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1.0 INTRODUCTION & SINURY ° |

This report presents a summary ot'”‘che work accomplished during the period
January through March, 1966, on the study of the ultra-high vacuum
frictional-adhesional behavior of silicates as related to the lunar surface.
During this period studies were made to determine data reproducibility for
various silicate pairs which had been run previously (reported in previous
quarterly reports), runs were made for metal-silicate pairs not tried pre-
viously, the vacuum system wvas modified to permit vacuum cleavage, and two

runs involving vacuum cleavage were made.

The data obtained to check reproducibility were for hypersthene (110)
contacting orthoclase (001), albite (0OL) comtacting orthoclase (001), and
hornblende (101) contacting bytownite (001). It was found that the general
behavior of the adhesion was quite reproducible, and that the adhesion mag-
nitude was reasonably reproducible. Some of the differences in adhesion
megnitude mgy be due, however, to the fact that the experimental conditions

were not precisely the same between runs (see Table 1).

The additional silicate-metal runs were for aluminum alloy (202k), magnesium
alloy (AZ31B), and nickel contacting orthoclase (001). It was found that the
adhesional behavior wes similar to that obtained previously for metal-silicate

contact.

The initial vacuum system modifications, to permit vacuum cleavage, were
installation of 1) an impact cleavage device, 2) a chain counterweight for
the microbalance, and 3) a metal sleeve around the base of the semple to

be cleaved. Two runs were made following these modifications. These were




for orthoclase cleaved along the (Of) plane st 1 x 10" %m Hg. Tt was found
that the adhesion forces were quite large » and that a relatively strong long
range attractive force was present. It was concluded, tentatively, that the
adhesion was caused principally by the normal silicate bonding forces; also
that the long range force was due to surface charging produced by a statis-

tical separation of charge during cleavagel

The adhesion forces, rqr vacuun cleavage, were sufficiently large to exceed
the microbalance's capabilities for measurement. Accordingly, a second set
of system modifications was made. These involved principally replacement
of the microbalance by é. Chatillon precision coll spring, and the use of a
cathetometer to measure spring displacement. With this spring it is pos-
sible to measure adhesion‘forc'es as large as 50 gn and as small as O.1 gm.
Further runs will show whether this spring has a sufficient dynamic range.
If it does not, it will be replaced by a spring that does.

2.0 LUNAR SURFACE ADHESION

The exact nature of the surfaces of lunar materials is no'tf. known. However,
reasonable bounds can be placed upon their nature as pertains to the result-
ant adhesional behavior. The lower bound would be for surfaces whose charge
and coordination demands are satisfied, and which have some degree of ad- ;
sorbed material present. The upper bound would be for surfaces whose charge

and coordination demands are unsatiasfied.

If, during the formation of a fresh surface on the moon an atmosphere is
present, either as part of a general lunar atmosphere or generated as a

transient phenomenon by the mechanism causing fresh surface production,



then the charge and coordination demands could be satisfied, and some degree
of surface contamination could pereist. Additionally, even if s significant
atmosphere is not present at generation, it is conceivable that the surface
demands could be satisfied over a period of time, either by the remnant
lunar atmosphere, or by de-gassing fram the lunar interior. Such surfaces
could exist below the lunar surface, but if the solar wind strikes the lunar
surface it is unlikely that they coﬂd exist at the surface.

On the other hand, if a fresh surface is produced in the absence of an atmos-
phere the charge and coordination demands can remain unsatisfied. Alterna-
tively, a contaminated surface exposed to the solar wind can be "cleaned" to
the extent that its demands are no longer satisfied. Such surfaces can exist
at and below the lunar surface, being produced through the action of the solar
wvind and micrometeorite impact. An additional future production mechaniam
would be through the operations of man (drilling, coring, sample taking, ex-
periment implacement, locamotion, etc.)

Most of the studies conducted to date have involved measurement of adhesion
between surfaces formed in air. These surfaces initially have their charge
and coordination demands satisfied. Exposure to ultra-high vacuum suffices
tt; remove gross surface contamination, but it is likely that the surface
demands remain to a large degree satisfied. These studies hence are repre-
sentative of the lower bound lunar adhesion case. It was found, fram these,
that adhesion could indeed occur, but that it became significant only after
the application of load force. The relatively high adhesion forces detected
have been ascribed to the silicate bonding forces, and it appears that only

with a previously applied loed force can the residual surface contemination




be penetrated, and does sufficient distortion occur to make bonding sites
availsble. '

The recently begun vacuum cleavage studies repi'esent the upper bound case.
For these runs the surface demands are initially unsatisfied, and no con-
tamination is present. The results cbtained to date, discussed in following
sections, indicate that for this case the magnitude of the adhesion can be

very large, and that the problems posed to lunar missions can be gquite serious.

