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SURFACE FRICTION OF RCCK IN TERRESTRIAL
AND SIMULATED LUNAR ENVIRONMENTS

by J

Wallace W. Roepke! and Syd S. Peng?

>

ABSTRACT i

The conventional probe-on-the-rotating-disk concept was used to de-~
termine the surface friction in mineral probe/specimen interfaces. Nine
rocks or minerals and two stainless steels were £ested in both new (NT)
and same track (ST) tests under three different pressure environments
(atmospheric, UHV, and dry nitrogen). Each environment was further sub-
divided into two testing conditions, that is, ambient and elevated (135° C)
temperatures. In NT tests, friction was the lowest in an atmospheric
pressure condition for all rock types and increased to the largest in UHV
ambient condition except for pyroxene and stainless steel. Friction values
measured in dry nitrogen ambient condition lie between the two extremes.
Heating tends to increase friction in atmospheric and dry nitrogen environ-
ment but decrease in UHV environment with the exception of stainless steel,
basalt, and pyroxene. In ST tests, friction was the lowest in the first
run and increased in subsequent runs except for stainless steel where the
reverse was true. The increases leveled off after a few runs ranging i.um
the second to the seventh depending on rock types. The effects of environ-
ments on the friction in ST tests followed those in NT tests. Possible

mechanisms of these changes in frictional values are presented based on

fPrincipal vacuum specialist
“Mining engineer. (Now with School of Mines, West Virginia University,
Morgantown, W. Va.)
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the frictional traces, surface profiles of the specimens before and after
the tests, and videotaped macroscopic inspection of some tests. The char-
acteristics of the frictional traces favor junction adhesion theory of
friction. Several rccommendations for further study are made based on
this initial research work.
INTRODUCTIdN

The U.S. Bureau of Mines studied problems associated with handling

in situ materials on the lunar surface under a contract funded by NASA's

Office of Advanced Research and Technology.3 The cbjectives of these

This work was performed under NASA contract No. R-09-040-001 monitored

by Mr. J. J. Gangler from the Office of Advanced Research and Technology.

studies were to provide support for future manned space missions by
supplying basic scientific and engineering information concerning the use
of extraterrestrial mineral resources and materials handling characteris-
tics. These studies were carried on as a series of coordinated research
projects at several Bureau Research Centers.

Friction tests of simulated lunar materials at the simulated lunar
vacuum were performed in the Rock Physics Research laboratory, Twin Citles
Mining Research Center. Friction characteristics of mineral (Al203) on
rock under laboratory controlled conditions were used to provide basic
knowledge for future improvements in efficiency of drilling and fragmenting

of lunar materials. A large volume of information has been published (1-2)"

Upnderlined numbers in parentheses refer to items in the list of refer-

ences at the end of this report,

on the frictional behavior between metal/metal pairs. Research on the
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rock/rock friction, however, has received very little attention. It was
not until the early sixties that researchers started investigating the
frictional characteristics of rock/rock interfaces (3-5). Since then,

several studies (6-12) of friction between rock/rock interfaces under
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' o various conditions have been made but none of them evaluate the effects

s

) . of the lunar environment.

- . This paper presents the experimental results of surface friction be-

¥
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iﬁ i tween a mineral probe and nine types of rock and two stainless steel speci-
i mens, Friction was measured in atmospheric, ultrahigh vacuum, and dry ni- !
trogen environments. For each environmental condition two temperature

levels (ambient aud lunar day (135o C)) were considered. For each mineral
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probe/specimen pair, the friction was measured for both new track (NT) and
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same track (ST) tests. In the NT test, the mineral probe traveled along

o e A R

g ;% a new track for each test in the set whereas the probe in the ST test trav-
’ = eled along the same track on the specimen surface for every test in the

EE set. The NT test simulated the friction between a moving object and the

.

