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ABSTRACT

This report presents the results of studies, on th; ultrahigh vacuum adhe-
sional behavior of silicates, obtained during the period Febrﬁary 1 through
April 30, 1968. Work consisted of contacting ultrahigh vacuum éleaved
silicate surfaces with argon ion sputtered metal surfaces, and iﬁvestigation
of the mechanisms responsible for the considerablé electrostatic charging of
silicates produced by ultrahigh vacuum cleavage. It was fo;nd that adﬁesion
between the sputtered metal and cleaved silicates did occur, the measured
adhesion force being about 102 dynes after touch contact. It appears that
the primary if not sole contributor to this adhesion is the electrostatic
charging of the silicate, but much more work is required to determine the
precise effect of metal surface state. The electrostatic charging studies
further verified the higﬁly anisotropic nature of ;he‘charging. They also
demonstrated that maséive breakdown in the charge anisotropy occurs as system
pressure is increased and that recovery can occur. FPhotomicrographic study
of the cleaved surfaces (before and after defect etching) and electron micro-
probe analysis reveal a close correlation between the charge and compoéition
grad{ent profiles. This indicages strongly that the primary contributor‘to
the charging and charge anisotropy in the crystals studied to aate is the

polarization field associated with the composition gradients.



1.0 INTRODUCTION

1.1 General

This report presents a summary of work accomplished during the.period

Fébruary 1, 1968, througﬁ‘April 30, 1968, on the study of the ultrahigh

vacuum adhésional behavior of silicates as related to the lunar surface.

This work is being conducted for the Office of Advanced Resea;ch and Technology,

National Aeronautics and Space Adminiétration, under contract NAS7-307.

1.2 Purposes of Program

The purposes of this program are (af to obtain quantitative experimental data
concerning the ultrahigh vacuum adhesional behavior of silicates in contact
with other silicates and with various non-silicates (principally metals),

(b) to achieve an understanding of tﬁe mechanisms responsible for the observed
adhesion, and (c) to investigate techniques fof reducing or eliminating the

adhesion.

1.3 Approach -

The approach used dur;ng this rebort period has been a) to cleave silicates at
ultrahigh vacuum and contact these with céntaminated, sputtered, and mechanically
abraded metal surfaces, (b) to measure the surface distribution of electrostatic
cﬁarge produced by ultrahigh vacuum cleavage of silicates, and (c) to obtain
microchemical and microphysical profiles of vacuum-cleaved silicate surfaces.
Approach (a) serves to provide information concerning the adhesional beha?ior

of silicates in.contact with metals with tﬁe various surfé;e stateé which ﬁay be
present during lunar missions. Approachés(b) énd (c) serve to prpvide information

concerning the mechanisms which méy be responsible for the observed surface

charging.




2.0 EXPERIMENTAL RESULTS

2.1 Silicate-Metal Adhesion as a Function of Metal Surface State

Various experimental difficulties were encountered during this quarter which
limited the amount of silicate—metai adhesional data obtained. First a
succession of leaks developed in the vacuum éystém. -Each leak caused the loss
of approximately one week experimental time. Second, various probiems were
found with the sputtering technique. One was relatéd to the éystem geometry
in that arcing occurred from the high voitage lead. This was eliminated by
improviﬁg the insulation and separating the lead further from afeas at ground
%otential. Another prbblemvwas that the silicate sample tended to bgcome
coated wifh sputtered material. Once this occurred sufficient current woﬁld

flow through the sample hangdown wire to cause it to melt (and hence fail).

This problem was resolved by shielding the sample completely from the discharge.

Three runs were made during the quarter, all for microcline (001l) contacting

cormercial aluminum 2024,

Runs #1 and 2

The system was evacuated to 3 x 10-10 torr, then backfilled to 15
microns with purified argon. The metal sample was then sputtered
for about 10 minutes at 400 ma current. The microcline was then
cleaved and contacted with the sputtered aluminum (at a system
pressure of 15 microns argon) 15 minutes after sputtering and about
5 minutes after cleaving. No adhesion was detected.

Run #3 _ '

The system was evacuated to 2 x 10—10 torr then backfilled to 15 microns
with argon. The metal sample was sputtered for 15 minutes at 400 ma.
Following sputtering, the ion pump was turned on. The microcline was
cleaved five minutes after sputtering at a system pressure of 5 x 107
torr. First contact was made four minutes after cleavage. An adhesion
force of about 3 x 102 dynes was measured after touch contact. This
decreased within three minutes to 1 x 10° dynes and the force remained

at this level for 3 1/2 hours at which time the run was terminated. No
long range force was detected. However, sputtered material was deposited
on the viewport making it difficult to see the sample so it is not certain
whether or not some long range attraction might have been present.