3.0 EXPERIMENTAL

3.1 YVacuum System Modification to Permit Vacuum Cleavage

Three modifications to the experimental system were necessary in order to
initiate vacuum cleavage studies. These were (1) installing a cleavage
device, (2) providing sufficient support for the sample to be cleaved to
prevent unwanted breekege during the cleavage process, and (3) permitting
the microbalance to be zeroed even if initially greatly out of balance after
the cleavage. The cleavage device consists of a bellows-mounted tool steel
chisel and a sample support bra:;ket , al80 bellows-mounted, to provide sup-
port opposite the cleavage point. The details of these were given in a
previous quarterly report. The sample to be cleaved is notched and the
chisel tip inserted into this notch. Cleavage is cbtained by impacting
the chisel fram outside the vacuum system. Yollowing cleavage both the
chisel and the sample suppoxrt bracket are withdrawn from the vieinity of
the samples. The samples are then rotated, to insure atomic mismatch,

the microbalance zeroed, and the samples contacted.




Since it is not possible to e.nﬁcipate the exaet weight of the upper sample
it was necessary to replsce the comterveight with a chain loop, one end of
this loop being held to the chamber wall by means of a magnet located out-
side the system. By moving the magnet up or down it is then possible to
gero the microbalance even when it is initially considerably out of balance.

It wvas found, from air tests, that during cleavage the sample also tended
to bresak near its base due to a zone of weakness 1n the region of the slug
and crosspin holes. Accordingly, a metal sleeve was inserted around the
seample in this region. This was sufficient to prevent unwanted fracture.

3.2 Experimental Deta for the Air-Formed Surfaces

The experimental conditions under which the data were cbtained are given

in Table 1. Included in this table, for comparison purposes, are three
rus made during previous quarters. The date for silicates contacting sili-
cates are presented in Figure 1. Figure 2 presents the data obtained for
silicates contacting metals. Roughness plots for the metal surfaces are

given in Figures 3-5.

The general behavior of the adhesion is the same as that found for previous
runs; the higher magnitude adhesion persisting only at UHV, digappearing
rapidly in nitrogen (atmospheric pressure), and the lower magnitude, low
load, adhesion remaining in nitrogen; also, surface damage and material

transfer were evident whenever the higher magnitude adhesions were present.



3.3 Yacuum Cleavage Data

Vacumm preparation of the surfaces to be contacted has only recently begun.

Tvo runs have been made as of this writing, and though neither has been 100%
successful they are included here since they bave provided important infor-

mation regarding the effects of surface preparation upon adhesion phencmena,
and have provided further insight into the gemeral problem of silicate adhe-
sion. Also, these runs represent, to the author's knowledge, the first sil-
icate vacuum cleavage involving breakage of Si{-0 bonds.

The two runs were for orthoclase cleaved along the (001) plane. The evac-
uation procedure was similar to that for the air-formed samples. Cleavage,

in both cases, was performed at a pressure of about 1 x 10" Hg, and at
roam temperature. For the first run, the metal sleeve used to prevent frac-
ture in the zone of sample weakness around the cross-pin hole slipped so that
though the desired cleavage was produced, fracture occurred in this area also.
During impact of the chisel to produce cleavage, a brief burst of gas entered -
the system raising the pressure momentarily possibly into the 10'811-: Hg range
(exactly how high the pressure rose is not known since the protective relay
on the ionization gage control tripped). The pressure then quickly fell to

the low 10~

Om Hg range. Further impacts of the chisel device were made,
with the chisel out of contact with the samples, and it was found that the
cause of the gas burst was a alight leak in the bellows seal which opened
nomentarily during impect. Following clesvage, the upper sample rotated

about 10° (the support wire had been purposely twisted to ensure such ro-
tation), displaced about 1 mm with respect to the bottom sample, and then,