, virgin surface. Any original surface condition which might affect the

g} friction coefficient (that is, w: .r molecules, surface oxide film) were

present at each test. The objectives of the ST test were twofold: (1)
the frictional effects or the rock surface caused by gradually removing
any contaminating layer (for example, water vapor, oxide) and (2) the

possible effect of cumulative debris generated during each test run on

the frictional characteristics.
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Since the exact surface state of rock on the Moon was little known
at the time this work commenced, the worst possible testing criteria were
considered to be those conditions which would present an ultraclean sur- %
face indicating a totally outgassed material. Such an ultraclean surfacea
condition for the test samples was considered, for purposes of this proj-
ect, to be the "worst case" testing condition. This testing was performed
on the assumption that the Moon's exposure to hard vacuum, radiation, and
particle bombardment over a long geologic time span had produced a lunar
surface that was totally outgassed to a considerable depth thereby pro-
ducing rock surfaces that approached an atomically clean condition. The
intent of the research being presented was to approximate this hypothe-
sized condition as closely as possible for maximum validity of test re-
sults.

Experimental Apparatus and Procedures

Equipment used for this research included an ultrahigh vacuum (UHV)
system for lunar vacuum simulation to 5 X 10 !! torr and auxiliary meas-
urement devices for accurately determining conditions in the ULV chamber
during testing, a specially designed experimental apparatus for measuring

friction between mineral/mineral or metal/mineral pair and associated

RPN

data acquisition system (fig. 1). In addition, a profilometer was used

FIGURE 1, -~ Environmental Control System for UHV Friction Studies.

to measure the surface roughness and waviness of the specimen before and

after the tests.

S, TOWL TS RPN SAN

The detailed design of the UHV system and friction measuring device

has been published (16). Eleven specimens were mounted on the periphery
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of a circular disk (fig. 2), which was rotated at a constant speed during

FIGURE 2, - Closeup View of Experimental Friction Apparatus.

testing. The friction measuring device was designed so that the position
of the friction probe could be adjusted both horizontally to apply the
normal load and vertically to vary the track position on the sample. This
arrangement allowed several hundred tests on either the same or unused
surfaces during one pump-down. The normal and tangential forces at the
probe tip werc reccrded continuously during the testing.

The sapphire probe used was hemispherical with a radius of 0.032 inch.
During testing, the position of the probe was fixed with a constant normal
forcc of 100 grams applicd against the test samples. The test samples
were moved at a constant speed of 1.847 mm/min during each test. The nor-
mal force was chosen to maximize surface friction while minimizing effects
caused by ploughing (1-2). This nominal force was proved valid as shown
in the TV monitoring to be discussed later. Since friction is dependent
on temperature induced at the interface, high speed of specimen rotetion
was not desirable, thus a nominal low spced was chosen. Only one normal
load at one nominal speed was used to limit the test volume. In each
test the tangential frictional force and the normal force (100 grams) were
continuously monitored on separate analog channels as the probe traveled
on the specimen surface for a distance of approximately 14 mm., The tan-
gential forces will vary from point to point over the specimen surfaces
tested, whereas the normal force remains constant, Continuous output of

the ratio of the tangential force to normal force was plotted as a curve
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FIGURE 2.- Closeup View of Experimental Friction Apparatus
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on a strip chart recorder. The area under this curve was 1nteérated
electronically and plotted as another curve to obtain the total area.
This total area was t?en divided by the total chart distance covered

in the test to give the average area under the curve, This average
area was then converted to the average kinetic coefficient of friction,
By through calibration.

Each friction measurement was performed under several differ-:nt
conditions. Three environments--atmospheric, dry nitrogen, and UHV--
were each used witﬂ two different temperatures--ambient and 135° c.

All these environments were produced and tests were conducted in the
same UHV charber. The chamber provided an ideal test vehicle even at
atmospheric condition because it prevented fluctuations which might
othervise be caused at the strain gage bridges by convective air cur-
rents. A supplementary air conditiorer and a dehunidifier were used
to help control the ambient environmental conditions. Tempcrature vas
maintained at 22° j}o C in the laboratery. The UHV system was never
opened when the relative humidity exceeded 35 pet (6.8 g/cu m of water
vapo1l, absolute), at 22° c.