2.2 Electrostatic Chérgigg

During this quarter, the electrometer probe hés been redesigned so that the
electrostatic charge diétribution can be measured more accurately and with
less ambiguity than at prééent. Thg new electrometer probe will penetrate a
guard plané consisting of a partially transﬁarent electrode deposited on a
glass flat. This electrode will have negligible resisténce for the electro-
meter circuit yet provide a window fof positioning thé probe relative to the
crystal surface. Since tﬁe_effective probe area is hence decreaéedArelative
to the one being used now, the Keithley Model GiOB eiectrometer will be
replaced by a Keithley Model 640 Electfometer because it has three orders of

magnitude greater sensitivity.

The electrometer arm is being shortened several centimeters by reérranging
one of the crosses in the assembly. This should reduce mechanical variations )
in thebprobe—crystal distance which seem to be one factor in an observed

apparent random fluctuation of charge with time.

Iwo runs were completed during this quarter (#2 and.#3) and a third (#4) is
in progress. These runs were performed using a single orthoclase cylinder
haviné three_cleavage notches oriented so that the effect of cleavage
diiection could be studied. In addition, furthef-out—of—chamber work was

done on the sample utilized in Run #1. ~

v

Run #1:

Figure 1 is a composite photograph showing the cléavage behavior of the ortho-
clase crystal [along the (001) plane]. The cleavage starts at the midpoint of
the cleavagg notch (top of photograph), radiates rapidly towards the ;amﬁle

edge followed by the main cieavage along the b-axis. Figure 2a is an



Figure 1.

Composite photomicrograph of the (001) cleavage surface of

orthoclase, Run #1.
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enlargement near the upper edge showing how the cleavage direction rotates

' towards the direction of the b-axis. The microperthite structure of the
orthoclase is clearly visible as a refractive index change. Figure 2b is the
same area after acidvetching-and Figures 3a and 3b are electron photomicro-
graphic ;eplicas of‘aluminized surfaces after etching which sho&ithe éerthite
structure in slightly'greater detéil. Electrén:microprobe ahalysis of the
elemental distribution in the orthoclése‘sampié'(along the cleavage surface)
was car;ied out. Two techniques were utilized. Fiist, using a 2 micron beam
diameter (nomihaliy smallerf; step traces at 1 micrén intervals were taken

of various combinationé of three elements simultaneouély. These are showp

in Figure 4 through 7. Second, using a 50 micron beam diameter, an array of
points, 500 microﬁs apart, covering the entire sﬁ?face pf the crystal‘was ﬁsed,
to map the composition distribution. Distributions for potassium and sili;on{

are shown in Figures 8 and 9 respectively.

The microperthite analyses, Figures 4 to 7, show that the etched region; 16
the figuré 3 electron photomicrographs,'#re albite (Na, Ca rich) exsolution ;
regions in an orthoclase (K, .Ba rich) host crystai. Figure 4 shows that ;He
K and Ca cowpositions vary anticoincidently, whereas
K and Ba éoncedﬁratioﬁs vary coincidently. Figurg 6 shows that Na varys in

the same direcfion as Ca but oppositely to Ba. Figure 7 completes the series
showing potassium and sodium vary in opposité Qirections. The sharp phasg,

boundaries in the electron photomicrographs where the transition zone is lésg

than 0.3 microns suggest that the electron microprobe beam is averaging the

sample both laterally as well as by the depth of penetration.

The large area array, Figures 8 and 9, gives the average composition since the

50 micron beam diameter is a reasonably good average over the microstructural
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Figure 4. Step scan electron microprobe analysis of the orthoclase
: microperthite structure in Run #1 for potassium, calcium
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Figure 5. Step scan electron microprobe analysis of the orthoclase

microperthite structure in Run #1 for po;assium; barium and
aluminum, '
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Figure 6. Step scan electron microprobe analysis of the orthoclase

microperthite structure in Run #1 for calcium, barium and
sodium.
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- Figure 8. Distribution of potassium on or thoclase (00l1) surface,

Run #1, using 50 micron beam diameter. Points are spaced '
500 microns apart.
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Figure 9. Distribution of silicon on or thoclase (001) surface,
Run #1, using 50 micron beam diameter. Points are
spaced 500 microns apart.
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elements which are less than 8 microns wide. From these arrays, the composition
is found to very over the surface of the crystal with the lines of coﬁstant

composition oriented almost along the b direction (see Figure 1).

