on friction
and wear conducted by those primarily interested in the science of.

lubrication. These phenomena were studied with the following objectives:

1) Determining the causes of friction and wear.

2) Developing theories of lubrication.

3) Minimizing the effects of friction and wear by effectlve
lubrication.

Friction and wear have been investigated by others to determine
their eifect on the behavior of e€lectrical contacts whose operation
depends on sliding action. From the electrical standpoint, these
phenomena are important because wear of contact surfaces affects the
reliai)ility of the contacts and introduces noise into low-level electrical
circuits. Much of the research was prompted by the need to obtain
better contact materials. More knowledge about adhesion was acquired
with the uevelopment of the roll.bonding 2nd cold welding joining
processes. ’

‘While it is impossible to cover all of these developments in

dete.il, some of the important research will be summarized to indicate

its impact.on our knowledge of adhesion. As will be noted,. the
phenomenon .of metallic adhesion is intimateély associated with friction,.
and it is encountered in roll bonding or pressure welding, cold welding,
and powder compacting. Unfortunately, each of these processes
introduces variables which are difficult to control, and as such, tend
to complicate explanations of the process of adhesion. An excellent

review of solid-phase welding theories is provided by Milner and
Rowe.?? =

1. Adhesion, Friction, and Wear

Although friction, wear, and related phenomena have been
recognized for centuries, it is only since the early 1930's that they
have been subjected to serious, scientific investigation. The research

-conducted at the University of Cambridge by Bowden® ard his

associates is the basis for the adhesive theory of friction. Because
metal surfaces are not molecularly flat, the load between two sliding
surfaces is supported by a number of highly localized contacts or
asperities. These contacts deform pldstically until their total area,
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which is much less than the apparent contact area of the metal surfaces,
will support the load. It was proposed that adhesion occurs at these
contact points, and that friction arises from the shearing of these

welds at a mean shear strength. The Coefficient of friction was defined
as the ratio of the frictional resistance (shear strength) to the load.
For a given.metal, the ratio of shear strength to yield pressure is
almost constant, so the theory predict§ a constant coefficient of
fricition regardless of the load-and the apparent area.of the contacting
surfaces. The coefficient of friction can be modified to account for a
boundary lubricant or a contaminant film. Bowden's work indicated
that the coefficient of friction between two sliding surfaces could be
increased greatly if the surfaces were carefully cleaned. Howéver,
when surfaces were statically loaded, there was no.appreciable
resistance to separation in a direction normal to the interface, even i
when the surfaces were well cleaned. McFarlane and Tabor3 noted )
that adhesion increased if, in addition to static loading, a slight

tangential force was -applied. Bowden and Rowe? confirmed this

observation in-adhesion studies conducted with outgassed gold, nickel,

and silver. It was suggested that when a static load was applied normal ;
to the interface, bonding -occurred énly at the asperities. When the

load was released, the bonds were subjected to tension forces caused

by the release of elastic stressées and many fractured. Thus, the

adhesive strength-was low. If a: tangential or shear load was applied

in addition to the load normal to the interface, the contact areas of |
the individual bonds increased and could support more stress when

the applied loads were removed. Anderson?® ‘studied the influence of
surface shear strains on the adhesion of metals; therefotre, his data
tended to confirm the adhesior théory of friction proposed by Bowden,

et al. Anderson's data indicated that surface shear strains were
necessary for adhesion to occur. They tended to remove surface
contaminants, roughened the surfaces, and caused the metals to

come into atomically close contact for bonding. Metallographic
evidence was presented to show that surface contaminants were buried
'below the welded interface. On. the basis of this research, Anderson
and his coworkers developed a method to attach fine gold wire to semi-
conductor wafters.* A ball was formed at the.end of a 0. 003-inch
diameter gold wiré. '‘Then the ball was positioned normal to the surface
of a gold-plated semiconductor wafer and rotated until slippage indicated
that adhesion had occurred.
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In the course of studies to correlate adhesion with various physical o~
and mechanical properties 6f metals, Sikorski3* obtained data indicat- -
ing the need for combined normal and tangential loading to produce.
bonding. Sikorski showed that metals with large elastic moduli, high
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hardness, high surface energy, .igh recrystallization temperature,

and high resistance to plastic flow have low coefficients of adhesion as

do'metal‘s with a close-packed hexagonal structure, Statistical methods

were used to derive a " median coefficient of adhesion; " because the

coefficient’ of adhesion was not reproducible from test to test. These

data are shown in Figures 6 and 7. Sikorski also investigated the 3

adhesion propertiés of several of the rare earth metals which, because

of their crystal lattice structure, appear to be useful in applications

wheFe a minimum amount of adhesion is desirable.? .Low adhesion

properties are experlgnced with yttrium, gadolinium, dysprosium,

and holium since all have close-packed hexagonal structures, Samarium,

. a metal with a rhombohedral structure also had a low coefficient of

. adhesion; The plastic flow properties of rhombohedral metals bear

‘ more resemblance to those of hexagonal close-packed metals than to ‘
those of cubic metals. ‘Sikorski®® also reviewed various methods of g

material selection to prevent adhesion,

i

others. Semenov states that adhesion will occur even when perfectly

clean metal surfaces are brought into intimate :contact unless a .
" surface energy barrier™ is overcome. This energy barrier is related :
to the necessity to redistribute surface atoms to form a grain boundary

which. is regarded as the.criterion of weld formation,

Andther théory of adhesion has been proposed by Semenov? and _ g

o DGR ol

Additional research of interest on adhesion, friction, and wear
; has been reported by Burton, Russell, and Ku® (metallic friction at
I A cryogenic temperatures), Mason?%? (effect of adhesion on fixed and
Cf sliding contacts), Rabinowicz and Tabor3® (friction and metal transfer
55’ between sliding metal contacts) Goddard and Wilman?®?{derivation of

theory of friction), Antler®’ (effect of friction and wear on electrical
noise phenomena), and Furey*!(surface temperatures during sliding
covntact).

i

2.  ‘De#formation or Pressure Welding

The work on-deformation or préssure welding has contributed
much to the understanding.of adhesion phenomena; There are three
well established methods of pressure welding: small-tool indentation
welding, butt pressure welding, and roll bonding, Ultrasonic and
friction welding are also methods of pressure weldifig. In all cases,
deformation is used to break up oxides and othe¥ contaminants on
metal surfaces to permit intimate metal-to-metal contact. The small-
tool indentation welding and rell-bonding processes have received the
most attention in recent years,

o I
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Small-tool welds are made by overlapping the two pieces of metal
to be welded and indenting them with a suitable punch which produces
local deformation and welding at the interface. This is essentially
the description of the cold welding process that has been exploited in
the United States, Great Britain, and the Soviet Union. This process
has been investigated most thoroughly in the Soviet Union. Some of
the pertinent literature on cold welding is discussed briefly.

Following a brief discussion of the theories of cold welding,
Baranov% discussed the uses of this process to produce lap and butt
welds. Among the topics discussed were the preparation of surfaces
for welding, the mechanics of the welding process, and the equipment.
available for welding. Specific data were presented for welding
aluminum and cepper-aluminum joints. In reviewing the state -of-
the-art on cold welding, Khrenov*?® indicated that the following metals
has been cold welded: aluminum, copper, silver, nickel, and titanium.
Welds have also been made between such dissimilar metal combi-
nations as aluminum to copper, and titanium to aluminum, copper,
and steel. L

There is considerable disagreement on the theory of cold welding
as with other aspects of adhesion. Both the "surface film'" theory and
the '"energy barrier' theory have been advanced to explain the mech-
anism of bonding. Aynbinder and Klokova* are advocates of the film
theory, while Semernov? leans toward the energy barrier thesis.

Roll bonding is used industrially to produce clad metals and as
a fabrication process to make heat-exchanger refrigerator panels and
plate-type fuel elements. The plates to be joined are suitably cleaned,
pinned or welded together to prevent movement during bonding, and
rolled with or without preheating, depending on the metals being bonded.
The-dominant factors that control the roll bonding process are the
presence of surface cqntam'inants, retained elastic stresses, and the
possible need to overcome an energy barrier. -Fhe work of Milner,
et al, has contributed much to the understanding of the roll-bonding
process, some features of which appear to be closely related to
adhesion.

Vaidyanath, Nicholas, and Milner have investigated the mechanisms
of roll bonding and the effect of surface preparation, surface contam-
ination, roll pressure, time, and temperature on the strength of the
welded joint,* %47 With aluminum that was degreased and wire
brushed, a 40-percent threshold deformation was required for bonding.
Higher threshold deformations were required when the aluminum sur-
faces were either machined or wire brushed and then degreased. In
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another study, Nicholas and Milner*® investigated the roll bonding of

tin, lead, zinc, aluminum, and copper. The threshold deformations
required for welding are shown in Table VII. During the same study,
aluminum, iron, magnesium, and zinc were roll bonded at room temper-
ature and at clevated téemperature. For aluminum, the threshold defor-
mation decrcased from 40 percent at room temperature to five percent
at 1112°F. A weld strength equal to the basé metal was obtained with
Armco iron at 1652°F and 14-percent deformation. Very low weld
strengths were obtained with zinc and magnésium bonded at room
temperature and elevated temperature. It was presumed that these

low strengths were associated with the strongly orientation-dependent
behavior of the hexagonal metal structure that caused the oxides on the
two surfaces to fracture independently of one another.

Table VII. Threshold Deformations for Room
Temperature Deformation Weldirig48

w

Melting Hardness, BﬂN ' Threshold

Point Cold- Decformation
Metal . (°F) | Annealed Worked | (%)
Tin © 450 5 | 6 15 g
Lead 621 4 4 17 10
Zinc : 787 30 35 . 55
Aluminum ‘1220 b 16 28 25 : %
(super purity) \ b
Aluminum - 20 40 \ 40
(commercial : :
purity) :;
)
Copper 1981 > 30 | 100 45
o : ;

All of the research discussed above was conducted with similar {
metal couples, i.e., aluminum to aluminum, copper to copper, etc. !
McEwan and Milner® also investigated the roll bonding of dissimilar
metal couples. Provided the temperature of rolling was sufficiently

low to prevent diffusion, dissimilar metal couples wéld in accordance
‘with the rules developed to roll bond similar metals. Completely
immiscible metals (Cd-Fe, Fe-Pb, Cu-Pb, and Cu-Mo) and thoée

having a limited solubility (Cu-Fe, Cu-Ag, and Al-Zn) were successf{ully
roll bonded. Subsequent heat trcatment was sometimes needed to
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improve the joint strength. Miscible metal pairs welded readily. With
metal pairs that formed intermetallic compounds, the joint strength
depended on the ductility and thickness of the intermetallic layer.

Thg

At

From the adhesion standpoint, the research on roll bonding is
interesting. The same disagfeement as to the mechanism of bonding
exists for both processes. Difficulties weré experienced in obtaining
satisfactory joint strengths when metals with hexagonal crystal lattice
struictures were bonded. Low coefficiénts of adhesion have been
obtained with metals of this type also. No particular difficulty was
noted in bonding cémpletely. immiscible.metals; such has not been the
case in simple metal-to-metal adliesion.

During a program to investigate the use of ultrasonics for joining
similar and dissimilar metals, a study of the fundamental mechanism
of joining was -.conducted by Weare, et al?® Two mechanisms of bonding
were suggested: pressure welding or fusion welding. These mechanisms

_may occur separately or simultaneously. In any case, ultrasonic

energy provides the means to disrupt surface-oxides, and it also pro-
duces the tangential or shearing forces needed for adhesion to occur.
Using experimental and theoretical data obtained by Johnson®! and
Mindlin®?, respectively, equations relating thé temperature of welding
to the physical and mechanical properties of the metals were derived.
The effect of shear forces during ultrasonic welding was investigated
during a later program?3
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Section V. ADHESION AND FRICTION IN HIGH AND ULTRAHIGH VACUUM

Extensive research on adhesion, friction, and related subjects
in vacuums simulating the conditions of outer space has been conducted
in recent years. Since much of this research was prompted by problems
associated with adhesion or cold welding in space, the major effort
has been directed toward the prevention of adhesion and the development
of suitable lubricants to minimize friction. Considering the urgency

‘of these problems, this is understandable. However, research on the

positive aspects of adhesion, i.e., the production of welds in space,
is also required.

As the research is reported, it will be noted that the emphasis is
on the fundamental aspects of adhesion and not on the development of
practical:ciesign information. Thus, there are numerous studies on
bonding selected metal couples, investigating the mechanism of adhesion,
determining the effect of ‘he physical properties of metals on adhesion,
etc. However, the emphasis is shifting towaid applied research. At
least one friction experiment has been conducted in space and others
are in the planning stages.

Most investigators who are studying the phenomena associated
with metal-to-metal contact in the space environment refer to the
adhesion or cohesion of metals under a particular set of experimental
conditions. There is wide variance in such factors as the specimen
design, method of surface preparation, method to achieve contact,
environmental testing conciitions, measurement of data, and the presen-
tation of results. Each investigator is troubled by the difficulty in
simulating space conditions, the lack of standardized specimens and
procedures, and the objectives of his own particular program. As a
result, there is little correlation between individual ciaté, although:
considerable agreement in predicted trends can be observed. To cover
the subject of adhesion in space adequately, it has béen decided to
discuss the research by company, university, or Government agency.
Some organizations have pursued the subject of adhesion for several
years in logically planned follow-on programs, while others have been
engaged in numerous unrelated programs associated with adhesion,
friction, lubrication, and the design and cofistruction of equipment. The
emphasis of this section i5 on studies concerned with bare metal-to-
metal contact.
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1. Fuademesial Adhesion Studies

a. U=ziversity of Cambriqg, =

Some of the earliest research on a2dhesion and iriction in
2 vacuum was conducted by Bowden®* and his associates in 1951. A
small vaceum chamber capable of mainiaining the pressure at 10-%
torr was coastructed. Ecguipment was also provided so the specimens
couid be heated during outgassing operztions. The coefficient of
friction of mickel, iron, platinum, and uranium couples was measured
before and a2fter outgassing in 2 vaceum. Significant increases in the
coefficient of friction for all metal cuuples except uranium were noted.
The effect of surface films of adsorbed gases on the coefficient of
fric was studied also by admitting hydrogen, oxygen, aad water
vapor to the vacuum chamber. The preseace of hydrogen had little
effect or fricton, but the presence of oxygen and water vapor produced
surface {ilms that decreased the coefficient of friction.