All N{ tests performed at ambient or elevated temperature in UHV and
atmospheric conditions consisted of sets containing 10 to 20 measurements
for each sample. Since quartz was used as a standard reference the largest
data sets were obtained for this material. The sets for atmospheric pres-
sure at elevated temperature and dry nitrogen ambient and elevated tempera-

iure conditions consist of one, two, and three measurements, respectively,
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because they prove to be within the trend indicated by earlier.tests in
the other environmental conditions. 1In ST testing, friction results were
only obtained under dgy nitrogen and UV conditions. Only cne s~* .~ data
was obtained for each'sample, that is, tests werc performed or «me itra

and consequently the friction data shown later were not the avecrage values
of several measurements as those in NT tests. A set of data consists of

3 measurementc for dry nitrogen at elevated temperature and 6 mecasurements
for dry nitrogen at ambient condition, whereas 10 to 16 measurements were

made under both UHV ambient and elevated temperature conditions.

Specimens and Specimen Preparation

Based on the results obtained by others (13-14) from lunar photom-
etry, radar, and telescopic observation, the U.S. Bureau of Mines, Twin
Cities Mining Research Ceater established a standard sulte of igneous
rocks (15-16) which most closely simulate the lunar materjals. Among
these yock types, the tholeiitic basalt was closest to the chemical
analysis of the returned lunar materials (16). Accordingly, tholefitic
basalt was chosen as the major test material. The other materials
chosen for this study were major minerals within basalt or they provided
reference points which cculd be verified in the literature. Andesine,
feldspar, labradorite, magnetite, and pyroxene fall into the first cate-

gory whereas quartz and stainless steel fall into the second one. Two

types of stainless steel specimens were used: one with surface polished

e
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with 0.03 um Al,0;, and the other with 40 um A1,03. Dacite was chosen
for this study also, because of its outgassing characteristics, even
though it does not fall into either of the two categories mentioned.
Outgassing effects were considered essential to stabilize samples at
equilibrium with the vacuum enviroument. Therefore, a considerable
effort was made prior to beginning the frict .on testing %o establish .
these outgassing characterictics. This work, reported earlier (17-18),
showed that dacite outgasses very e.sily due to its high porosity while
basalt outgasses morc slowly since it is much denser. This means that
dacite cleans up interstitially in the UV quite casily while the basalt
keeps recontaminating the surface by interstitially contained water vapor
migrating to the surface. This effecy is readily seen in some of the
data presented later.

To most nearly approach the pristine lunar condition during ULV
testing, specimen preparation was very corefully controlled, All sizing
and finishing was done using only water as the lubricant. While this is
not a desirable element in the finished specimen it is easier to handle

than vegetable base oils which are nct as casily baked out. The samples

e A

were cut in thin slabs (1/8 inch thick by 1-1/2 inches long by 3/4 inch 3

L

wide) from the bulk material. The surfaces were lapped by stages to a

ot

final finish with 400 mesh Al,03 (40 um). All surfaces, except one stuin-
less stecl reference specimen, received the same surface finish. The A

steel reference specimen had a surface polished with 0.03 um Al;03. The
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relative surface textures for ail of the test samples are shown in figure 3,

—

FICURE 3. ~ Fnlarged (X 10) View of the Specimens Showing Relative Sur-
face textures: A. Sample Wheel With All Specimens Mounted
in Position (X 1/3), B. Andesine, C. Basalt, D. Dacite,
E. Pink Feldspar, F. White Feldspar, G. Magnetite, H.

Labradorite, I. Pyroxene, J. Quartz, K. Stainless Stecel,

—

and L. Stainless St.cl (Polished).

Figure 3A shows the sample whecl with all samples mounted for direct com-
parison, The remaining figures are cnlargements (X 10) of the surfaccs
to show the individual textures. After polishing, these specimens were
placed in a Jow vacuum oven (10"3 torr region) and baked at 135° ¢ for
several weeks. Since the maximum temperaturc on the lunar surface bns
been found to be 135° C, the specimen conditioning and any bakcout in
the UHV system did not exceed this temperature. After this extensive
bakeout for initial degassing, the vacuvum oven was backfilled wi v a
prepurified (ultra dry) dry nitrogen. The dry gas filled a.l voids,
pores, and interstices in the specincns Jduring cooling and helped pre-
vent more than surfacc water vapor contamination during final transfer
from the oven to the UHV system.