Run #2

In the last quarterly report, the behavior of tge charge distribution for this
run was presented from the time of cléavage~on 3 January 1968 through the en&_
of the reporting period (30 January). On 6 Februar§ 1968, ghe system ﬁas.
backfilled with dry N2 and tﬁe pressure in the system was raised to 0.35 torr.
Two discharge pulses wére observed, the first at 0.16 torr and the secoﬁd at
_0.33 torr. The charge'distributions are shown superimposed in Figure 10, and
the location of the probe when discharge occurred is also.indicated. An order
of magnitude decrease in tﬁe charge as well as a major modification in the
distribution are observed. The first discharge reduced the pecks almost
uniformly whereas the second discharge préduced a distinct dip at the point

of discharge on the crystal face. 'ThiS'is probably due to discharge near

the edge of the notch, Figure 11. - ‘ o -

Mha meramdeme cemm &
4T DyOLCHl wad

then observed aé well as some recovery in the overall difference between the
maximﬁm peak and valley-in the charge’distribution. This recovery, a twofold
increase over that remainiﬁg‘at 0.35 torr, is shown in Figure 12, The
redistributed charge is dompéred to the original charge distribution in
Figure 13. The effect of the second diséharge at 0.33 torr persists as seen
both in Figure 10 and 13.

On 7 February 1968, the sample was again discharged by admitting dry N2 to

the vacuum system. Table 1 summarizes the discharge history on both days.

15
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Charge distribution
after

2nd discharge
(Scale  .003)

——2nd discharge
0.330 torr

_ .~ 18t discharge
xR 0.150 torr

Criginal
waveform
(Scale .03)

"Charge distribution
after

1st discharge
(Scale .03)

\j}}Relative Angle

Figure 10. Comparison of charge distributions before and after

first two discharges, Run #2, 6 Feb. 1968,
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e . Approximate
) locus of probe

Discharge
#2

Discharge
#1

A

Figure 11. Schematic drawing of discharge configuration and the resulting
charge distribution lobe pattern, Run #2. The approximate
orientation of the crystal axis is shown. These will be
determined accurately when removed from the vacuum system
at the end of Run 4.
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Figure 13. Comparison of charge distribution
before discharge and after recovery,
Run #2. Relative orientation of notch
is shown together with discharge pulse
at 290°. Note scale change. Amplitude
before discharge over 5x greater than
afterwards.
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. TABLE I
Pressure at Which Discharge Occurred and Relative

Magnitude of Discharge: Run #2

Date Pressure af Discﬁarge IAQ of Probe
(torr) * (Conlombs)
6 Feb 68 b6 C >+ 10712 s
0.3 ) >+ 10712 %
7 Feb 68 0.43 : . +21.5 x 10712
0.58 | >+ 10712 &
0.84 | O
1.30 | +7.7 x 10712
1.61 +6.0 x 10712
2,55 _— + 1.4 x 10712
1 atmos None

* Too sensitive a scale,'off—scale.

20




Altogether, a series of eight discharge pulses were observed between 0.16 torr
and 2,55 torr. The total charge collected by the probe decreased with each

successive pulse.

Run #3

This run represented the second cleavage of the orthociase crystal used in

Run #2. Cleavage was done on 19 February 1968.at a pressure éf 1.2 x 10“9 torr.
The cleavage notch was oriented at 45° to that in the previous run, as.shown

in Figure 14,

The charge distributions for both runs were found to coincide when corrected
for the angular position of the probe (note that the notch position in Run #3

is such to eliminate the 135° positive lobe found in Run #2).

After ciéavage, the difference between the maximum‘peak and vailey charge
decayed relatively slowly, Figure 15. Compared to Run #2, which was cleaved
at one tenth the pressure, it is seen that the initial rapid Aecay (of Run #2)
is absent, strengthening the hypothesis that gas adsorption is responsible
for the fast decay. The existance of an intermediate decay raté, found to
have a half-life of 3.5 hours in Rﬁﬁ #2, was found again in Run #3 with a

7.2 hour haif life. The subsequent behavior of the charge decay rate was

similar to Run #2,

\

On 20 February 1968, in a;;empting to move the mechanicai probe into position
to measure the vector field, the electroﬁeter probe inadvertantly scraped the
surface of the crystal.. This caused a change in the pattern of the charge
(Figure 16). One interpretation of this is that the positive peak was dis-

charged by a transfer of electrons from the probe to the crystal surface.

21
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Run 2

270°L : \ 90°

19 Feb 1968

180°

rq Notch Run 3 l

Run 2

31 Jan 1968

Notch  Run 2 "1 - .|

) . | . .[ ) ' .