Bowden aznd Young®® also studied friction phenomenz with ncn-
metallic materials, since little research ir this area had been under-
taken. The coefficients of friciion for graphite, carbon, and diamond
were determined before znd after outgassirg in a2 vacuum>® As in the
case cf metals, the coefficient or friction increazsed shzarply for grzphite,
carbor, and diamond when their surface films were removed by out-
gassing; however, the increase was small in comparison to that observed
with mztal couples. Again, the presence of oxygen or water vapor
decreased the coefficient of friction.

b. Device Development Corporation

The adhesion of polished quartz crystals in an ulirahigh
vacuum was reported by Smith and Gussenhoven.?® Although it has been
generally reported that the scizure of nonmetals does not occur (except
for the case of cleaved mica sheets), the authors observed a strong
adhesion between optically polished single-crystal quartz surfaces in a
vacuum below 8 x 102 torr. If good quality optical flats are well
cleaned and pressed tugether, they will adhere with a tensile strength of
several kilograms per square centimeter . Adhesion is generally
attributed to the surface tension of 2 thin film of adsorbed water between
the surfaces. Experiments were conducted in a vacuum to eliminate the
presence of an adsorbed fiim of water. Smith and Gussenhoven con-
cluded that the observed adhesion was most likely due to Van der Waals
forces, or more specifically, London dispersion forces; however,
covalent or ionic bonding was nct ruled out entirely.

38




iy

Py

-

c. Syracusce University

Keller and his associates have peen studying the fundamental
aspecis of meial-io-meta! adhkesion since the carly 1969's in programs
sponsarced by NASA. In 195}, Kciler and Spalvins® reviewed and
discussed the various theorics of adhesion, ané concluded that a2 theory
rclaiing the work of adhesion te the surface encrgics of the solids and
the interfacizl encergy 7 rtween them appeared to be mosi plausible.
i1 was assumed that if the mechanism of adhesio.. could be thoroughly
undcerstood, the atiracitve forces could be reduced to 2 mirnimum by
proper maicrial seleciion, and as a resulz, wear could be minimized
This approach 10 the process of perfect adhesior required contact
between aiomically clean surfaces. Ecgquipment was designed and con-
structed to mect these requiremenis. The test chamber could be
cvacuated to 10™° iorr, and provisions io clean the specimens by icn
and cleciron bumbardment™ were incorporated in the test chamber. A
preliminary evaluztion of the opceraziion of the equipment was made with
Fe-Al and Cu-Mo couples, and the specimaen design was that of a
hemisphere contaciing & flat surface. Adnesion was observed with the
Fe-Al couple but not with the Cn-Mo couple. Furiher rescarch using
this cquipment was reporied in 19027° The followina precedures were
usced during an adhosion tesi:

1) System bzke-out 2t $450°C.

2) Filament degassing.

3) Argon ion bombardment to remove surface contaminants.

<) Electron bombardment to remove edsorbed argon from the

~ metal surfaces.

5) Contact of specimens.

6) Mecasurement of adhesion and meiallographic examination of
the specimen surface.

Adhesion beiweer the following soluble or partially soluble metai couples
was observed: Fe-Al, Ag-Cu, Ni-Cu, and Ni-Mo. No adhesion was
obscrved for the following immiscible metal couples: Cu-Mo, Ag-Mo,
Ag-Fe, and Ag-Ni. These results generally paralleled those obtained

*The ion bombardment process used by Keller to remove surface
contaminants in a2 vzcuum closely resembles the phenomenon of cathodic
cleaning. Cathodic cleaning of a2 metal surface occurs during arc welding
if the metal is at a negative potential with respect to the electrode and
argon is used to shield the area. However, much higher voltages are
needed under atmospheric conditior.. The principles of cathodic cleaning
were reviewed by Pattee, Randall, and Martin®® in a 1964 publication.
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by other invesiigators in the field. No estimate of the adhesive strength
was given. In 1964, Keller and Hauser® reviewed the researck on
adhesion and proposed that if an atomistic approach to the problem of
zdhesion was assumed, bonding between atomically clean suriaces

would occur without the application oi either normal or tangential forces.

In a dissertation published in 1964, F ranklirff® determined the surface
energy of pure silver at 77K. Work of this type is needed to support the
theoretical aspects of adhesion. In 1965, Keller®! produced an excellent
review of the state-oi-the-art knowledge on adhesion phenomena.

in 19606, the role of surface contaminanis in the mechanism of
adhesion was reported by Franklin and Keller3? The equipment used in
these siudies is shown in Figures 8 and 9. Contact resistance measure-
ments were made to indicate the occurrence of adhesion. These
measurements couild be converted to indicate the join: strengih (adhesion)
versus load. The effects of surface contaminants were investigated
with ar Ag-Ag couple and the following observations were made.
Adhesion did not occur either before or after the bake-cut cycle, indicat-
ing the presence of surface coniaminants. However, signifiicant adhesion
was noted after these coniaminants were removed by particle bombard-
ment:. Aiter bombardment, adhesion was noted in a partial pressure of
argon and in ultrahigh vacuum (10~7 torr). Adkesion occurred even
when dry air was admitted to the system, but the joint strength was
negligible. Adhesion did not occur irn the presence of undried 2ir.
During these studies, adhesion was observed with the following metal
couples: Ag-Ag, Cu-Ni (muivally soluble), and Ag-Ni (mutuzlly insol -
uble). The observance of adhesion between immiscible metals contra-
dicts previous experimental work by other investigators. These
experimental siudies were expanded 0 include an investigation of the
adhesion of hard metals, since it is known that hard metals do not cold
weld as easily as soft metals. Studies were conducted with the foliow-
ing metals pairs: Mo-Mo, Ti-Ti, and W -W8 Titanium was studied
becausc of its intermediate hardness between that of the refractory
metals and that of metals included in earlier studies; also, titanium has
2 hexz gonal crystal lattice structure. To date, adhesion has been noted
only with the Ti-Ti couple. A tendency toward adhesion was observed
with the Mo-Mo couple. This report also contains a discussion of the
interpretation of metallic adhesion data by Keller and Saunders, and
the use of contact resistance measurements to indicate adhesion is
explained in detail.

Contact resistance measurements have been used by Franklin
and Keller®® and Anderson®® to indicate the occurrence of adhesion.
Anderson, for exampole, noted that the contact resistance dropped about
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an order of magnitude when adhesion occurred. The variation in contact
resistance as a function of contact force for a metal couple where
adhesion occurred is shown in Figure 10. After contact, the contact
resistance decreased gradually until adhesion occurred; ther, the
resistance remained almost constant regardless of load. The contact
resistance remained constant as the load was decreased, indicating
that the twometals were still joined. A reverse load was required to
fracture the joint. The relation between contact resistance and load

for a metal couple where adhesion did not occur is shown in Figure 11.
For this case, the contact resistance did not decrease until relatively
high loads were applied to the metal couple. Also, as the load was
decreased, the contact resistance increased gradually to the original
value, rather than remaining constant as noted in Figure 10. Thus,
nonadhesion of the metal couple was indicated. The variation in contact
resistance can also be used to show the effects of surface contaminants
on the occurrence of adhesion (Figure 12). The contact resistance can
also be used to estimate the joint strength. For such calculations it is
necessary to use the contact resistance data to estimate the contact
area in the manner suggested by Holm ®*

In 1966, a program on sessile-drop study of liq\;id-solid adhesion
was sponsored by the Sandia Corporation®® Also, in 1966, Keller 3%
discussed the application of recent static friction data to the Adhesid¥

Theory of Friction.%®

d. NASA (Lewis Research Center)

Detailed research on iriction arid wear has been conducted
by the Lewis Research Center since the.early 1960's. While the research
is directed toward the study of friction and wear from the lubrication
standpoint, it should be reviewed because of the dependence of friction

on adhesion. Buckley, Johnson, and their associates. have investigated
friction and wear as these phenomena are affected by ultrahigh vacuum
conditions and the physical properties of the metals being studied.

While this research is too extensive to be covered in detail here, the
scope of the work will be outlined and important conclusions will be

discussed.

“Fhe latest version of the vacuum friction and wear apparatus is
. - shown in Figure 13.%7 The first unit was designed and constructed about
. five years ago and has been modified on numerous occasions to improve
its performance; however, the basic concept of a rider contacting a
rotating disk has been preserved. Friction and wear could be studied '
in a vacuum of 1077 torr -vith the original equipment. The equipment
shown in Figure 13 can maintain vacuums of about 10~1! torr. The
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Figure 13. Ultrahigh Vacuum Friction Apparatus®’
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apparatus has two chambers, the bearing chamber and the specimen
chamber, both.of++izh are connected to the forepumping system. The
forepumping section consists of a cold trap that is connected to two
mechanical pumps. The specimen chamber is provided with an ion
pump as well as cryopumping surfaces and the bearing chamber is

also equipped with an ion pump plus a titanium sublimation pump. Both
c¢chambers are bakable. Other features of the equipment are evident

in the illustratiomn.

The details of individual research programs are discussed in the
following paragraphs.

In 1962, Buckley, Swikert, and Johnson reported on a study of the
friction, wear, and evaporation rates of metals and lubricants in a
vacuum of 10-7 torr.® It was concluded that epoxy-phenolic and silicon
resin bonded MoS, coatings provided effective lubrication for stainless
steel. Thin coatings (0.0004-inch thick) of silver, lead, tin, and gold
applied to Type 440 C stainless steel reduced the friction and wear
normally encountered with this alloy in a vacuum. A mass transfer
wear mechanism, unlike that encountered in air, was observed during
the friction and wear studies. The evaporation rates for silver, gallium,
cadmium, zinc, lead, tin, and magnesium were obtained under vacuum
conditions at temperatures varying from room temperature to 100)°F,

Buckley and Johnsort’studied the use of gallium-rich films as lubri-
cants in air and in vacuum to 107 torr. Gallium was not equally
effective as a lubricant for all materials. A diffused gallium-rich
film reduced friction and wear when used witn 52100 steel and 440 C
stainless steel. The film was ineffective with the nickel-base and
cobalt-base alloys studied. The friction and wear of gallium-coated
substrates were lower in a vacuum than in air.

In 1963, Buckley and Johnson discussed the effect of microstructural
inclusions on the friction and wear properties of clectrolytic nickel and
iron.™ Additions of 1.35 to 7.5-percent nickel oxide to electrolytic
nickel reduced friction and wear in a vacuum to the levels usually
encountered in air. Wear and friction under vacuum conditions were
reduced by a factor of 10 when tin (up to 20 percent) was added to
electrolytic nickel. A reduction in friction and wear was also noted
when sulfur in the form of an iron-sulfur alloy was added to clectrolytic
ir 2.

Studies of the effect of crystal structure on the friction and wear
characteristics of cobalt and cobalt-basc alloys were conducted in a
vacuum of 10-1% torr. ™’ 2 The crystal structurc of cobalt transforms
from close-packed hexagonal to face-centered cubic at 734° to 800° F.
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During this investigation, transformation was controlled by varying the
sliding speed and the ambient temperature. The research indicated that
less {riction, wear, and metal transfer occurred with the hexagonal form
of cobalt than with the face-centered cubic form. Minimum friction was
obtained with hexagonal cobalt against hexagonal cobalt. Maximum fric-
tion occurred with face-centered cubic cobalt against face-centered cubic
cobalt. From the aspect of crystal lattice structure, these friction data
are similar to adhesion data obtained by other investigators, since it has
been recognized that metals having a hexagonal crystal structure do not
bond readily. For single-crystal cobalt, less friction was observed when
the crystal was oriented with the 0201 plane parallel to the direction of
sliding, than when the 1100 plane was so oriented. The addition of 25-
percent molybdenum to cobalt inhibited transformation from the hexagonal
to the cubic form. Low friction values were obtained over a greater
range of sliding velocities with this alloy than with pure cobalt.

Further research on the effect of crystal lattice structure on fric-
tion and wear was undertaken by Buckley and Johnson? with the rare-
earth metals; data were obtained in a vacuum of 16-1° torr. As shown
in Figure 14, many of the rare-earth and related imetals undergo crystal

STRUCTURE HEXAGONAL STRUCTURES
=] 80DY-CENTERED CUBIC
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SAMARI L4
3 HEXAGONAL TYPE
NORMAL
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A _ !
2800 |~ pea—— — =
2400 |- . ‘
_ ° HEXAGONAL’DOUBLE C-AXIS ‘ =
¥ 2000 - ~ : —
i —
D = M B . .
5 ' .
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a
$ 800f-
w
F 400 |~
o e
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\_l;o Nd Pr Ce Ho Er Oy Gd Sm Y Tl

RARE-EAFTH METALS RELATED METALS

Figure 14. Crystal Transformations Indicated in the
Literature for Rare-Earth and Related Metals™
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transiormation. The results indiczted that the hexagonal crystalline
phase of the rare-earth metals and thallium exhibited much lower iric-
Hen, wear, and metal transier characteristics than did the face-centered
or body-~centered phases of these metals. The crystal transformation
of scme of these metals, such as lanthanum, could be induced by vary-
ing the load, sliding velocity, or the ambient temperature (Figure 15).
The crystzl lattice structsre of thallium is similar to those of the rare-
earth metals. It has 2 hexagonal structure below £45°F and body-
centered cubic structure above this temperature. Its friction properties
are similar to those obtzined with the rare-earth metzls (F igure 16]).
The decrease in coefficient of fricton at sliding velocities higher than
1000 feet per minute was attributed to meltisig of the thallium suriace.
The rare-earth metal frictior data obtaired under ultrzhigh vacuum
conditions should be compared with the achesion data obteired by
Sikorski® under atmospheric conditions.