EXPEKIMENTAL RESULTS (ST, NT)

Figures 4 and 5 show the typical traces of kinetic coefficients of

FIGUR: 4, - Typical Dynamic Friction Traces for Atmospheric Room Tempera-
ture Condition,
PIGURE 5. - Typical Dynamic Priction Traces {or UHV Room Tewperature

Condition.

friction of dacite, quartz, and stainless stccl at atmospheric anc UHV
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room environments, respectively, The instantaneous coefficien£ of fric-

tion varied from point to point on the specimen surface with the varia-

tions often being very large. This was especially true for dacite and /
stainless steel specimens. The variations for quartz were much smaller.

The areas under these curves were electronically integrated over the

testing distance (1.5 cm) from which the median value was calculated to ‘-

provide the kinetic coefficient of friction. Figure 6 shows the average -

FIGURE 6. - Average Friction Values for New Track Test in Three Environments.

values of friction (uk) for all samples as a function of the environmental
conditions for the NT tests., The black dots show the mean of that data
set and the vertical bars represent the range of data obtained., A set of
data may include 3 to 30 mcasurements depending on rock types and repro-
ducibility (see appendix A). The deviation from the mean was the least
under ambient atmospheric environment and greatest under UHV ambient tem-—
perature environment., Friction was lowest for all rock types under at-
mospheric ambient environment increasing slightly when heoted to 1357 c.
Friction reached maximum with specimens under UHV room environment and
dropped slightly when they were heated to 135° C under UHV condition with
the exception of stainless steel and pyroxene. When the UHV condition

was changed by backfilling the chamber with dry nitrogen, the friction

&
values were between the two extremes of atmospheres and UHV conditions .
for all rock types tested except for pyroxene and stainless steel.
Under the nitrogen condition, as the temperature was increased friction :
increased or decreased depending on rock type. :
j
{
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Figures 7 to 12 show the results of ST tests. For mineral and rock

FIGURE 7. - Friction Measured Under Same Track Tests for Basalt and
Magnetite,

FIGURE 8. -~ Friction Measured Under Same Track Tests for Dacite and
Labradorite.

FIGURE 9. - Friction Measured Under Same Track Tests for Feldspar.

FIGUR! 10. - Friction Measured Under Same Track Tests for Stainless Stecl,

FIGURE 11. - Friction Measured Under Same Track Tests for Quartz and

Pyroxene.

FIGURE 12, - Friction Measured Under Same Track Tests for Andesine.

specimens, the friction increased during the first several runs and then
tended to level off regardless of the environmental conditions under which
tests were conducted., The stainless steel did not show this pattern but
indicated a continuous decrease instead. The rate of increase during the
initial runs on mineral and rock specimens and the numbers of the run
where friction begins leveling off differed with each sample type. Gen-
erally speaking, the shapes of the curves for a ﬁarticular sample show a
common trend under different testing environments.
DISCUSSION

Friction measured at atmospheric ambient environment during NT tests
wvas generally the lowest for all sample types in any environment and had
the smallest scatter in each set of data., This was due to the existence

of water vapor and other contaminating films, that is, oxide, which act

as lubricants on the specimen surfaces (1-2). With the exception of stain-

less steel and pyroxene, friction was highest for all sample types when
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TEST NUMBER

!
| | S R | T | T 1 1T 1T 1 T
B BASALT x UHV, ambient .
B A UHV, hot (135°C) _
- .
1 ! ] | L1 i | ! ] I 1 i l
Il 2 3 4 5 6 7 8 7 8 9 10 I 12 13 14
TEST NUMBER
| T | 1 T 1T 71 T | T I 1
- MAGNETITE X UHV, ambient -
] A UHV, hot (135°C) i
,x.\x-’*
| ] | i | ] 1 ] ] ] | ] | 1
| 2 3 4 5 6 7T 8 9 10 Il 12 13 14 15 16