within 1-2 seconds after cleavage, recontacted the bottam semple. Upon

e ke e o i b



contact, the samples adhered lttonéh‘ and the microbalance was unable to
separate them. A number of impacts of\t.ho chamber base plate, immedistely
beneath the samples, sufficed to cause separetion of the lower sample into
two sections with the upper half remeining fimly affixed to the upper
semple. Estimates of the force required to cause this separstion indicated
that the force of adhesion was orders of magnitude greater than the pulling
capasity of the balance (i.e.»>» 0.4 gn). A number of unsuccessful attempts
were made to separate the upper two samples. It is of interest to note that
the cleavage surface produced was good except for a ridge at one edge. The
upper sample was resting on this ridge so that the adhering surfaces were
canted at an angle to each other.

The adhering samples were then used to contact the remaining half of the
lower sample. Initia) contact (no external load force applied) resulted in
an adhesion force of about 50 mg (it should be noted that these surfaces

were quite irregular so that no attempts to obtain sample parallelimm were
made; also, first contact was mede about 15 minutes after initial cleavage,
and with the cbserved gas bursts during cleavage, and during the search to
determine the cause of these, it must be assumed that a significant amount

of contaminetion was already present on the surfaces). This adhesion force
decreased, over a period of 21 hours, to about 15 mg at which time dry
nitrogen was admitted to the system. The upper samples immedistely separated
(possibly due to wedging action of the adsorbed nitrogen in the potentially
highly strained regions of true contact) and the newly exposed face contacted
the steel bucket, It adhered to the bucket and tapping of the base plate
was required for separetion. Recontact indicated a much smaller adhesion

force, and all indicatioms of adhesion disappeared shortly. Optical study
. T
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of this surface revealed that ;‘xgonaiderable amount of metal from the bucket
was present on, and adhering ﬁ.rni‘:'to, the surface.

An additional observation st vacum was the presence of a relatively strong
long renge attractive force. This force, indicating a very great smount of
surface charging, was of sufficient magnitude to pull the samples into com-
tact for surface separations less than 0.5 mm. The force remained constent
over the entire 21 hour period at vacumm. It disappeared immediately upon

adnission of nitrogen to the system.

The second run produced a single cleavage, but unfortunately during cleavage

the steel bucket was knocked from the upper sample, hence it was not possible

to zero the microbalance and only qualitative information could be obtained.
During cleavage, a slight pressure rise occurred, again dus to the bellows
seal, but the pressure did not rise above the mid 10" ms Ng range. The
observations were similar to those of the first run, the following points
being particularly worth mentioning. After initial cleavage, the upper
sample recontacted the lower semple (prior to rotation). Adherence was
immediate and it was necessary to use the cleavage chisel to separate them.
The upper sample then rotated about 20°. The linear morbion- feedthrough (the
microbalance is attached to this) was used to bring the samples into and out
of contact, and it was estimated that the adhesion force was considerably
in excess of that noted for the first run (it was found on later inspection
that the required pulling force was sufficiently great to severely damage
the microbalance). The long range force was also scmewhat greater than for
the previous run, the samples being pulled together at separstions less

than 1.0 mm. This long range force remained constant over a period of 18



hours, disappearing immediately ui‘«;\n admission of nitrogen to the system.

N

4.0 DISCUSSION AXD CONCLISIONS

k.1 Adr-formed Surfaces

5.1.1 Silicate-silicate data

The general bebavior of the adhesion, Figure 1, can be seen to be similar to
that found previously. However, there are significant differences in the de-
tailed behavior between runs involving the seme sample materiels, these dif-
ferences involving the magnitude of the adhesion force. It had been concluded
previously that the adhesion at low load was produced through the action of |
dispersion forces. It is seen, from Figure 1, however, that the megnitude of

this adhesion for a given sample pair differed between runs for two of the

. three cases shosm. This appears to be due to roughness effects, sinece as ean

be seen from Table 1 the adhesion magnitude increases as roughness decreases,
and remains the same (albite-orthoclase runs) when no difference in roughness
is evident. This type of behavior is to be expected if dispersion forces are

the causal agent.