W,
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Order-disorder transformations a2lso had an effect on the friction
properties cf metals. In experiments conducted with copper-gold 2lloys,
Buckley’* noted a2n increase in the coefficient of friction with the
transformation from an ordered to 2 disordered siate. The effect of
order-disorder transformation cn the coefficieat of friction, Young's
modules, and hot hardness of the Cusflu compound is shown in Figure17.

Similar behavior was sbserved with the CuvAu compound.

The use c_n’ thin gold ims to reduce friction was studied by Spalvins
and Buckley.’’ A film of gold, 1800 A thick, was vacuum-deposited on
nickel and nickel-base metal substrates aiter electron bombardment.

A marked improvement in the friction properties of these metals was
atiributed to the gold film acting as a lubricant.

e. NASA (Ames Research Center)

The efiects of the follcwing environmental conditions on the
coeificient of adhesive of copper, silver, magnesium, titanium, zirco-
nium, lead, 2024-T4 a2luminum zalloy, and tool steel were investigated at
the Ames Research Center 2s follows:

1) Kind and quality of gaseous contaminants.

Z) Exposure time.

3) Applied load.

4) Conmtact time.

5) Mechanical property changes during testing.”®
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A notched, cylindrical specimen (Figure 18) was repeatedly fractured
and joined until the coefficient of adkesion was insignificant. The
exposure time was the period during whick the fractured surfaces were
exposed to the chamber atmosphere. The eifcct of exposure time on the
coefficient of adhesion for the various metal courles is shown in

Figure 1%. A gradual decrease in adhesion can be noted with the
formation of 2 film of adsorbed gas, even in 2 vacuum of 5 x 1078 torr.
The efiect of the chamber pressure and the presence of centaminating
gases are shovm in Figures 20 and 21, respectively. Only the presence
of oxygen had any significant effect on the coefficiern of adhesion,
presumably because of chemisorption on the copper suriace.
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Figure 18. Schematic Diagram of
Cold-Welding Test Apparatus™
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An empirical formulz for the cocfficient of adhesion was developed:

coefficient of adhesion (y) =

H

C (UTS) e

where UTS = ultimate tensile strength, kg/mra?

ef = clongation to fracture, mm/mm
H = Vickers hardness number, kg/mm?
C = 4 (for best corrclation with data).

The calculated coefficient of adhesion was compared with the experimen-
tally determined coefficient of adhesion, and excellent correlation was
obtained. Good agreement between these data and the cocfficients of

adhesicn obtained by Sikorski** and Bewden and Rowe

30

was noted.
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To prevent adhesion between metal couples, the investigators
recommended the use of metals with high hardness and low ductility
and the minimization of compression loads.

2. Applied Research

a. Hughes Aircraft Company

In early work at Hughes Aircraft, the effect of surface
contaminants and the tendency for metals to seize or adhere were
demonstrated in 2 vacuum of 2 x 10~ torr.? A pointed rod of cold-
rolled ste<l would not weld to 2 flat surface of the same material at
room temperature, even after 75 days of exposure. However, if the
rod was induction-heated to 1650°F and degassed for 1%, hours, immedi-
ate adhesion occurred on contact. The need for better vacuums was
indicated when seizure did not occur again, one-half hour after the rod
was heated and degassed.

Subsequent research was conducted for NAS& over a period of two
years. These studies were directed toward determining the effects of
time, temperature, and environmental conditions on the adhesion or
cohesion of metals.” ™79 In reporting the results of these investiga-
tions, Hughes Aircrafi defined adhesion as the bonding of dissimilar
metals, and cohesion was defined as the bonding of similar metals.

During the first year, equipment to accomplish the program objec-
tives was designed and constructed, and static adhesion tests with
selected structural metals and alloys were conducted. In static adhesion
studies, the load was applied normal to the joint interface. In dynainic
adhesion studies to be discussed later, a load combining normal and
shearing forces was applied to the specimen. An environmental
pressure of 5 x 10-? torr or less was provided by the test chamber
which zlso included equipment to heat and load the specimen. The
specimens could be heated to temperatures of 25° to 500°C and axial
loads up to 100, 000 pounds per square inch could be applied. Equip-
ment was provided to measure the compre=sive loads applied to the
specimen and the tensile loads required to fracture the specimen.
Breaking strengths as low as five pounds per square inch could be
detected by the measuring equipment. The vacuum test chamber is
shown in Figure 22.
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Figure 22. Static Adhesion Test Apparatus’’

The effects of pressure, temperature, time, and load on the static
adhesion properties of 16 different metal couples were determined.
Compressive loads were limited to 80 percent of the compressive yield
strength of the metal at temperature, 80 percent of the minimum load
at which creep occurred, or 100,000 pounds per square inch, whichever
was the lowest. Adhesion studies were conducted at 25°, 150°, 300°, _—
and 500°C for all materials except aluminum. The maximum temper -
ature for metal couples containing the aluminum alloy was 300°C.
Before testing, the faying surfaces of the specimens were ground to a
finish of 32 £5 root mean square. After machining, the metal surfaces
were cleaned by vapor degreasing in trichloroethylene.

Following surface preparation, the specimens were mounted in the
vacuum test chamber in the separated position. The system was baked
out at the desired temperature, and the chamber pressure and temper-
ature were allowed to stabilize for six houis before testing commenced.
During test, the selected load was applied for 10 seconds and then
released,aud the tensile force requiréd to separate the specimens was ,
then measured. If adhesion did not occu#, the load was applied for !
successively long periods of 1000, 10,000, and 70,000 seconds (about
0.3 to 20 hours) or until measurable adhesion occurred.

The results of the static adhesion studies are summarized in
Figure 23. The harder metals did not adhere under the conditions of
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Effect of Bonding Variablés on Static Adhesion
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maximum severity; i. e., temperature--500°C, time--70,000 seconds,
and maximum applied load. The following metal couples were included
in this classification: .

1) 304 steel/304 steel.
2) 304 steel/A286 steel.
3) 304 steel/Ti-6A1-4V
4) Ti-6A1-4V/Ti-6A1-4V.
5) 304 steel/René 41.
6) Ti-6Al-4V/René 41.
7) A286 steel/A286 steel.
8) A286 steel/René 41.
9) René¢ 41/René 41.
10) 17-4 PH steel/17-4 PH steel.

it was assumed that these metal couples would not adhere under less
severe conditions: Thus, these couples are suitable for use at altitudes
corresponding to a pressure of 5 x 10”7 torr in static loading at temper-
atures up to 500°C and loads within their elastic limits.

The folinwing metal couples did not bond at 150°C,. but most of them
bonded at 36 3°C:

1) Copper/copper.

2) 2014-T4/2014-T4.

3) 2014-T4/304 steel.
4) 2014-T4/A286 steel.
5) 2014-T4/René 41.

6) 2014-T4/Ti-6Al1-4V.

These metal couples can be used in the space environment at temper-
atures of 150°C or less.

For the dynamic adhesion studies, the equipment in the test chamber
was modified to impart an oscillatory motion to the upper test specimen;
thus, the specimens were loaded by a combination of axial and tangential
forces. The preliminary procedures used to condition the specimens
for test were identical to those used in the static adhesion tests. During
test, the specimens were loaded to 12.5 percent of the maximum load
discussed earlier. Then, the upper specimen was oscillated.£2 -degrees
at three cycles per second for 10 seconds at room temperature. If
adhesion did not occur under these conditions, additional tests were
made at successively higher temperatures, higher loads, or longer
periods of oscillatory motion. The results from the dynamic adhesion
studies are shown in Figure 24. In Figure 25, the minimum conditions
at which bonding occurred are compared with thé conditions of maximum
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severity ihzt did not prodece bonding. It was assumed bonrding would
occur at loads higher than those which produced initial bonding.

AN metal couples bonded at conditions within the prescribed limits,
and at less severe condiiions of iime, temperature, a2nd load than were
nceded for static adhesion. Some couples thzt did not bond during siaiic
tests at 500°C readily bonded a2t rcom femperature dering the dynamic
tests. This trend is in 2greement with trends established by other
investigators.

For operations ir the space environment, the temperature limits to
avoid adhesion under dyramic loading are shown in Table VIII. Meizl
couples that bonded a2t =%y Ioad at 2 given temperature are not included
in this summation. The results of the static and adhesion studies are
shown in Figure 26. "

Table VIli. Temperature Limits for Avoiding Adhesion™

Conditions Conditions
for No Adhe- | for Adhesion
No. Couples sion (°C) (°C)
1 Copper/Coprer 25 and above
2 304 Steel/ 304 Steel 25 and zbove
3 2014 Aluminem/2014 25 and below 150 and above
Aluminum
4 2014 Aluminum/304 Steel 25 and below 150 and above
5 René 41/René 41 25 and above
6 Rend 412014 Aluminum 25 and belcw 150 and above
7 . René 41/304 Steel 25 and below 150 and above
8 © A286 Stecel/A286 Steel 1 25 and above
9 . A286 Steel/2014 Aluminum | 25 and below 150 and above
10 Ti-6A1-4V/Ti-6Al1-4V 25 and above
11 Ti-6A1-4V /2014 Aluminum | 25 and below 150 and above

b. Midwest Research Institute

Programs to investigate adhesion under ultrahigh vacuum
conditions have been ccnducted for NASA by Midwest Research Institute.
In 1964 through 1965, the following aspects of high-vacuum technology
were investigated: 80,3
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1) A cesium treatment for glass suriaces was developed
to decrease permeation of the glass by helium.

2) The quantities and species of gas above getter-ion

! pumps and chemically trapped oil diffusion pumps

were determined.

: 3) An adsorption isotherm for irert gases was developed
for use in predicting the performance of cryogenic
pumping surfaces. :

4) Egquipreent o measure vacuums of 10~ torr or less

3 was -evaluated and improved.

Preliminary adhesion studies with stainless steel,

aluminum, and titarium alloys we=e conducted.

-

(%)
Wt

In 1965, the results of 2 study to determine the friction and
adhesion properties of 45 metal ccuples in an ultrahigh vacuum were
reported. ¥ The following metals and 2lloys were tested against them-
selves and against each other:

1) 2014-T6 zaluminum alloy.
2) Ti-6A1-4V titanivm zalloy.
3) Beryllium copper.

4) Electrolytic copper.

5) Cobalt.

0) Type 321 stainless steel.
7) René 4l1.

8) E-52100 steel.

9) Coin silver.

The test specimen assembly was exposed to a chamber pressure of
5 x 10-1° torr before contact was made. During the test, the chamber
pressure was in the 109 torr range.

An outline drawing of the vacuum test chamber is shown in
- Figure 27. For determining the coefficient of friction with the varicus
metal couples, the concept of three metal pellets resting or being
rotated on an annular wear track was used. The pellets, 0.0625 inch
in diameter, and the wear track, 2.3 inches in diameter, were machined
: from the selected metals, and were then lapped and polished to a finish
of one u rootmeansquare or less. Anenlargedviewof the test specimen
section of the vacuum chamber is shown in Figure 28. The pellets were
weighted to produce a contact pressure of 1000 pounds per square inch
\ and heaters were provided to maintain the wear suriace temperature at
200°C. The coefficient of friction was determined by measuring the
torque needed to rotate the pellets on the wear track. During the static
test, the coefficient of friction was measured at breakaway after the
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Figure 28. Ultrahigh Vacuum Test Chamber Detail®

pellets.:.were in stationary contact with the wear track for 300 hours at
200°C. - The dynamic coefficient of friction was determined after break-
away at a sliding velocity of 0.4 inch per second. Continuous reccordings
were made during the following intervals: 0 to 0.5 hour, 0.5 to 5 hours,
and 5 to 100 hours.