FICURE 7. - Priction Measured Under Same Track Tests for Basalt and Magnetite,
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tests were conducted in UHV ambient temperature condition., This increcase
in friction value varied for each sample type but ranged from twice that
obtained in atmospheric ambient temperature condition for quartz to 3.6
times for polished stainless steel. These increases in friction were
presumably due to the highly cleaned surfaces produced in UV by reroval
of surfacc water vapor and other contaminauts (19), thus more intimate
contact at the mineral/rock or mineral/metal interface was achieved. When
the UHV testing chamber was backfilled with dry nitrogen at ambient tem-
perature, the frictional values remained approximately the same as those
obtained in UHV ambient temperature condition for quartz and stainless
steel, but increasced for pyroxene and decreased for basalt, dacite, labra-
dorite, and magnetite. These mixed effects for different rock types may
be partially causcd by some inevitable water vapor contaminant in dry
nitrogen although the manufacturer claims that the dew point of the pre-
pure dry nitrogen is better than -90° F. When speeimens in these three
environments are heated to lunar day temperature (135° C), sevcral physi-
cal and chemical effects could occur in the specimens to caange the frice-
tional values. These effects include the reductior in strength of the
asperities, interstitial water vapor driven to the specimen surfaces, and
a cnange in character of the existing contaminating f.ilms, thereby causing
changes to occur in the adhesive strength of the contact junctions at the
interface (1). In the atmospheric elevated temperature condition, the
friction was larger than that in atmospheric ambient temperature condi-
tion for dacite, quartz, and stainless steel. The same increases in fric-
tion were scen for dry nitrogen ambient to the dry nitrogen elevated tem-

perature condition except for basalt where considerable decrease occurred,
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The increase in temperature in these two conditions (atmospheric and dry
nitrogen) removed more water vapor from ‘he specimen surfuce than arrived
from the interstitialzwater vapor. Additionally, althou,h the asperity
strength was weakened appreciably (20), it is hypothesized thet the net
effect was an increasc in adhesion strength of the junction contacts duce
to characteristi~ ~hanges of the contaminating films. 1In basalt, the
domin-tirg factor secemed to be a summation of both effccts. Since the
low porosity of basal. provided slower outgassing 1t is possible that
sufficient contained water vapor remained interstitially to provide a
lubricating film in addition to the dcecrease in asperities strength
accounting for a markcd decrease in friction. In UHV elevated temper-
ature condjtion, the specimen surfaces weve presumably at least as clean
as those in ULV ambient temperatur condition bhecause the interstitial
water driven to the surface tended to vapurize more readily. Therefore,
the decrease in {riction in UHV elevated temperaturce as comparced with
those in UHV ambicnt condition for most rock types was llikely due to the
decrease in asperftics strength (20). No effcet on asperities streprgth
would be cxpected for stainless stecls at this low tempevature, The reason
for the reverse effect on pyroxcne is unknown at tiis time. The visible
track marks shown only in these specimens (fig. 3I-3L) indicate that plough-
ing action could play a large role.

Under the ST tests, with the exception of .:ainlev. steel the fric-

tion valuc on the first test was always the lowest. It increased either

gradually (for example, quartz) or sharply (for example, white feldspar)
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14
depending on sample types during each subsequent run. The friétiun be~
came stabilized at some higher value at a point between the second run,
(white feldspar) and Fhe seventh run, (labradorite). Suvabilized friction
values were: 1,98 times the first run for basalt, 1.8 for dacite, 1.39
for quartz, and 1.16 for pyroxene., A videotape made through a microscope
at X 50 indicated that normally .no visible debris was generated by the
probe and specinen contact. This did not préclude the production of
microscale dust particles, however, which might qcéumulate during cach
run and increase the friction and wear during succeeding tests. Another
event occurring simultaneously during the time the prcbe travels along
the same track wng the damage to the contaminant film. The film was re-
moved or depleted until the friction reached its highest point and stabil-
ized. These two factors contributed to the highest stabilized valucs of
friction which were obtained in this research.