It had previously been concluded that the high load adhesion was caused by
the normal silicate bonding forces. The magnitude of this adhesion appéared
(previous quarterly report) to be independent of surface roughness. It is
seen fram the figure that for the runs obtained during this quarter the ad-
hesion magnitude is larger than that obtained for the corresponding previous
runs. Also, this behavior tends to appear at lower loed forces than pre-
viously noted. From Table 1 it is seen that there is no correlation between
surface roughness and the magnitude of the high loed adhesim, There are,

9
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however, two correlations of podh,fble significance wvhich can be noted fram

the table and figure: the highern mitude adhesion for each pair of rums
was obtained when sorption pumps were used for roughing, also for the runs
vhere the system pressure was lower. Farther work is required before it can
be concluded which of these factors may be responsible for the cbservatioms,
alternatively whether these differences are inherent in the experimental
technique.

4,1.2 Silicate-metal data

The silicate—metal data are presented in Figure 2. The cbserved behavibr of
the adhesion, with the exception of the magnesium alloy rum, is similar to
that reported previously in that two distinct branches are present. The
magnesium alloy behavior is different in that, though there is a steepening
in the curve at higher loads, the rate of increase at lower loads is signif-
icantly greater than previously noted for the metals. The behavior is in

this sense similar to that found for orthoclase (001) contacting alumina
and Corning glass No. 1723.

.2 Vacuum Cleaved Surfaces

Obviously it is premature to attempt a detailed discussion or‘ the adhesion
of vacumm cleaved silicate surfaces on the basis of only two, and these not
completely successful, runs. However, the results obtained are of sufficient
interest to warrant comsideration of the implications involved, and the m-§-

cesses possibly responsible for the observed behavior.

In the previous section it was concluded that for Type A behavior (produced

by the normal silicate bonding forces) to occur, a significant amount of

10
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contamination penetration and ;L face distortion was required. For vacuum-
cleaved auz"ta.ces, however, cant:l\itqtion is initially absent and the charge
and coordination demands of the surface atoms unsatisfied (hence distortiom
is not required, though distortion under load may still act to increase the
magnitude of the adhesion). As might be expected then, .touch cantact should
be sufficient to bring the nommal bonding forces into play and hence one
would expect rather basic differences in the adhesional behavior of air-and
vacum-formed surfaces. The observations tend to substantiate this expec-

tation.

The normal bonding and surface charging produced forces are the only ones
wvhich could be acting to produce the observed adhesion (hydrated and adsorbed
layers can be excluded from consideration; dispersion forces can be ruled out
due to the considerable surface roughness). Of the two, it appears that the
normal bonding forces are the primary contributors. First, a threefold de-
creage in the adhesion force with time was observed, contrasted with the
constancy of the magnitude of the long range force. Second, the long range
force disappeared immedietely upon admission of nitrogen to the system, but
large adhesion remained for a short time (metal bucket to sample). Third,
bucket material was transferred to the sample surface. Finally, due to the
large number of atamic bonds broken during cleavage, it is difficult to
believe that the normal bonding forces would not act strongly. The obser-
vations indicate that the adhesion between vacum-produced surfaces can be
quite large (though the only numerical date obtained give forees only in the
15-50 mg range, these ;a.rticnlai surfaces were exposed directly to the ob-
served gas bursts and were contaminated to an unknown degree). Final com-
firmation of this must await, however, the obtaining of quantitative data

1
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for like and unlike surfaces. \\
"\,

The probable mechanism producing 1';he long range force is worth note. If,
dwring cleavage, the bond breaksge is a non-randam process, that is, ome

type of ion remmins with one surface, then a net surface charge will result.
The magnitude of this charge would be highly reproducible for cleavages along
a given crystal plane. On the other hand, the breekage may be a random proc-
ess, and indeed study of the orthoclase structure across the (001) plane
indicates this to be the case, then the tendency would be to end up with

equal numbers of positive and negative ioms, i.e., maintain a net charge
neutrality. However, there will be a statistical distribution of possibilities

- about this null point, so that one surface may find itself with a slight excess

of positive charge, the other surface having an equal negative excess. Using
the microbalance (first run) it was possible to cbtain an estimate of the
magnitude of the long range force, and hence of the excess charge present.
This excess charge was determined to be ?5108 elementary charges. Compered
o the total number of bonds broken, ®10%°-10%3, it is seen that the devia-
tion from the null point is extremely small. This hypothesis prediets that
the magnitude of the long range force, for cleavages along a given crystal
plane, should be highly varisble. Both hypotheses indicate that if two
simultaneous cleavages a.re performed, and one face from each cleavage

contacted, a repulsive long range force may be evident.
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