The coefficient of friction data are summarized in Figures 29, 30,
and 31. In Figure 29, the mectal couples are ranked in order of increas-
ing static coefficient of friction. In Figure 30, the couples are ranked
in order of increasing dy:namic coefficient of friction for the short
interval (0 to 0.5 hour) test. The complete static and dynamic data
are presented in Figure 31. Very little correlation between the
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PELLETS ON PLATE

ICOP.S L

LOAD 200°C COIFFICIENT OF FRICTION:

CLTRAHIGH VACUUM

STATIC BREAHAWAY

METAL COMBINATION {ATTER 100 EOURS)
§PELLE (\TEAR TRACE) 1 2 3 % 5
RENE 41 RENZ S
COIX SILVER Ti-8Al-4V TITANIUM
Ti-SAl-3V TITANITM  ES2100 STESL
COIN SILVER REXE 41
CO3ALT RENE 351
CO2ALT Ti-8At4¥ TITANIUM
CO:IN SILVER E32100 STEEL ’
CO3ALT E52109 STEEL
cePPER REXE 41
COIX SILVER 327 STAINLESS STESL
RENE 51 EERYLLICL-COPPER
CO3ALT COBALT

T2-8A04V TITAXIUM
CC3ALT

Ti-oAl-4T FITANIUL
321 STAINLESS STEEL

RENE 31 Ti-eal-s% TITANIUM
COPPER BERYLLREM-COPPER
COPPER Ti-6Al-3Y TITANIUM

Ti-Ex-4V TITAXIUM

BERYLLIUM-CCPPER

COPPEIR 321 STRINLZSS STEE
BERYLLIUM-CCPPER 32} STAINLESS STZZEL
SERYLLIUM-COPPEZR BERYLLIUM-COPPIR
COPRPER E32190 STEEL
CO3ALT BERYLLIGM-COPPER

2014-T6& ALUMINUM

321 STAINLESS STEEL

BERYLLIUM-COPPER
COIN SILVER
F5323100 STESL

E52100 STEFL
BERYLLIUM-COPPER
321 STAINLESS STESL

i

l" ]" ]"m"[ T —

Ti-6Al-1\V TITANIUM
COPPER
2014-T6 ALUMINUM

521 STAINLESS STEEL
2014-To ALK MINUM
Ti-0A1-4V TITANIUM

2014-Té ALUMINUM  COBALT

2014-T6 ALUMINUM  RENE 41

2014-T6 ALUMINUM  E52100 STESL

E52100 STEEL E52100 STE:

COIN SILVER COIX SILVER

COIN SILVER 2014-T6 ALUMINGS

COIN SILVER COPPER =3 T R e =
COIN SILVER COBALT

2014-T6 ALUMINUM  BERYLLIUM-COPPER

RENE 41
COPPER ]
2014-T6 ALUMINUM

321 STAINLESS STEEL
COPPER
2014-T6 ALUMINUM

COPPER
321 STAINLESS STEEL
RENE 41

COBALT
321 STAINLESS STEEL
E52100 STEEL

=DATA FROM SINGLE RUN WITH EACH METAL COMBINATION.

NOTE:

COEFFICIENT OF FRICTION.

RANKED ACCORDING TO INCREASING BREAKAWAY

Figure 29. Static Friction Properties of Structural Metal Couples®
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PELLETS CN PLATE 1200 P.S.L. LOAD200°C COEFFICIENT OF FRICTION ULTRAHIGH vAZUUM
SR SHORT TIDSE - DYNAMIG
{0-0.5 HOUR)
sesevececee STATIC BREAMAWAY
METAL COMBINATION {ATTER 300 HOURS)
. (FELLET) (WEAR TRACK) 1 2 3 i ? REMARKS
COIN SILVER Ti-SA1-4V TITANIUM - ! ST -zaxu_zsé
CC3ALT RENE 1) -~ ST, AELUZED
COBALT Ti-631-5V TITANIUM STABILIZED
COIN SILVER 321 STAINLESS STEEZL STABILIZED
RENE 31 BERYLLIUM.COPPER STABILIZED
COBALT COBALT STABILIZED
COIN SILVER COBALT A STABILIZED
Ti-GA1-4V TITANIUM  Ti-SAl1-4V TITANIUM STABILIZED
BERYLLIUM-COPPER 32@ STAINLESS STEEL ISLIGETLY INCEEASING
Ti-8A1-4V TITANIUM 321 STAINLESS STEEL SLIGHTLY INCREASING
2024-T6 ALSMINUM Ti-aAl-3V TITANIUM STABILIZED
CO3ALT 321 STAINLESS STEEL . STABILIZED

BERYLLIUM-COPPER
2014-T6 ALUMINUL

BERYLLIUM-COPPER
321 STAINLESS STEEL

MODERATELY INCREASING
STABILIZED

COIX SILVER E£32100 STEEL MODZRATELY INCREASING
COPBE E52100 STEEL STABILIZED

2014-T¢ ALUMINUM ~ BERYLLIGM-COPPER STABILIZED

RENE 4 Ti-6A1-V TITANIUAS SLIGHTLY INCREASING
2015-T6 ALUMINUM  CO3ALT STABILIZED

2014-T6 ALUMINUM  E52190 STESL STABILIZED

COBALT E52100 STESL STABILIZED

Ti-6Al-4V TITANIUM  BERYLLIGUM-COPPER STABILIZED
BERYLLIGM-COPPER ES52160 STEEL ) STABILIZED

COZALT BERYLLIUM-COPPER STABILIZED

COIN SILVER BERYLLIGM-COPPER SLIGHTLY INCREASING
Ti-6A1-2% TITANIUM  E52100 STEEL MODERATELY INCREASING
COZi SILVER RENE 41

MCIERATELY INCREASING

COPPER
2014-T6 ALUMINUM
COIN SILVER

BERYLLIUM-COPPER
RENE 41
COIN SILVER

ERRATIC
SLIGHTLY INCREASING
MODERATELY INCREASING,

2014-T5 ALUMINUM

Z014-T6 ALUMINGM

RAPIDLY INCREASING

RIXNE 41

COPPER Ti-3A1-4V TITANIUM SLIGHTLY INCREASING
COPPER . 321 STAINLESS STEEL RAPIDLY INCREASING
. 23
| c'bb: Lvs:a COPPER RAPIDLY INGCREASING
. RE E52100 STEEL SEE NOTES
coFp 2014-T6 ALUMINUM SEE NOTES
RENE 41 321 STAINLESS STEEL - RAPIDLY INCREASING
RENE 41 RENE 41 RAPIDLY INCREASING
COPPER RAPIDLY INCREASING

COIN SILVER
E52100 STEEL
COPPER

£014-T6 ALUMINUM
321 STARJLESS STEEL
COBALT

ERRATIC
SEE NOTES
0.5 HR TO LIMIT

321 STAINLESS STEEL

321 STAINLESS STEEL

0.3 HR TO LIMIT

COPPER COPPER 0.12 HR TO LIMIT
E52100 STEEL E52100 STEEL 0.0l HR TO LIMIT
NOTES: MAXIMUM AT 2.4 AT BEGINNING AND NEARLY THE SAME FOR 4.5 HOURS UNTIL A SUDDEN RISE TO 4.9.

MAXIMUM AT 2.2 AT BEGINNING, DROPPED TO 0.2 TO 1.5 WITHIN 1 HOUR, AT 1.4 HOURS
APPARENTLY DEBRIS CAUGHT PELLET AND STOPPED ROTATION, RESTARTED AND RAN FOR
ANOTHER HALF HOUR AT 0.2 TO 1.5 BEFORE NEXT STOPPAGE.

HIGH FRICTION AT BEGINN?I

MAXIMUM INCREASED TO 4.9 IN NEXT 4 HOURS.
RANKED ACCORDINSG TO INCREASING COEFFICIENT OF FRICTION.

DATA FROM SINGLE RUN WITH EACH METAL COMBINATION.

Figure 30.
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NG, DROPPED IN 3 HOURS TO 0.2 TO 0.5 AND STABLE FOR NEX% 30 HOURS,
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coefficients of friction and the properties of the materials investigated ;
was noted, except that a low coefficient of friction was observed fcr
cobalt, a metal with a close-packed hexagonal structure. Similaz data N
for metals with a hexagonal structure have been obtained in other
investigations. Metal transfer from the pellets to the wear track

generally occurred when the pellet material was softer than the wear-

track material. No par:icular trend was observed when the pellets were
harder than the wear-track material. Comiparative data for four metal

couples (2014-T56/321, Co/321, Ti-6A1-4V/321, and 321/321) in air

and in ultrahigh vacuum indicated that the static coefficients of friction

in air were about one-half oi the value obtained under vacuum conditions

for all except the 321/321 couple.

o

Based on the average coefficients of friction, the tendency of the
metals investigated to cold weld in ultrahigh vacuum conditions is
presented in Table IX.

Table IX. Tendency of Structural Metals to Cold:
Weld in Ultrahigh Vacuum®

Ranked in Order of Increasing Tendency to Bond
According to Average Cogfficient§ of Friction
Static Breakaway Dynamic Coefficient®
(After 300 Hr. Soak) (Maximum Value)
Ti-6A1-4V Titanium 0.46 |  Cobalt 1.43
Beryllium-Copper 0.81 Ti-6A1-4V Titanium. 1.59
321 Stainless Steel 0.86 . Beryllium-Copper 2.36
" René 41 0.86 2014-T6 Alumifium 2.52
Cobalt 0..89 321 Stainless Steel 2.53
Coin Silver 0.92 |  E52100 Steel 2.86
Copper 1.03 ’ Coin Silver 3.40
E52100 Steel 1.06 Rene 41 3.63 ;
2014-T6 Aluminum 1.21 Copper 3.80 %

]

*Averagevalues from metal combinations of specified metal with i

. - . !
itself and the eight other metals.
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c. National Research Corporation

Studies or adhesion and related subjects have been conducted
at the National Research Corporation since 1560 under the sponsorship
of the U.S. Air Force and NASA. In 1960, Atkins, et al’® summarized
the state-of-the-art knowledge of the following:

1) Effect of space radiation on materiais.

2) Mechanical properties of materials in a vacuum.
3) Friction in 2 vacuum.

4) Effect of vacuum on suriace electric properties.
5) Meteoroids and their effect on materials.

In 1961, the Natiozal Research Corporation began the first of a
series of programs sponsored by NASA to determine the conditions
under which adhesion of structural metals and alloys would occur in the
space environmeent. Both the positive and negative aspects of adhesion
were considered. In reporting these studies®® terms defined as follows
were used:

1) Adhesion - The solid-state bonding of dissimilar metals.

2) <Cohesion - The solid-state bonding of similar metals.

3) Adhesion Coefiicient (o) - The ratic of the force required to
fracture the bond to the force required to form the bond.

4) Compressibility Ratio (¢) ~ The ratio of the stress applied to
form the bond to the actual yield stress of the metals {in the
case of dissimilar metals, the yield stress of the softest
metal was used).

A cylindrical, nctched tensile-type specimen was used to determine
the cohesion of selected metal couples at temperatures of 25° to 500°C
(Figure 32.%% These specimens were repeatedly fractured and joined in
a vacuum chamber capable of maintaining a pressure of 5x 10-19 torr;
however, because of equ1prnent outgassing, the pressure during testing
was in the 10~? torr range. The e:.fects of the following variables on
the cohesion properties of OFHC copper, 1018 steel, and 52100 steel -
were determiirted: temperature, . .pressure, time apec1mens were
separated, fompresmvc stress, and time spec1mens were in contact.

The maximum cohesive stress for OFHC -copper and 1018 steel are
shown in F1gures 33 and 34. Cohesion was not observed for the 52100
steel except at temperatures exceeding 400°C.
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Figure 32. Cohesion Test Apparatus®*
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Figure 54. Maximum Observed Cohesive
Stress for 1018 Steel Compared to Virgin
Fracture Stress and Compressive Yield
Stress®

Cohesion appeared to be a function of the physical properties of
the metals as well as the degree of surface cleanliness. Cohesion was
temperature dependent and increased with temperature. The time the
specimens were in contact was influential at high temperatures but not
at low temperatures. Cohesion of the 52100 hardened steel specimens
was not observed at low temperatures, because of the hardness of the
steel and its high elastic modulus; however, at temperatures above
400°C, this steel softened and appreciable adhesion occurred. The
1018 and 52100 steels were self-cleaning at 500°C, apparently because

the surface oxide was removed by reduction with carbon that diffused to
the metal surface.

In foliow-on research, the equipment was modified to permit
déetermination of adhesion between dissimilar metals #® The fracture-

rejoin specimen used in previous work was suitable cnly for determining

the cohesion between similar metals, because the entire specimen was

74

——— g a—— e e oy S e e vt s i i

i s v Sobmmr,

— -

[

=

-




machined from a single piece of metal. As shown in Figure 35, two

wheels in which eight pairs of flat-faced or chisel-edged specimens
could be mounted were used, and the wheels were oriented so the

specimens were located at right angles to each other. In the previous
work with notched, tensile-type specimens, no surface cleaning was
needed. In these studies, the contact surfaces were cleaned by wire
brushing under vacuum conditions. Test specimens were machined
from the following materials in both the hard and soft condition:

1) OFHC copper.

2) AISI 1018 steel.

3) AISI 4140 steel.

4) Type 440 C stainless steel.

5) Titanium.

6) Copper-beryliium (alloy No. 25).

WORM GEAR

SHEAR, PIN—|

< U

VACUUM
CHAMBER

18

S |

MULTIPLE SPECIMEN

Figure 35. Cohesion Test Apparatus®
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It was concluded that soft copper had no tendency to adhere to
itself or to steel, titanium, or beryllium-copper at room temperature
in a vacuum of 10-? torr, even when severely deformed. All specimens
were outgassed at 250°C in a vacuum before testing occurred. Wire
brushing the specimens in a vacuum resulted in a small degree of
cohesion between soit copper specimens at room temperature with slight
deformation, but not between specimens machined from soft steel. No
adhesion was noted between wire-brushed soft copper and unbrushed
steel, titanium, or beryllium-copper at room temperature in a vacuum
of 1079 torr with slight deformation. No cohesion between specimens
of soft steel and titanium occurred when the specimens were severly
deformed in compression at 10-? torr after exposure of the parts at
250°C in a vacuum. In comparing the results of this study with those
of the previous programs, it was concluded that much less cohesion
between copper couples occurred after the specimens were wire brushed
in a vacuum, than when cohesion was determined by the fracture-
rejoin technique.

Daring the last phase of this program, the vacuum equipment was
further modified to permit the installation of two ion guns for surface
cleaning- opera.tions.86 Each gun consisted of twec main sections, a cold
cathode ion source,and an electrostatic lens system to focus the ions.
The performance of the ion bombardment system was evaluated using
both argon and xenon. Using an argon ion source, soft copper specimens
were bombarded for 70 hours while a vacuum of 10-7 torr was main-
tained. No cohesion was obtained with the copper couple; however, the
lack of cohesion was related to a malfunction in the diffusion pump
which resulted in surface contamination of the specimens. Copper
specimens were also bombarded with xenon ions for periods of 15 and
30 minutes, and attempts were made to bond the couples. No cohesion
occurred, so further studies of the ion bombardment process was
deferred. An improved system of wire brushing was used for surface
cleaning during the rermainder of the experimental program. The
following metals were included in this investigation:

-

1) OFHC copper.