The general trends of environmental effect on friction in rock/rock

or rock/mineral interface as seen in NT tests were repeated ipn the ST tests

for andesine, basalt, dacite, white feldspar, magnetite, pyroxene, and
quartz. Reverse trends were seen for the other samples., This did not
mean the conclusions for the NT test were invalid, because test data in
UHV room temperature condition had the largest scatter (fig. 6) and the
data in ST test represented only a single test run. As shown in figure
10 an opposite effect was seen for stainless steel. Friction on the
first rur was the highest and decreased linearly during the subsequent

runs. %he reduction in friction, however, did not seem to reach stabili-

zation within the test runs.
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Surface profiles of the specimens tested were mapped both before and

after the tests. In figure 13 typical surface profiles for polished stain-

FIGURE 13, ~ Typical Surface Profiles Used to Obtain Average Surface

?

Roughness (C.L.A).

less steel, quartz, and dacite are shown., They were traced along sections
perpendicular to the frictional tracks. No significant waviness was found
for any specimen. No trace of friction tracks left behind by the probe
was detected for any specimens except the stainles; steecls, pyroxene, and
quartz. The other surface profiles, thereforc, appearcd essentially un-
changed. The average suriace roughness for each specimen is shown in
table 1 together with Shore hardness measurcment, Dacite was the roughest
with 165 pin while the polished stainlens steel was the smoothest with
0.394 pin. The apparent inverse relationship between Shore hardness and
roughness indicated that the harder the specimen, the smoother the surface,
Since all the specimen surfaces were prepared by using 40 ym lapping com-
pound, the discrepancy in final surface roughncss can be attributed to
materials inhomogeneity and porosity. The harder components erode less

while the adjacent softer components (matrix) wear more, and the more por-

ous the material, the rougher the average value of the final surface appears.

No direct correlation between surface roughness and friction was found, but
this was expected based on works of others (21).
The videotaped friction experiments mentioned previously were done to

provide a more detailed study of the mechanisms of friction. A photograph
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TABLE 1. - Average surfacc roughness and Shore hardness

(probe radius equals 0.0005 in)

16

Shore Surface roughness
_ i hardness uin um
Stainless steel (polished) 0.433 0.011

.354 .009
Quartz 122.15 8.680 221
Stainless steel 9.570 244
Feldspar (white) 107.30 11.850 .310
Labradorite 162.95 15.900 405
Basalt 101.35 16.100 410
Feldspar (pink) 109.65 17.150 437
Pyroxene 72,30 17.900 .455
Andesine 103.10 26.100 .665
Magnetite 60.75 43,500 1.120
39.300 1.000
NDacite 48,95 165.000 4.200
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taken of the TV playback (fig. 14) shows the friction probe sliding on

FIGURE 14. - Videotape TV Display of Friction Probe on Dacite.

dacite. The probe has a dark tip due to the light angle. No .is'h'e wear
was found along the full track under normal conditions except, however, duc
to high porosity in the dacite. This porosity usually provides several
pits along the track. When the probe drops into a pit, such as that secen
to the upper right of thr probe, it ay produce chips at the leading cdge
and the normal load may be proportionally reduced if the | 1L is very large.
The automatic data acquisition was so designed that the instant value of
both normal and frictional force were used for obtalning the friction traces
shown in figures 4 and 5 and any change in load would not causc a major
variation in the average value of friction.