0 90° : 180° 270° 360°

Figure 14, Comparison of charge distributions from Run #2 and Run #3 where
cleavages were from two directions 45° apart in the same orthoclase
crystal (001) plane. The direction of the B axis will be determined
when the samples are removed from the vacuum chamber.
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Charge distribution
after electrometer
probe scraped the
surface

Relative charge

Initial charge
distribution

Relative angle

0 360°

Figure 16. Effect of electrometer probe scraping cleavage
surface. The main effect is the decrease in
the more positive peak. R
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After 22Amoée dafs the charge asymmetry had been partially restored as shown
in Figure 17, The four curves have been made coiqcident at the base.‘ Since
the smaller peak to valley difference remains approximately constant, the

‘charge recovery apﬁears to be a 1ateralvtransfer of charge from the maximum

peak to the minimum valley.

On 14 March, the system was raised to atmospheric pressure wiéh dry nitrogen.
At 36 ﬁillitorr, the elecﬁrometer probe began drawing a positive‘chrrent which
reached as high as 15 timeé the electrometer tube grid cﬁfrent of 10—14 amps.
This effect may also be intefpreted as due to‘small charge pulses at specific v
crystal orientations (the crystal was being rotated at a constant rate dufing
this period). The major effect is shown in Figure 18. The large negative
peak becomes smaller, the positive peak increases a small amount and the
middle peaks remain unchanged. After the first large discharge pulse occurred,
a general decrease in the chérge distribution was observed, the positive peak

experiencing a smaller percentage decrease than the negative peaks.

Massive discharges were observed at 0.148 torr, 0.250 torr, 0.360 torr,

0.570 torr ;ith three smaller pulges between 0.470 and 1.0 torr,

and one or'two above 1.0 torr. It is interesting to note (Figure 19) that
the charge distribution after the second and third discharges was practically
.identical (except for the scale factor) to the original distribution just |
after cleavage and prior to the inadveftant scraping of the crystal surface

with the electrometer probe.

3.0 DISCUSSION

3.1 Silicate-Metal Adhesion as a Function of Metal Surface State

The first two runs, for which no adhesion was detected, were made at a

25
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3-14-68
3-6-68

3-14-68
2-24-68 ‘ 3-6-68
2-21-68 4 L 2-24-68
3-14-68 — 2-21-68
3-6-68
2-14-68
2-21-68°

‘?
Recovery of .charge distribution assymetry after surface was

Figure 17,

partially discharged when contacted with the electrometer
probe, Run #3. The curves were superimposed so that they
were coincident at the base. The smaller peak and valley
to the right remains relatively constant.
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0.150 torr
(after first
4 L } large discharg
pulse at
0.148 torr)

114

'J’.

7.120 torr

U

0.032 torr .

Figure 18. 'Run #3 charge distribution change with  pressure increase from
0.032 torr to 0.120 torr is smooth. Change in distribution at
0.148 torr discharge pulse is a step increment.
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Distribution after
discharge No. 2
(p = .380 torr)

Distribution after
discharge No. 1
(p = .190 torr)

Original distribution

19 Feb. 1968

Figure 19. Charge distribution waveforms after discharge pulses
compared with original distribution before touching
surface with electrometer probe, Run #3.
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pressure of 15 microns argon. This was done to see what effect such pressure

~would have on the adhesion and to make the time between sputtering and contact

as short as possible, hence reducing re-oxidation. The findings of no
detectable adhesion (adhesion less than 102'dynes) are in accord with expecta-
tions from.the results of the surface charging studies. These showed that
discharging of the surfaces could océuf beginni;g at about 10—20 microns
pressure. The findings also indicate fhat'ahy atomic bonding betwéen the

clean metal and silicate surfaces makes a nuch smalier contributioﬁ to adhesion
force, after touch contact, éhan the surface charging. Studies will be made

of the contacting surfaces after removal from the vacuum system to see if

there is any evidence of material transfer.

nglthe third run, pumping was initiated after the completion of sputtering,
In order to reduce possible re-oxidation of the metal sample we pu@gtﬁd for
only five minutes before cleavage of the silicate. At that time the system
pressure was down to 5 x 10-8 torr. Measureable adhesion was présent. Due

tq ob;ervation problems it was not possibie to determine whetﬁer a long range
attractive férce was present. However, on the basis of the previous two runs,
and the surface charging experiments, it is felt that surface cl.arging was

probably the prime contributor. Further studies are required to prove this.

There are not sufficient data as yet to reach ény conclusions concerning the
effect of the métai éurface state upon ﬁetal—silicate adhesion., However, it
does appear as a distinct possibility that fhe only times when large adhesion
will be present is when the silicate sﬁrface is clean and charged, the
implication Being that the charging produced by fraéture (or cleavage) in

ultrahigh vacuum may be the dominant adhesion producing mechanism.