2) AISI 1018 steel.

3) AISI 4140 steel.

4) Type 440 C stainless steel.

5) Copper-beryllium (alloy No. 25).
6) Titanium.

7) Silver.

8) Type 1100 aluminum.

9) Type 2024 aluminum alloy.
10) Type 6061 aluminum alloy.
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These metals were in the soft (annealed) or hard (heat trezted or cold
worked) condition. The data from the adhesion-cohesion tests are
shown in Table X.

Based on studies conducted with copper couples, it was concluded
that cohesion increased with increasing test temperature. Cohesion
was also dependent on the surface cleanliness as reflectéd by the wire
brushing time; i.e., increased cohesion was observed with lenger
cleaning cycles. Cohesion did not increase proportionally to the applied
load when this load exceeded the yield stress. Strong cohesion for
most.metal couples having a Brinell hardness number less than 150 at
125°C was noted. Similar observations were made regarding the
adhesion of dissimilar metals when one of the metals had a hardness
less than 150 Brinell hardness number. Adhesion and cohesion between
metal couples was appreciable when the test temperature approached
0. 3 of the melting point of the metal.

P Ina recentprogram conducted for the U.S. Air Force, the National
Research Corporation®” has investigated the adhesion between bare
metal surfaces and the effectiveness of selected coatings in preventing
adhesion. The materials studied ranged frem very soft to very hard
materials, and the coatings ranged from soft laminar films to hard
oxide surface layers. The adhesion properties of the selected materials
were determined at temperatures of 90° to 260°C and stress levels of

0 to 1000 pounds per square inch. The pressure under which adhesion
tests were conducted was from atmospheric pressure to 10713 torr or
lower.

The adhesion test specimens were fabricated from the following
materials:

1) OFHC copper.

2) Type 2014-0 gluminum alloy.
3) 17-7 PH stainiess steel.

4) Type 440 C stainless steel.

5) Tungsten carbide.

These materials were tested bare and coated with aluminum oxide,
chromium oxide, zirconium oxide, and molybdenum disulfide. The
oxide coatings, 0.015 inch thick, were applied to the metal substrates
by flame spraying. The 0.0003-inch-thick coating of molybdenum
disulfide was applied by the "electrofilm' process.

The test specimens were cylindrical in shape. A specimen set

consisted of one rotating cylinder constrained between two fixed cylinders.
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! Test Loading [Cleaning Test Test Breakaway R
) Load Time { Time Vacuum Temp Test Load
Test, Pair {ibs) {min) | (min) {torr) (*c) Area {1b) Remarks
i Cu-Cu s-s 2600 15 Noae 6.10? 125 0 ;
i Cu-Cu s.s. 2000 15 0.5 7.107 125 240 Compares No. 2
; Cu-Cu s-s 2000 15 0.5 6.10- 100 100
Cu-Cu s-s 2000 15 0.5 6.107% 100 50
Cu-Cus-s 2000 15 5 7.107 100 900 Note clezning time
' crmpared to eatry
, above.
Cu-BeCu s-s 2000 15 5 3.10-7 25 25
Cu-1018 s-s 2000 15 5 3.107 25 190 Cu stuck tc steel
when pulled apart
Cu-Ti s-s 2000 15 5 2.10* 25 50
"Cu-Cu s-s 2000 15 2 1.2 x 10~? 25 300
Cu-Cu s-s 2000 15 3 1.3x 10 25 220
Cu-Cu h-h . 2000 - 15 2 1.3x107? 25 60 Hard copper
Cu-Cu h-h 2000 15 3 5.8 x10~* 100 250 Hard copper
Cu-Cu s-s 2000 15 2 3.9 x 109 100 350
Cu-Cus-s 2500 15 z 3.1x10 100 600 Note increased
' compression load
Cu-Cu s-s 2000 15 2 5.8 x1077 140 600
Cu-Cu s-s 2000 15 2 5.0 x 107 140 600
1018-1018 s-s 2090 15 3 4.2.10" 125 0.060 0
440C-440C s-s 2000 15 3 4.0.107 125 0.062 0
Al-Al s-s 2000 15 3 3.6.10~ 125 0.055 320 Stainless steel X
CuBe-CuBe s-s 200¢ 12 3 3.6.107° 125 0.023 0 Stainless steel +
CuBe-CuBe h-h 2000 15 3 3.6.107 125 0.058 0 Stainless steel
s Ti-Ti s-s 2000 15 3 3.6.107 125 0.039 0 Stainless steel
i Cu-Ti s-s 2000 15 3 3.8.107? 130 0.062 48 Carbon steel brush
i Cu-Al s-s 2000 15 3 4.107? 130 0.067 800 Carbon stecl brush
! Cu-CuBe s-s 2000 15 3 4.107° 130 0.042 400 Carbon steel brush !
f Ti-Ti h-h 2000 15 3 4.10°7 130 C.023 0 Czrbon stesl brush
: CuBe-CuBe 3.5 2000 15 2 4.10°? 130 0.023 0 Carbon steel brush i
\ Cu-Cu h-s 20090 15 2 5.10-7 125 0.065 340 Carbon steel brush }
! Cu-1018 s-h 2000 15 2 5.1077 125 0.046 300 Carbon steel brush H
, Cu-4140 s-h 2000 15 2 5,10-° 125 0.028 40 Carbon steel brush !
Cu-440C s-h 2000 15 2 4.5.1077 125 0.024 40 Carbon stcel brush
Cu~CaBe s-h 2000 15 2 4.5.10°7 125 0.028 40 Carbon steel brush
Cu.Ti s-h 2000 15 2 4.5.10"9 125 0.042 160 Carbon steel brush
Al-Cu s-h 2000 15 2 4.5.107? 125 0.044 300 Carbon steel brush
CuBe-CuBe s-h 2000 15 2 4.5,10~9 125 0.025 [} Carbon steel brush .
N \ 2024-2024 h-h 1000 15 2 3.1.10°¢ 125. 0.062 0 Differences in pressure }
‘ . in loading !
6061-6061 h-h 1000 15 2 3.0.10°% 125 | 0.065 40 Differences in pressure .
' in.loading !
6061-2024 h-h 2000 15 2 3.10°7 125 0,062« 80 [
N 2024-1018 h-s 2000 15 2 3.5.1077 125 0.050 ]
: €061 -Cu h-s 2000 15 2 3.2.1077 125 0.062 120
6061-1018 s-s 2000 15 2 3.10°¢ 125 0.062 40
6061 -Ag s-5 2000 15 2 3.5.1079 125 0.062 25 ¢
6C61 -CuBe s-s 2000 15 2 31077 125 - 0.029 0 2
. 2024-2024 h-h 1000 15 2 3.2.107 125 0.062 0 Differences in pressure B
in loading .
6061 ~6061 h-h 100¢ 15 2 2.8.10°7 125 0.062 300 Differences in pressure ‘
in loading )
2024-~2024 h-h 2000 15 1 2 3.10- 125 0.062 0 |
v Au-Au-s-s 2000 15 0 1.5.10°° 125 0.072 0 No brush cleaning é
Au-Au s-s 2000 15 0.5 1.5,1079 125 0.034 3460 1
-Au-Cu s=s 2000 15 2 1.8.10°7 125 0.073 420 H
.Au-1018 s-s 2000 15 2 2.5.10%7 125 0.065 170 '
Au-Al s-s 2000 15 2 2.5,10%° 125 0.090 800
2024-2(2_24 h-h 2000 15 2 3.5.10"7 125 0.0625 12
606’11 -6061 h-h 2000 15 2 310" 125 0.068 60
v 2024-2024 s-s 2000 15 2 3.107 125 0.063 . 180 2024 annealed - 775 - ‘
. 1/2 hour. ?
. . , !
Table X. ‘Results of Adhesion-Cohesion Tests® ;
) }
3
|
o
i
I
; {
{
| 78 t




The rotating cylinder could be moved through an arc of 180 degrees,
either loaded or unloaded. Fifteen sets of specimens were stacked
on a shaft for each series of experiments.

The vacuum chamber (Figure 36) used during the experimental
studies could maintain a pressure of 10~*? torx or less. The arrange-
ment of the adhesion apparatus is shown in Figure 37. *

Before testing, the bare specimen faces were ground, polished,
and liquid honed using 325 mesh aluminum oxide powder. The oxide-
coated specimens were finished with 2/0 polishing paper. Specimens
coated with molybdenum disulfide received no further treatment before
testing.

Static and dynamic adhesion tests were conducted at temperatures
of 90°, 150°, and 260°C using interface stresses of 100 and 1000
pounds per square inch. The adhesion properties of the barz metals
were determined in argon (760 torr) and in a vacuum of 7 x 107!? torr.
The adhesion properties of both coated and uncoated metals were
determined in a vacuum of 5 x 10-!% torr or less. The test data are
summarized in Figures 38 and 39.

Based on the results of this program and a review of the literature
on adhesion, the following interrelated parameters were deemed
particularly important in controlling adhesion:

1) Surface cleanliness.

2) Plastic stress-strain at the contacting interface.

3) Mechanical properties (elastic modulus, yield stress, hardness,
and ductility).

4) Test temperature.

5) Laitice structure.

6) Surface contour.

7) Relative surface motion.

8) Vacuum environment.

A number of recommendations to decrease or prevent adhesion were
advanced as follows:

1) Use high-modulus hard .naterials with limited ductility.

2) Maintain nonmetallic film such as molybdenum disulfide between
contacting surfaces.

3) Avoid abrasive motions that might remove oxide layers or
films of adsorbed gases.

4) Avoid contact stress near the yield stress of the softer metals.
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5) Avoid operating tempeératures that exceed one-half of the
absolute melting temperature.

6) If possible, avoid hiéh vacuum environment.

7) Use tenacious oxide or -other inorganic coatings to prevent
metal-to-metal contact.

8) Minimize the contact time under load, especially at high
temperatures.
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Figure 39. Rotational Stress to Shear Residual Cold
Welding After Release of Load for Coated Materials®?
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In a recent study, the effect of lattice solubility on the tendency
for adhesion to occur was investigated® Dissimilar metal couples
using metals that were completely miscible at room temperature
(copper -gold, copper-nickel, silver-gold, and columbium ~-tin) and
metals with less than 0.1-percent solubility at room temperature.
(copper-tin, silver-beryllium, silver-nickel,and gold-lead) were tested.
As in previous work, th2 principal variables controlling adhesion were
surface cleanliness, temperature, and loading. The adhesion data are
summarized in Figure 40. Adhesion was obtained for both solubility
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Figure 40. Adhesion Coefficient as a Function in Yield
Stress for Various Sample Materials®

conditions. As in previous work, the variables controlling adhesion
were degree of cleanliness, temperatutre, and load. It can also be seen
that adhesion was inversely related to the hardness of the metals.
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d. Aiomics International

by

Investigations of iriction phenomena were conducted in
conjunction with the development of the Systems for Nuclear Auxiliary
Power (SNAP) inflight reactor by Atomics International®® Bearing
c_ompa.tlbility had to be established for materials that would be subjected
to temperatures ranging from ground temperature to 1300°F and
pressures ranging from atmospheric to below 109 torr. Sixty-seven
material pairs comprising metals, ceramics, ‘graphite, and lubricated
specimens were evaiuated in a2 vacuum of 10~? torr at temperatures up
to 1600°F. It was found that preformed contaminant films applied to
the metal surfaces reduced the coeificient of friction significantly.
Amorng the most satisfactory of the films investigated was sodium-
silicate’ bonded molybdenum disulfide and molybdenum-diselenide.

e. Litton industries

-

An early investigation of surface friction and wear was
conducted by the Litten Industries in 1958.%9 The friction characteristics
of the following metals were determined in air 2nd in 2 vacuum of 10-%
torr:

1) Commercially pure alumirum and Type 2024-T4

aluminum alloy.

2) Brass.

3) Copper.

4) Type 304 stainiess steel.

5) Beryllium copper.

6) 52100 steel.

7) Various electroplatings.

The tests were conducted by méasuring the tangential force developed
between the sliding blocks. Although fundamental relationships were
not developed during these early studies, several trends were noted.
When dissimilar metal couples were tested, the softer material
transferred to the harder material. Under good vacuum conditions, the
wear products consisted of particles torn from the contacting surfaces,
and because of work-hardening, these particles were harder than the
base materials. There were indications that friction was 60 percent
higher in vacuum than in air, and that in becth cases, running friction
increased by about 50 percent within 10 minutes in either air or in
vacuum, then friction tended to level off.
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f. North American Aviation, Incorporated, Rocketdyne

* In 1962, Rocketdyne?® conducted research to accumulate
friction data for comparison with those obtained by Litton Industries.
Six material combinations were selected for this work: aluminum,
stairgless steel, and silver, chromium, cadmium, and nickel electro-
plated on AISI 1090 steel. During the first phase of testing, a series
of one-minute tests under two load conditions was conducted in air and
in a vacuum. Then, running tests were conducted for 30 minutes in
alr and in 2 vacuum. The results indicated there was no consistent
trend for the initial friction to be higher in a vacuum thkan in air.
Although the results obtained during running tests varied, friction
under vacuum conditions was slightiy higher after 30 minutes running
time than was atimospheric friction.

g. Lockheed Missiles and Space Company

Extensive research on the behavior of materials in the
space environment has been conducted by the Lockheed Missiles and

Space Company since the early 1960's. In 1961, Clauss?! discussed

the iriction and wear of gears, bearings, and electrical contacts under
high vacuum conditions. Experiments to evaluate the performance of
various lubricants in a vacuum of 10~% torr or less was discussed,

and preliminary plans to study the behavior of sliding electrical contacts
were outlined. In later research sponsored by the Air Force, the
operating characteristics of electrical slip-rings and brushes were
determined in a vacuum of 10~7 to 108 torr.!?>%? The sliding friction, BN
as measured-by the noise contributed to the electrical circuit, could

be reduced several orders of magnitude with lubricants. The use of

molybdenum disulfide-impregnated silver contacts was investigated.