Current friction theories all state that the interface of two solids
in contact consists of minute junction spots which carry the full load im-
posed at the interface. Therefore, the true contact arca is always much
less than the apparcent geometric area. The existence of contaminant films
between contacting junctions at the interface will cause further altera-
tion in the true area of probe/specimen contact. Friction is the average
value of the forces required to shear these junctions which are continuously
being formed and broken during the course of sliding. Two basic phenonena
may be associated with this average valuc of friction. One is that sliding
on these junctions must be a discrete, discontinuous process. The numerous
peaks and valleys on friction traces shown in figures 4 and 5 substantiate
this. The other phenomenon is that the cleaner the surface, the more in-

timate contact becomes between the junctions which provides an increase in
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friction, This was also observed in the study. Under UHV conéition the
surface is supercleun resulting in more intimate junction contact. As a
result, the friction ?nder UHV is much higher than that under atmospheric
condition. One specific point which deserves mention is that study fol-
lowed the tradition in friction rescarch by presenting the results in
terms of a single-values friction coefficient. Since the coefficient of
friction varied over a wide band (figs. 4-5), this single-valued “riction -
number did not contain any information about the number of occurrences
or magnitude of any given peak or valley in the friction traces. There-
fore, two materials with the same average coeificient of {riction (uk)
can have two very different friction traces (figs. 4-5) and will wear or
fragment in very different ways ultimately.
CONCLUSIONS

It has been shown that environment definitely affects the mcasured
frictional values for mineral/mineral, mineral/rock, or mineral/rock inter-
faces, The drier the surface, the higher the friction and this was true
for all rock types tested. The increase in friction between atmospheric
and UHV ranged from 2 to 3.6 for thc sample types tested. The effect of
temperature was positive in atmospheric pressure but negative in the UHV
condition,

The mechanisms and extent of influence that the different environments
and temperatures had on friction are complicated and are highly dependent

on the material properties such as the fabric, porosity, and permeability.
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Repecated traveling along the same track usually increased the friction
regardless of testing environments. The increasc tended to stabilize
between the second and;seventh run,

The junction theory of friction seems applicable to the friction
between probe/mineral interfaces a< evidenced by the numerous peaks and
valleys occurring along the friction traces.

Since the Apollo missions seem to confirm the worst case condition,
which was assumed in the original premise of this résearch, it appears
that the experimental conditions nearly approximated those of the lunar
surface. Drilling and other fragmentation techniques in the lunar en-
vironment may require changes in techniques due to the incrcased friction,
This increase will be less in lunar day temperature for works involving
friction of mineral on rock, or rock on rock, than in lunar ambient tem-
perature condition, but larger for work with mincral/metal or rocl/metal
contact. This will be true for both surface and subsurface endeavors
and will include fragmentation by drilling and other techniques.

RECOMMENDATTONS

Based on the results of this initial effort, several areas of fric-
tion in mineral/rock, metal/rock interfaces nced further investigation.
These include the mechanisms of friction and the effect of temperature.
This work should be enlarged to include a study of static friction, stick-
ing frequency, and magnitude of sticking and their relation to fragmenta-

tion and wear. The mechanisms of friction must be investigated by direct
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correlation of friction traces with the microstructures of the.specimon
along the testing track. This could be assisted by videotaping through
a microscope of the fgiction test to provide an enlarged view of the inter-
face area, The temperature effect should be investigated by studying the
chemical and physical changes in specimen surface which may alter the ad-
hesive strength of the junction contacts as a result of temperature change.
Before performing the friction tests, the physical properties of fabric,
porosity, and permeability should be thoroughly investigated for the speci-
mens being used.

Additional rescarch is also needed to relate friction to fragmenra-
tion and wear in an applied mamner. This effort should be extended to in-~
clude loads between 5 and 35 pounds on the probe. This would then allow
direct correlation of friction to drilling since exactly similar environ-
ments and sample handling techniques may be uscd with the UHV drill sys-
tem. Such an approach in the laboratory to fragmnentotion, wear, and
drilling would use controlled conditions to definc the precise parameters
needing field assistance.
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APPENDIX A
This appendix 1lists all the frictional values used for analysis of
mineral probe/specimeg interfaces mcasured under different environmental
conditions, The test number in the first column of NT teste indicutes
the measurement number in each data set while those of ST tests indicates
the number of repcated tests run on one track, Only those sets of data
in NT tests which consist of more than 10 measucscments are statistically

analyzed and listed across the bottom of the appropriate tables.
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