29




3.2 Electrostatic Charging

Additional evidencé was found in Run #3 (Figure 12) that gas adsorption is
responsible for the initial rapid decrease in the charge anisotropy. That is,
the factor of ten higher system pfessure at cleavage for Run #3 over Run #2,
with a corresponding increase in the rate of_adsorption, shortened the time

of decrease sufficiently to prevent observation.

Previously, the basic trend observed for the nonuniform charge distribution
‘was a decrease withAincreasing time and pressure. However, after the initial
decrease, when the probe contacted the surface, the éharge difference increased
during the.next 22 days, Figure 17. This increase (Run #3) and the recovery

upon reevacuating the sample of Run #2, Figure 2, are new observations.

Observation’of.the persistance of the angular relationship in the charge
distribution when the cleavage direction was changed in the same crystal,
Figure'lag strongly suggests that cleavage involving brittle frécture
produces a surface electric charge distribution which depends mainly on bulk
.crystalline properties rather than the cleavage direction. Volume electrical
resistivity is the maip factor in the long term-peréistanée of the charge “
distrigution in these experiments. An immébile, volume distribution of
charge is strongly suggested by: “first, the'charge recovery effects dis-
cussed aone (thought to be surface phenomena) which reexpose volume charges
to the probe (releasing electric field lines into the vacuum); and second,
after discharging the secondary surface effects {ntroduced by scraping the
surface of the cfystal with the probe (Figure 16), the original charge

distribution is recovered (Figure 19).

"~ . In previous reports the origin of the apparent surface charge was attributed

to complex electrical interactions between composition gradients, point defects,_'
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and dislocations. For the orthoclase crystals used in Runs #1, #2 and #3, it
was found that perthite structﬁres were present, Figurgs 2, 3 and 4. These
are small compared to the expected characteristic length for space charge in
dielectric crystals, Therefore the internal polarization fields produced in
this case, would be expected to be the result of gradients ig the average
composition, Figure 5, 6 and 7. This has been to a large degree verified By
noting that the average distribution gradients of the potassi;m_and sili;on,

| Figures 8 and 9, in Run #1 are aligned with the observed lobe pattern for the
charge. It should be noted that both are oriented relatively closely to the
crystallographic axes. This 1is believed to be fortuitous in that the composi-
tion gradient-axes orient&tion is a function solely of crystal growth whereas
the charge otrientation results from the interaction between the concentration

gradient charge distribution and the diectric coefficient ellipsoid of low

' symmetry crystals.

The discharge process is interesting in that the probe invariably goes positive.
This[would occur if the probe tip collects positive ions tb neutralize a
negative imagé charge at the probe tip. Another poésibility is that the
electric vector is parallel to the surface. (This is supported by the
observation that discharge, when it can be distinguished, seems to occur

preferentially when the probe is in a region in which the charge density is

changing rapidly with the crystal angle).

\

4.0 FUTURE WORK

4.1 Silicate-Metal Adhesion

Work during the next quarter will consist of completing the series of runs on
aluminum 2024, and proceeding to other metals. The final runs on the alﬁminum

will consist of (1) mechanically abrading the surface and contacting it with
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a contaminated silicate surface, and (2) mechanically abrading the surface

and contacting it with a freshly cleaved silicate surface.

4,2 Electrostatic Chargiﬁg

Upon the termination of Run #4 the cieavagé faceé from Runs #2, 3 and 4 will
be examined photomicrographigally (before and after defect etching) and with
the electron microprobe, to obtain the dislocation and composition profiles.
.These will be compared to the charge distributions as was done for Run #1.
Additionally, other silicate crystals will be studied in the samé manner

an& increased emphasis will be placed upon determining the precise mechanisms

responsible for the charge discharge and charge recovery.

Instrumentation-wise, the vacuum system will be rearranged to accommodaté the
new electrometer probe which is currently being fabricated. Also, the presently
used Keithley 610B electrometer will be replaced by the much mofe sensitive

640, and a Phillips capacitance manometer will be utilized so_nhﬁt system

preséure can be monitored up to étmospheric.

4.3 Effects of Various Gases

It has been found that the adhesion between ffeshly formed silicate surfaces
(after tOUCH contact) is due primarily 1f not entirely to electrostatic
charging. Studies will begin shortly to determine the effects of various
gases (such as HZO’ 02, and COZ) upon the adhesion. Since the adhesion force
is a direct funétion of surface charging the effects of the various gases upon
it will be determined by monitoring the electrostatic charge. These studies
will provide information as to which gas has the greatest effect in reducing

adhesion, as well as the amount required.
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