Clauss, et al, also discussed the possible use of soft metal films, such

as gold and silver films, as lubricants for sliding electrical contacts.!?

Such films have been used successfully for lubricating the bearings of

rotating-anode X-ray tubes and are subject to relatively high temper-

atures up to 1100°F in a vacuum of 107® to 10~8 terr. During the

development of equipment to simulate secondary radiation for a large

environmental chamber, slip rings and brushes were selected as the )
most suitable means to supply power to the radiation simulation source?®

Studies were conducted to evaluate brush materials riding on slip rings

plated with silver or gold. The compositions of the bru- : materials

are shown in Table XI. A slip ring assembly to study the¢ performance

of several brush materials simultaneously was constructed. The tests

were conducied at room temperature in a vacuum of 10-¢ torr. Various

current densities were used and the brush behavior was determined by

noise measurements. The brush wear was also measured. These \
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studies indicated that brushes with the following composition performed
most satisfactorily from the standpoints of minimum wear and minimum
noise: 82.5 to §5Ag-2.5Cu-12.5 to 15 MoS,. These results were
verified by additional tests in a vacuum of 10-? torr.

Table XI. Compositions of Brush Materials?

Composition (% wt)
Brush Ag Cu MoS, Graphite
1 97.5 0 2.5
2 95 0 5
3 90 0 10
4 85 .0 15
5 92.5 5 2.5
6 ~ 87.5 10 2:5
7 85 10 5
8 85 5 10
9 82.5 15 2.5
10 80 15 5
11 80 1.0 10
12 80 5 15
13 75 15 10
14 . 75 10 15
15 70 15 15
16 90 : ~ 10
17 90 . 10
18 80 20
19 80 ) 20

During the course of these investigations, a number of literature
searches were conducted. Annotated bibliographies were prepared on
cold welding in a vacuum/?® metal-to-metal adhesion’* and radiation

effects on spacecraft materials?

h. Battelle-Columbus ‘ J

Research on the solid-state bonding of aluminum was
conducted in a chamber whose pressure could be maintained at 10-%
torr at temperatures up to 1000°F.%% The most effective method used
to remiove suriface contarninants consisted of chemical cleaning outside
the chamber followed by wire brushing in a vacuum prior to welding.
The welding temperature had a pronounced effect on the ability to form
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strong bonds. Bonds could be made at §00°F with minimum deformation;
~5 percent , and significantly higher deformations, ~30 percent, were
required for bonding at 500°F. The use of an intermediate foil of copper
or copper-silver eutectic alloy between the faying surfaces increased

the ease of bonding.

1. Soviet Research

Research on friction under ultrahigh vacuum conditions
has been conducted in the Soviet Union. In 1963, Golego’® reported-on
studies made in a vacuum of 10~? to 10~!° torr with 30 metals repre-
senting all groups in the periodic system: a2luminum, magnesium,
silicon, scandium, titanium, vanadium, chromium, iron, cobalt, nlckel
copper, zinc, yttrium, zirconium, niobium, molybdenum, siiver,
cadmium, indium, tin, antimony, lanthanum, praseodymium, neocdymium,
dysprosium, erbium, platinum, thallium, lead, and bismuth. The
friction experiments were conducted at room temperature with a load
equal to 0. 05 times the yield strength of the metal applied normal to
the specimen interface; the contacting surfaces moved at a speed of
one meter per second relative to-each-other. During the first series of
tests, the coefficient of friction was measured for similar metal couples
comprised of the metals listed above. The coefficient of friction varied
from 0.8 to 6.5, depending on the mechanical strength of the metal,
the load applied, and the rate at which adhesion occurred. The effect
of the mutual solubility of metals on: the coefficient of friction was
investigated. Iron-chromium, iron-aluminum, and iron-titanium
couples had coefficients of friction of about 1.4 to 2.7. The room
temperature solubility of chromium, aluminum, and titanium in iron
is 100, 32, and 3 percent, respectively. Iron-antimony’(antimony
solubility, seven percent), iron-zirconium (zirconium solubility, 0.15
percent), and the mutudlly insolubale iron-silver, iron-scandium,
iron-magnesium, and molybdehuni-copper couples had low coefficients
of friction, about 0.2 to 0.6. Some slight indication of adhesion was
observed with the iron-silver and molybdenum-copper couples. The"
effect of crystal lattice structure and atomic diameter on friction and
adhesion was investigated. Dissimilar metals having similar crystal
lattices and slightly different atoinic diameters of 1 to 13 percent
(ircn-copper, iron-chromium, iron-aluminum, bismuth-antimony,
yttrium-dysprosium,and praseodymium-neodymium} showed evidence
of adhesion. The coefficients of friction for these metals were 0.5 to
3.3. Metals with similar crystal lattices and very different atomic
diameters (cobalt-yttrium and iron-lead) showed no tendency to bond.
Dissimilar metals having different crystal lattices and slightly different
atomic diameters of 1.5 to 15 percent (iron-titanium, iron-zinc, and
iron-cobalt) exhibited a tendency to bond and the coefficients of friction

87




et e e s

e e i e N b — n e o

. oy

were high. Metals having diiferent crystal lattices and very different
atomic diameters of 18 tc 43 percent (iron-yttrium, iron-scandium,

.cobalt-yttrium, iron-magnesium, iron-antimony, and iron-bismuth)

showed no evidence of adhesion and their coefficients of friction were
low. On the basis of these studies, Golego concluded that differences
in crystal lattice structure have little effect on the tendency for metals
to bona; however, the difference in atomic diameter influences
adhésion. If the atomic diameter of two metals do not exceed 15 to 18
percent, adhesion will occur. Adhesion will not occur if the atomic
diametexs differ by more than about 18 percent.

In 1966, Balakin and Khrenov?® discussed the effect of vacuum on
the cold welding process. In analyzing this process, it was concluded:
that high deformations are required for cold welding because of the
film of adsorbed gases on the metal surfaces. Calculations of the time
required to form a monolayer of gas (air) on a metal surface were
presented. A linear relationship between pressure and the time required
to form a monolayer of gas was indicated.

Verkin, Kravchenko, and Lyulichev99 discussed research on the
formation of copper and aluminum bonds in various degrees of vacuum.
In particular, the effect of surface cleanliness (as reflected by the
vacuum conditions) on the deformation required for bonding was
investigated. In-a vacuumof 107 torr, the deformation required for
bonding copper was 38 percent. The deformation decreascd to about
seven percent when copper was bonded in a vacuum of 1077 torr. A
similar relationship was observed when aluminum was bonded.

j. Additional Research on Adhesion, Friction, and Lubrication

o

A number of additional programs on various aspects of
adhesion and friction phenomena have been conducted: by other organiza-
tions, and several will be mentioned briefly. In 1962, Hortonl%
reported on an investigation of the characteristics of hot-pressed
molybdenum disulfide/metallic powder brushes for use in motors
exposed to the space environment. The orientation of the plane of
laminations with respect to the brush axis was found to be important
from the standpoint of brush wear. Wolkowitz and Ranish!®! investigated
the friction and wear characteristics of several metal-to-metal and
metal-to-nonmetal couples in 1964. The construction of equipment to
study adhesion and friction in a vacuum was reported by Wieser'%? and
Liu, Layton, and Tarpin.!®® In an early investigation in 1960, Liulo4
studied the sliding friction of copper under a wide range of conditions.
In 1960, Ling!® reviewed the following areas of research conducted
under the sponsorship of the Air Force:
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1) Theoretical study of sliding friction between
unlubricated surfaces.

2) Asperity distributions on metallic surfaces.

3) A model study of metallic surface asperitics.

4) Bond interface temperature distributions.

5} Experimental and thcoretical studics of adhesion

in a partial vacuum at elevated temperatures.

The research cn dry lubricants for usc in spacecraft applications

is impressive, and the voluminous literature on {riction and lubrication

should be consulted for detailed discussions of this work (a few refer-

ences are ci

ted below). The mechanism of lubrication for solid carbon

materials has been studied at pressures ranging from atmospheric

to 1077 torr by Buckley and Johnsonl% In 1965, Flom, Haltner, and
Gaulin!®? discussed the results of measurements of sliding friction on
copper surfaces for the fiollowing five lamellar solids: molybdenu
disulfide, tungsten sulfide, cadmium iodide, bismuth iodide, and

phthalocyanine. The friction studies werec conducted in a vacuum

There was no cvidence that the sliding behavior of any of

10-6 torr.

these materials was improved by the presence of gas or vapors.
material evolved considerable quantities ¢f gas during sliding. The
role of vapor lubrication mechanisms in molybdenum disulfide was
also studied by Haltner!®® in a vacuum as low as 10~? torr. Sliding
friction and the performance of bearings in a vacuum. was investigated
by Brown, Burton, and Kul® Lubricated and unlubricated slides and
bearing assemblies enclosed in individually ion-pumped chambers
were tested at rcom temperature in a vacuum of 10-7 to 10~? torr up

to 270 days.

Several molybdenum disulfide compounds provided adequate

lubrication for 60 to 270 days. Limited friction studies werec also
conducted at temperatures between -320° and 300°F. The fundamental
properties of molybdenum disulfide were further investigated by Ku

in 1965. Evaluation of dry film lubricants for spacecraft
applications was also undertaken by Evans, Vest, and Ward!!! of the

and Tyler!!0

NASA Goddard Space Flight Center.

m

of

Each

For rolling applications, such as

occur in a baill bearing, a fully machined ball retainer of 60-percent
Teflon and 40-percent glass fiber plus molybdenum disulfide proved to

be most effective,

been investigated by Bowen.!!2

Dry lubricants for bearing applications have also

The reports on some investigations of adhesion were not available

Y
L}

for this report. For example, research on cold welding in‘a vacuum is
in progress at the Franklin Institute!?™under a contract from the Office
of Naval Research., Metal-to-metal adhesion studies have been conducted

with copper.

Additional work with other metals is. underway also.
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Section Y. ADHES!"  AND FRICTION:IN THE SPACE ENVIRONMENT

Adhesion and friction experiments in the space environment have
been planned and conducted. While' most of the knowledge concerning
these phenomena has been acquired under simulated conditions of
ultrahigh vacuum, a well-planned experiment conducted in outer space
can produce much useful data. If the apogee and perigee of the orbiting
spacecraft are sufficiently high, the experiments can be conducted
under vacuum conditions that are currently beyond the state-of-the-art.
In addition, the studies can be conducted in an environment that is
difficult to simulate on the earth; i. e., under conditions that combine
ultrahigh vacuum, solar radiation, earth reflection, etc. Although
some information on friction and wear can be obtained from the
successful operation or failure of various spacecrait, such an approach
is somewhat slow and unreliable; in addition, the data are not quantitative,
since the coefficient of friction is not measured. A sounder approach
is to design an experiment specifically for gathering data on adhesion
or friction. In the following sections, the data acquired during the
Ranger space flights are discussed, and plans for other experiments in
space are reviewed.

1.  Ranger Friction Experiments

In 1961, the coefficients of friction for several lubricated and
unlubricated metallic and nonmetallic couples were measured in the
space environment during the flights of Ranger 1 and Ranger 2.!!'* The
friction experiment was designed to obtain data at altitudes correspond-
ing to vacuums of 1012 to 1071 torr; however, because of spacecraft
malfunctions, these altitudes were not attained. Nevertheless, valuable
friction data were acquired and analyzed.

The friction experiment assembly is shown in Figures 41 and 42.
Twenty disk specimens were spaced along a drive shaft, and two 0. 125-
inch-diameter hemispherical riders were positioned on each side of
the disks. An 0. 3-pound load was applied normal to the surface of the
disk. The drive shaft rotated at 28 revolutions per minute. 'Strain
gages were used to measure the frictional force during testing. Detent
mechanisms were attached to each rider assembly, so these assemblies
could be lifted from the disks in case seizure occurred or friction
became excessive. Appropriaté telemet-y was incorporated in the
friction experiment design to facilitate data acquisition. A. switch
closure in the spacecraft command controller and sequence activated
the assembly 367 minutes after launch.
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Figure 41.
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Temperature Control Surfaces Remove
(Courtesy, Jet Propulsion Laboratory)
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Rider and Disk Assembly Details!!*
(Courtesy, Jet Propulsion Laboratory)

Figure 42,
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A complete list of the materials evaluated during the friction
experiment is shown in Table XII. Incliided in this list are typical
structural alloys used in spacecraft hardware, electrical contact
materials, and a number of lubricants. The friction experimen’
assemblies were leak tested in a vacuum of 10-% torr before being
installed in the spacecraft; also, friction data were acquired for
comparison with the data cobtained in the space environment.

Ranger 1 was launched on 23 August 1961 but did not reach its
programmed orbit because of a malfunction in the second stage of the
launch vehicle. The spacecraft was placed in a low-altitude orbit
having an apogee of 504 kilometers and a perigee of 170 kilometers,
instead of an ellipitcal orbit with & very high apogee. Because of the
nonstandard orbit, spacecraft telemetry on the friction experiment was
not received until the next day (13 hours and 20 minutes after launch).
The period during which friction data were received is shown in
Table XIIT along with the altitude of the spacecraft and the associated
vacuum conditions. Data transmission ended when the experiment
was turned -off at a predetermined low-battery voltage level.

The coefficient of friction data was plotted versus time for each
disk and rider combination. Although there were several sources of
error inherent to this experiment, it is estimated that the standard
deviation for the coefficient of friction data near 0.2 was #0.035 and
+0. 05 for data near 1.0.

The coefficient of friction-data for unlubricated metal and ceramic
materials is shown in Figure 43. Included are data obtained in air,
under laboratory vacuum conditions, and during the flight of Ranger 1.
Similar data for lubricated couples are shown in Figure 44. An accurate
comparison of the data obtained under laboratory vacuum conditions
and space conditions was not possible, because of the difference in
running times and the same friction experiment assembly was not used
for both tests. However, there did not appear to be any systematic
variation in the data. The complete coefficient of friction data are
summarized in Table XIV.
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Table XIII. Summary of Ranger 1 Passes from Which
Friction Data Were Obtained 24 August 196111*

K
o

3
)
l
§

".?”"fg

ety
o

e A

T3

Greenwich

Mean Orbit Altitude . Vacuum

Time Number ; {km) (mg Hgy
0528 13 163 2.6 x107°
0658 14 162 2.6 x10~®
0705 14 ’ 179 1.7 x 10"
0834 1 15 170 2.1x10-°
0842 : 15 219 6.7 x 1077
0915 16 ; 443 1.7 x 1078
1007 16 181 1.6 x 107
1017 16 260 3.0 x 107
1049 17 453 1.5 x 108
1145 17 230 5.2 x10-7
1226 18 427 2.1 x1078
1401 19 378 4.3 x 10-8
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Of the materials tested under space conditions, polytetrafluoro-
etheylene (PTFE) sliding against metals and ceramics, as well as
metals sliding on metals with a molybdenum disulfide lubricant, had
low coefficients of friction averaging 0.04. Ceramics sliding against
unlubricated metals and metals with grease or gold-plate lubrication
had intermediate average coefficients of friction near 0.13. Unlubri-
cated metals sliding on metals showed moderately high coefficients
of friction averaging 0.5, but some metal couples had coefficients of
friction in excess of 1.0. There was a general trend toward low
Coefficients of friction with metals having a high hardness. This trend
is in agreement with that observed by other investigators: In addition,
the coefficients of friction were usually higher for metals having a
high material solubility.

A coefficient of friction experiment was also programmed for the
Ranger 2 flight. However, a malfunction in the second stage of the
space vehicle occurred and Ranger 2 was injected into a low-~altitude
orbit, Only a very limited amount of friction data was received from

the spacecraft, and it was insufficient to be analyzed and was not
included in this report.

-

2. ORS Cold Welding and Friction Experiments

A series of cold welding and friction experiments in the space
environment are being conducted by the Air Force Rocket Propulsion
Laboratory. According to a trade publication, the first of thesc

94

Lo




 —— e e e

*oudAyIvoron|yer3nA10d wamsx
*pojidde &jxadoad jou Lpudredde sea JULILIGUYDI M OI.IIPIL JUO L0 PIPIVISIP DI9M BIL( paxx
+A10A1300d 892 ‘sOpounUONIIIF~yd Iy pue UCNIDIIF-MO] 105 IZuXdAY i

*feuywiou ‘wda ¢ Iy

o N 1o S1°0 aseodxn 982V Lojle uoay +202 4offe wnurwny
¥io AR w2170 25TIID 982V 4olre uoar Aorre 12ddop
s0°0 rz°o 80 °0 asedan 982V Aojje-uouy obedy 19918
LT A 02°0 wox9l °0 08edID 982V Ao(ie uod] 982V Aofre uoag
AsIp uo
suUxny 0f 193¢ 01°0 DOt 104 €10 Lreo k4 B} 23e1d plon 982V fo(re uoag 982V Aoyie woay
HsIp uo o
suam Q01 49T 40°0 DOV 204 9% °0 Lo G20 ojerd 1oa1tS 982v Lo[le uos] 982V 4ojie uoag
100 60'0 4 ] H81p uO 982V Aoyie uoag Aotpe z2ddod
20°0 F1eo 60°0 apynsig 98¢y 4ofye uoda $202Z Aojie wnununiy
suim o X p 20Yyv wnua pqiiott
01°0 01 90°0 :88duys U P[{ad ZgOW S04 L0'0 80°0 L1°0 popuog 982V 4otje uoxg oFer 19918
suamy o[ v
620°0 fZsop-offouayd ‘Dobp uo DO 204 €0°0 60°0 ri'o drjoudyg 982V Aofre uoxy 982V Aojitruoay
Msip uy
10'0 L0°0 10°0 poreudoxduwuy $202 Lofre whunwnyy
' 2pYINSIp ’
s0°'0 S0°0 ¥0°0 wnuapqh oW 1aqy sserd Jdrd D0vy 1998
20°0 S0°'0 £€0°0 duoN oprqaed uoisduny [cCaRss
800 90°0 20°0 duoON, £202 Lotfe wnunrunyy Fard
20°0 ¥0°'G 20°0 QUON 9gzv-4oiie uoa wpxs JILd-
suany 0f 1215¢ 9¢ 0 L00 91°0 it°o ¢ SUON ol114 2R CI2 1 2PIXQO WhURUNIY
810 91°0 02°0 PUON apiqred ussduny D0F¥ 19918
09°0 8¢ "0 £€°0 SUON 982zv Aojie uoly oreE 10038
L2°0 2€°0 €2'0 SuoN 982v Aofle uoxy $202 4ojje wnununiy
SFF 0 €50 €0 auoN Koxje xoddoD orizv Aol uoay
suany of 1oyv ¢p°0 or°o 81°0 L0°0 QUON 00¥¥ 10938 D0%b 19935
fIYOJI8 O L3P LG°0 03 2€°0 €€ °0 L9°0 95 °0 QUON y202 Aoyje wmnununyy P20 "~ Aol wnumuniy
803018 01 20T 6L °0 03 09°0 iB8TIq 104 [ M) €L°0 82°0 duoN Kolre xaddon Kopre xaddon
29°0 0S°0 92°0 SUoON 982V 4oyje uoay 982V Aojre uol]
suany 0103 01 203je 'O oV 0 9170 ¥E°0 JuoN xoddon ¢ uaisfung,
0oL°0 220 8€°0 uoN x2ddog, 194118
99°0 ¥6°0 €Z2°0 QUON goddon wnu Ny
a0 R2E0 wh 2l IR2ZT0
suIny 01 O1 01 L93ye 06 °( 950 29°0 02°0 QuUoON xaddo) 12DIN
unnde A ug MWW ‘Ul PR O] juedriqny . ystg I0p1y
‘IUDIDYYJOOH uoIdLI g 00€t ©1 008 001 01 0§ 0€ 01 6
eieg Adnyesonty i "ON i *ON iy *ON
Aiquuassy Liquuossy Aiquossy ,
1 128uey wnnodoeA W3yoay
1adudg uy fqen ur LIy ug

511 SIUDWIUOITAUS [RII}ISOIID T,

pue 9oedg 9y} Ul PO3ISIJ, STRIIDIBIN IO0J UOIIOIIF JO SIUDIDIFIOO0D °*AIX °i9el

95

|
m
|
,
!
|
!
|
!
W




- ey
&
10 IN AR, ’ IN LABORATORY B IN FLIGHT,
1 PRE-FLIGHT, VACUUM, RANGERI
o9} 4 ASSEMBLY NO. 4 ASSEMBLY NO. | ! ASSEHR.Y NO. 4
" 4 15-30 min 50-i00 men 800-1300 min
Z 08t )
o - g
5
g o7
w . f
|3 o6} E § k)
© N Ak ;
- F 4 >
z ostil |H B
W H H B :
2 o4FiH IH nE ¢
i 1 |8 T ! I
8 03 s 2 'E ’%¢
O < N UH /
H df 1 Ak
2Iad dd dE 4 UE
AH UH UH 4. q BB
Ol ’{ ‘; 2 “'
rl &l A A B 3 g
' ’5 83 : /
A8 HH BB q HE
o\--l' - ‘- ~ e Mg’ p N
NICKEL SILVER A286 2024 A286
ON ON ON ON ON.
COPPER | COPPER A2086 2024 COPPER
Tm&mmmm 2024 440C

ON
COPPER COPPER COPPER ALLOY 440C A286 TWGSTENCARNJE

Figure 43. ‘Toefficienis of Friction for Unlubricated
s Metallic and Ceramic Materials'!*
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experiments (ORS-2) was scheduled for flight in May 1966. This
research satellite contzined eqguipment for five cold welding experiments!!®
The second satellite, designated ORS-3, is scheduled for flight in
December 1966 andcontains equipment for a2 number of friction experi-
menis. The octahedralresearchsatellites (ORS) have been designed

and constructed by TRW Systems.

a. Cold Welding Experiments o

3t
-

Laboratory tests in ultrahigh vacuum have shown that
cold welding between atomically clean metal surfaces can occur when
the surfaces are cleaned in a vacuum. However, such data do not
provide a definite answer to the question, ''will significant cold welding
occur under actual service conditions?" The ORS cold welding experi-
ment was designed to answer this question by acquiring data in the space
environment1®s 117 These data could also be used for a cross-compari-
son of space flight results with laboratory testing results.

With the ORS-2 satellite, five cold welding experiments can be
incorporated and flown in-z single satellite. Four valves, actuated by
solenoids, can.be used to evaluate four material combinations that serve
as the valve seat and poppet. The {fifth solenoid actuator can be used to
open and close eight metal-to-metal contacts. The adhesion and friction
properties of the materials to be evaluated by in-flight tests were
determined duringan earlier program sponsored by the Air Force Rocket
Propulsion Laboratory at the National Research Corporation?” Figure 45

shows the material combinations incorporated in the flight:-experiments.

The valve experiments, V; - V;, will be accomplished with four
solenoid valves in which different materials are used for the valve seat
and poppet (Figure 46). The body of the valve has beén modified to
permit maximum exposure of the test surface the vacuum of outer
space; however, the surfaces are self-shielded from radiation. Each
of the valve experiments will be cycled periodically. from a normally
closed position over a period of about six months. The frequency of
actuation will result in about 50,.000 cycles for each valve.. Since it is
known that the présence of contaminants has an important bearing on
adhesion, equipment will be incorporated in each valve to produce
camphor vapor during the first 30 days of flight. Then, the supply of
the contaminant vapor will be shut off, and the valve will continue to
operate in the normal space vacuum for the remaining five months of
the flight. The valve actuation and the occurrence of cold welding will
be detected by monitoring the solenoid coil current.
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MATERIAL 440C 17-4PH WC 2014-0 Al OFHC Gu
440CS. S. - _ p'e i | v S Se
17-4PH S. S. Ss Vs S St
TUNGSTEN CARBIDE (WC) Vs X X
2014-0 Al T ’ Ss X
OFHC Cu Sz

EXPERIMENT DESIGNATION

VALVE EXPERIMENTS (NORMALLY CLOSED)
V, 440C x 17-4PH
V,  440C x WC .
V; 17-4PHx WC
Vi, WCxWC

SUPPLEMENTAL CONTACT EXPERIMENTS (NORMALLY OPEN)
S,  440C x 2014-0

S; OFHC x OFHC

S;  2014-0x 2014-0
S5 WCxWC

Ss .d7-4PH x 17-4PH
36 177‘ -4PH x OFHC
S;  17-4PH x 2014-0

Sg 440C x OFHC

MATERIAL CALLOUTS

1.0 440C QQ-S-763 Rc 55-60
2. 17-4PH AMS 5643 H-900
3.  WC CARBALLOY TYPE 44A
4. OFHC Cu QQC 502

5. 2014-0 Al QQ-A-266

Figure 45. Contacting Materials and Experiment Designations'!?
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The fifth experiment, designated S, - Sg, will use the same solenoid
actuator mechanism that was used on the valve experiments. However,
the unit was modified to permit the closure of eight normally open
contacts as shown in Figure 47. The geometry of the contactor experi-
ments and its satellite mounting was designed to expose the contacts
to the effects of solar radiation and the vacuum of outer space. When
the solenoid is energized, the eight contacts are closed and the
occurrence of cold welding will be detected by the increase in time
required for opening the contacts. The contacts will close and open
approximately 400, 000 times during the six-month test cycle.

The valve mechanism that will be used for both types of cold
welding experiments was- selected following an extensive testing pro-
gramlt® During these tests, six commerically available solenoid

valves were evaluated on the basis of the following tests:

1) Life.

2) Leakage rate between seat and poppet.
3) Vibration.

4) Actuation time.

5) Pull-in voltage.

6) Thermal shock.

Following the selection of materials, ciie contactor experiment
and two valve experiments were tested in a vaccum of i0~% to 10-7
torr by the Air Férce Rocket Propulsion Laboratory!!? Eachvalveunit was
actuated 96,000 times and the contactor was actuated 768, 000 times.
No evidence of adhesion or cold welding was observed during these
tests. Four calibrated valve experiments and one contactor experiment
were further tested by the Naticnal Research Corporation!?® Before
actuation, the experiments were thermal-vacuum conditioned-at 200°F
in a vacuim of 1078 torr for three days. After cooling to ambient
temperature, the pressure was reduced to 10-'? torr for testing. Over
a period of 57 hours, the valve experiments were subjected to 64,980
cycles of opening and closing and no evidence of adhesion was noted.
The contactor experiment was cycled 482, 480 times during the test
period, again no evidence of adhesion was observed.

The tests under simulated conditions indicated‘that adhesion between

the selected material combinations should not be a problem. However,
these data must be verified by the in-flight tests in a circular orbit
having an altitude of 2000 nautical miles.
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Figure 47. Cross-Section Sketch of the ORS-2 Supplemental Contact
Experiment (Scale 4X)7
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b. Friction Experiments

Friction experiments will be carried on the ORS-3 research
satellite that will be launched into an orbit having an apogee of 60,000
nautical milés and a perigee of 4000 nautical miles. Frictional surface
operating ih the space environment is affected by the sublimation and
evaporation of lubricant films or residual contaminant films. If the
surfaces became sufficiently clean, the frictional {forces mayincrease
due to metal-to-metal adhesion on a microscopic scale. Experimental
evidence shows that the coefficient of friction increases when sliding
surfaces are in contact in an ultrahigh vacuum. There are numerous
propulsion system functions where friction can be encountered such as
in valves, linkages, gears, etc. Thereforea fricéj;gn experiment was
designed for the ORS-3 satellite. Its main objective was to measure
the change in the coefficients of:-friction for a number of metal-to-metal,
metalzto-dry film, and self-lubricating combinations during long-time
exposure in the space environment. It is planned to usc these data to
calibrate a vacuum test chamber, so more meaningful data can be
obtained in future laboratory studies.

The preliminary design of the friction experirhent has been
completed.!?!» 122 The equipment was designed in a modular method so
that identical friction modules could be placed in a laboratory vacuum
chamber and in the ORS-3 research satellite. In this way, a direct
comparison of laboratory data and data obtained in the space environ-
ment could be made. It is planned to install two such modules (eight
friction couples per module) in the spacecraft.

The experimental configuration produces sliding motion between 16
different pairs of frictional surfaces. A sliding or reciprocating motion
was selected over rotary motion because a range of sliding velocities
could be readily investigated, and all surfaces except those being tested
could be sealed. The flexure arm assembly is shown in Figure 48. This
assembly includes strain gages to measure the frictional drag and the
force that is applied normal to the test specimen surfaces. Provisions
are made so the normal force can be adjusted to a selected valve. An
overload release is also provided to prevent stoppage of the module
drive mechanism in case of seizure of the test specimens. The eight
reciprocating flexure arm assemblies are driven by a direct-current
motor. The equipment design lifetime was: based on a six-months active
period; however, this could be shortened or lengthened. The frequency
of sliding was selected as one cycle per 10 scconds.

A laboratory model of the friction experiment rmodule was designed
and constructed. Its performance was evaluated in air, and the
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PIVOT AXIS

NORMAL FORCE

STRAIN GAGE FOR STRAIN GAUGE FOR
NORMAL fORCE FRICTIONAL DRAG

DRAG FORCE
FLEXURE

NORMAL FORCE
FLEXURE

STATIONARY TEST

SPECIMEN
RECIPROCATING
TEST SPECIMEN

Figurc 48. Flexure Arm Assembly for Friction Experiment!?

coefficients of friction were determined for such material combinations
as tungsten carbide to 17-7 PH stainless steel, 2014-T6 aluminum alloy
to 6061 -T6 aluminum alloy, 17-7 PHstainless steel to 440 C stainless
steel, and 17-7 PH stainless steel to mild steel.

Additional design verification and development testing will be
performed before the design is finalized. The materials to be tested
have notbeenselected yet, but it is expected that sixteen material
combinations will be chosen from the following four groups:

Engineering alloys.

Elemental mectals.
Self-lubricating solids.

Thin films or solid film coatings.
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3.  Other Experiments

Undoubtedly, other experiments on.adhesion and friction
phenomena in the space environment are in the planning study. For
example, MSFC is planning to study the positive and negative aspects of
cold welding in the near future. During a manned space flight it is
planned to remove a priiited circuit board from an assembly, and effect
a repair on the circuit board. Adhesion cr cold welding should not

prevent removal of t+ circuit board from the connector, yet this same

phenomenon may be useful in repairing a defective component or

connection.
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Section Y. CONCLUSIONS

There is an abundance of information on the adhesion or cold weld-
ing of metals in a vacuum simulating the conditions of outer space;
hoéwever, there is little direct correlation between these data because
of the manner in which they were acquired. This is understandable,
because the objectives of research programs vary from fundamental
studies on adhesion and friction to the development of lubricants for a
specific application. Also, there is a complete lack of standardization
in the selection of a test specimen, the method of surface preparation,
and the test procedures. This situation is analogous to those existing
in other areas of space research. It has been reported that the thermal
properties of surfaces in the space environment varied as much as 10 to
30 percent from the data acquired in a simulated space environment.
Even more discouraging was the lack of correlation between data
obtained by different organizations. It has been recommended that data
on the thermal properties of solids be accompanied by a complete
description of the surface; i.e., the surface preparation, surface
roughness, presence of films, etc. Similarly, some degree of standard-
ization in the methods of acquiring data on adhesion phenomena is
desirable but unlikely, because there are disagreements regarding thé
basic nature of adhesion and the relative importance of the variables
that influence adhesion.

There are numerous methods. to acquire data on adhesion and
friction. Aside from the physical geometry of the specimen, its surface
condition, and the test environment, the occurrence of adhesion is
influenced greatly by the magnitude and type of loading. For example,
at Syracuse University adhesion is being studied by touch-contact
procedures. At Hughes Aircraft Company, National Research Corpora-
tion, and others, appreciable loads are applied in determining the
static adhesion properties of materials. Qther organizations areinvestigat-
ing the dynamic adhesion properties of rnaterials with widely varying
contact loads and types of motion. Thus, the lack of correlation between
adhesion and friction data is hardly surprising.

As discussed below, there is substantial agreenient on several
aspects of adhesion:

1) Surface Contaminants - Regardless of the exact nature of the
mechanism that causes.adhesion, the presence of oxides and
films of adsorbed gases on metal surfaces prevents metal-to-
metal contact and minimizes adhesion.
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2) Motion - There is uniform agreement that adhesion is promoted
) by the relative movement of the contacting surfaces. Such
movements remove surface contaminants and increase the
real area of contact.

3) Environment - All of the experimental evidence indicates
that adhesion is more likely to occur in a vacuum than under
standard atmospheric conditions. There is the possibility
that contaminants can be removed from surfaces by evapor-
ation or dissociation in a vacuum. Even more important is
the slowness with which surface contaminants reform in a
vacuum once they are removed. The occurrence of adhesion
is minimized at low temperatures. Elevated “2mperatures
promote diffusion between the melting surfaces and relax the
stresses induced by deformation processes.

4) Material Properties - While there is general agreement that
the occurrence of adhesion is related to the physical and
mechanical properties of mateéerials, there are few instances
where enough supporting data have been acquired to relate
adhesion to a specific material property. The experimental
data indicate that adhesion is minimized when the'cont_act
materials have a high hardness, high elastic modulus, and
low ductility.

5) Loading - Contact loads promote adhesion by increasing the
real area of contact between the mating surfaces.

1. Prevention of Adhesion

On the basis of current knowledge, several suggestions on
minimizing or preventing adhesion between metal surfaces can be
discussed. As mentioned briefly above, metals having a high hardness,
high elastic modulus, and low ductility should be usedifor contact sur-

faces. The adhesion between such materials is weak, bécause the real

area of contact is minimized; also, it is presumed that bonds between
the surface asperities fracture when the load is removed and elastic
stresses become effective. Contact loads near the yield stress of the
material should be avoided. Loads which cause plastic deformation

are deceptively low, because the real area of contact is a small fraction
of the apparent area of contact. To minimize adhesion, the ambient
temperature should not exceed one-half of the absolute melting temper -
ature of the contact materials. High temperatures can promote adhesion
by relieving stresses and increasing diffusion processes. Obviously,
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sliding motion between contacting surfaces should be minimized where-
cver possible, because of its effect on surface oxides and films. To
furthcr minimize adhesion, the usec of wear- and vacuum-resistant
surface films and lubricants should be considered.

While therc is gencral agreement on the eifectiveness of the above
measures in reducing or preventing adhesion, the measures in the
following paragraphs are subject to discussion and warrant further
investigation.

a. Dissimilar Metals

Some difficulty in obtaining significant adhesion between mutually

insoluble metals has been experienced, but investigations have shown

that mutually soluble metals and most partially soluble metals can be
bonded readily. However, the usc of dissimilar metal couples to
minimize adhesion should be approached with caution, since some
mutuaily insoluble metals have been successfully roll bonded. In
addition, significant adhesion between certain c¢f such metals has been
observed in an ultrahigh vacuurn by Keller and Johnson®® and Golego‘:’7

b. ‘Crystal Lattice Structure

Therc is considerable evidence that metals with a hexagonal
crystal lattice structurc do not bond as easily as metals with a cubic
lattice' structure. Rescarch with certain rare-earth metals which have
a hexagonal structure at room temperaturc showed that the coefficients
of friction for thesce metals increased significantly when they transformed
to a cubic structure at elevated temperaturcs.’”” Sikorski* ¥ has also
accumulated considerable evidence to show that metals with a cubic
crystal lattice structure bond more easily than those with a hexagonal
structure,.

c. Atomic Volume and Diameter

Sikorski®® has shown that the coefficient of adhesion generally
increases with the atomic volume. The effect of atomic diameter on
adhesion has also been investigated by Golego’’ who showed that the
coefficient of {riction was particularly low when the contacting metals
had widely different atomic diameters.

2.  Promotion of Adhesion .

In general, the positive aspects of adhesion, i.e., the tendency
for contacting materials to bond, can be emphasized by reversing the
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recommendations for mainimizing adhkesion. Thus, to enbance adhesion,
the following should be used: ’

1) Metals having low ha. dness, low elastic moduli, and hLigh
ductility.

2) High ambient temperatures.

3) Ultrahigh vacvum conditions.

4) Sliding motion between contact surfaces.

5) Unlubricated surifaces.

In addition, mutually scluble mefals should be used as contact materials,
and the use of metals with a cubic crystal lattice structure should be
considered.

3.  Electsical.Connections in ¢ Space Environment

Adhesion phenomena can significantly influence the behavior
and performance of electrical contacts and connections in the space
environment. Certain electrical components such as switches, potentio-
meters, and connectors depend on sliding motion to ensure good contact
between mating surfaces. Thus, one of the major prereqguisites for
promoting adhesion is fulfilled by the operating characteristics of such
components. Sliding motion also produces wear particles which may
promote additional adhesion and are a poiential source of noise in low-
ievel electrical circuits. It is evident that 2 sound understanding of

adhes:ion processes is necessary for the successful operation of elecirical

components in the space environment.

The use of the measures suggested for minimizing or preventing
adhesion is enccuraged to prevent seizure of electrical contacts in space.
However, trade-offs in the selection of contacting materials will be,
needed. For example, molybdenum is a hard metal that has a high
modulus of elasticity and limited ductility. From the standpoint of
preventing adhesion, molybdenum is an excellent choice as a contact
material, but it is a relatively poor conductor of electricity. The
resistivity of molybdenum is about 5.2 microhm-centimeter while that
of silver is only 1.58 microhm-centimeter. On the other hand, silver
will cold weld readily in an ultrahigh vacuum. However, small guantities
of molybdenum as a constituent in a dry film lubricant have been
incorporated in a silver-copper-molybdenum disulfide contact material
for slip-ring brushes with good results. Thus, the benefits associated
with the superior lubricating properties of molybdenum have been
realized, while retaining the high-conductivity properties asscciated
with silver and copper. The use of gold or silver thin films as lubricants
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to prevent adhesion has been accomplished with some success. Current
cold welding and friction experiments in the space environment should
be followed closely to-determine the likelihood of seizure of potential
eiectrical contact materials.

Measures to promote adhesion have also been suggested, but th:
may not be directly applicable to the repair of electrical connections
and components in the space envircnment. Special tools whose design
is based on cold welding principles will be useful for such applications.
However, the following use of certain commercialiy available equip-
ment and procedures should be considered zlso:

1} A miniaturized version of the "wire wrap" equipment d/eveloped
by the Bell Telephone Laboratories may be useful in joining
wires or making wire-to-terminal joints. Metal-to-metal
adhesion occurs in the terrestial environment as a result of
the wrapping process. Stronger adhesion forces should be
experienced in the space environment.

2) The thermo-compression bonding method developed by
Christensen and Anderson!?®> may also be useful in space
jeining operations. Fine wires have been attached to semi-
conductor chips at moderate temperatures and pressures by
these procedures. The mechanism of bonding is primarily
adhesion. In a variation of this joining method called twist-
compression bonding, shear stresses produced by twisting
the wire against a metallized substrate promote adhesion
at ambient temperature.

3) Work is currently underway to develop exothermic joining
processes that can be used in the space environment.!?* While
these studies are directed toward brazing operaticns that are
conducted at relatively high temperatures (approximately
1100° to 1800°F), the existence of a seli-contained heat source
that can be used in space is significant. Since a moderate
increase in temperature promotes adhesion, small exothermic
heat sources may be useful in repair operations.

4) Simple repairs in electrical circuitry may be possible by
removing surface contaminants by abrasion, so that metal-to-
metal contact between mating surfaces can be achieved.
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Section Vii. RECOMMENDATIONS

As mentioned in earlier sections of this report, there is an
abundance of information on the adhesicn of metals exposed under
conditions that simulate the vacuum of outer space. However, there is
little correlation between the data because of the diverse methods of
data acquisition used by organizations active in this area of research.
To realize the full benefits of this information, it is recommended that
the data from all sources be assembled and analyzed to establish
agreement for coefficients of adhesion and friction for various metal
combinations. It is expected that considerable agreement already exists_
for elemental metal samples; understandably, there is much less
agreement for couples involving complex structural alloys. The data
relating adhesion to the physical and mechanical properties of the
metals should also be analyzed.

Once agreement between the adhesion data is established,. the

information can be used as a basis to predict the behavior of materials
in the space environment.
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