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chamber volumes per minute. Such a large chamber is used instead of standard commercial
glow-discharge devices to allow for many mean free paths for the contaminents to expand into
and thus increase the time required to contact the chamber walls. This allows the sweeping :
action of the gas flow to move the contaminants downstieam and thus reduce the probability of
recontaminating either the chamber walls or the test surfaces. The cleaning effentiveness is
compared by measuring the contact angles that high-surface-energy liquid drops make with the
cleaned surface. The liquids used are triply distilled water for detecting hydrophobic contamina-
tion and methylene iodide for detecting water contamination. The surfaces used to demonstrate ,
the cleaning technique were stainless steel and aluminum oxide. Some of the contact angles were ,
too flat to observe but were estimated to be less than 15, The small contact angles are intre-
preted to mean that there is less than 1 monomolecular } yer of contaminant on the cleaned
surface.
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SURFACE CLEANING BY GLOW DISCHARGE IN A HIGH-VOLUME GAS FLOW

INTRODUCTION

The problem of obtaining a surface which is uncontaminated by foreign substances
(materials different from that of the pure surface) which may be adsorbed on the surface,
such as water and the hydrocarbons common to the atmosphere, has been approached in
many ways. Chemical cleaning, at the least, leaves a film of the final-rinse material.
Sputtering a layer off the surface, leaving a clean layer, changes the structure of the sur-
face. Sputtering on a new layer covering over the old surface with all its contamination
(sweeping it under the rug) also changes the structure with no assurance that the new
layer will not peel off. A “bakeout” may ‘“bake on” the unknown substances initially
contaminating the surface, depending on the contaminating substances and the nature of
the material of the surface itself.

The problem has been discussed by many writing about vacuum systems, cleaning
techniques, and their uses. Some of these authors are referenced [1-12] and have been
valuable sources of information. Bombardment of the surface is common to the clean-
ing of surfaces, by both kinds of sputtering, off or on, and by “glow discharge,” however
the sputtering-off technique uses high-energy bombardment, whereas a glow-discharge
method uses comparitively low energy particles (between 1 and 10 electron volts).

Previous use of ion bombardment has resulted in a limited cleaning action, because
the atmosphere seems to become saturated with the contaminants from both the object
to be cleaned and from the vacuum system it is being cleaned in. The result has been
that the sample to be cleaned has been known to reach a condition of maximum cleanli-
ness, after which further ion bombardment releases subsurface contaminants and the
object becomes more contaminated.

The purpose of this report is to describe the hardware and the operation of a
modified low-energy glow-discharge cleaning system and to report the results of the tests
and subsequent conclusions about the effectiveness of the cleaning process. The purpose
of this glow-discharge cleaning system is to demonstrate a system which will not recon-
taminate the cleaned sample and will eliminate the uncertainty of estimating the proper
cleaning time for removing the test sample at its minimum contamination level.

PROCEDURES AND RESULTS

If a glow-discharge cleaning system will saturate with contaminants and recontaminate
the object to be cleaned, then the best approach is to remove the contamination from the
system as it is released from the surface of both the chamber and the object. Therefore
the first modification to the cleaning system was allowing the glow-discharge gas to flow

Manuscript Submitted January 6, 1976.
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WESTON AND BALWANZ b
through the chamber past the object and out through a cold trap. The rate of flow was ‘
the equivalent of at least 3 chamber volumes of gas per minute. it

The second modification was to choose a chamber large enough so that there would j
be enough mean free paths between the walls of the chamber and the position of the 4
sample to be cleaned to reduce the probabilities of recontamination of the chamber or of b
the sample by the newly released contaminants. (The details of the vacuum system are u
described in Appendix A, and the cleaning system is described in Appendix B.) {

The third modification was in the procedure of backfilling the chamber with clean f
dry extra-pure nitrogen gas, which was also passed through a cooling coil immersed in a )

slurry of dry ice and acetone and then was reheated in a second coil before passing into
the cleaning ciiamber. The idea was to trap what moisture and other impurities may have
been left in the gas.
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The fourth modification involved the procedure for measuring the contact angles
(illustrated and explained in Fig. 1). A goniometer was combined with a 90-mm-focal-
length lens on a small optical bench (Appendix C, Fig. Clb) so that the drops inside a
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o related imaginary sphere. The contact angle & of a liquid drop on a
; smooth, level solid surface is determined by the chemical and physical

: characteristics of the material (mutual solubility and surface tension) at
: the interface. In general the contact angle of a given drop is larger on a
low-energy surface and smaller on a high-energy surface. For clean
' metal surfaces, and other high-energy solids which are ‘‘wet' by most
liquids, a drop approaches a zero contact angle, and the measurement
of the contact angle can be a sensitive means for detecting a monolayer
or less of low-surface-energy contamination on the solid, such as water
and various organic materials.
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) porthole protusion on the chamber could be visually observed through the porthole cover <»

) and their contact angles measured. The significance of this arrangement is that the sample ‘
el : did not have to be exposed to the laboratory atmosphere before the contact angle was : ‘3
: measured. This takes on added significance in the following discussion of some of the ‘;
: " experiments. All contact angle measurements, made after glow discharge cleaning, were 25

made in the porthole with the pure nitrogen atmosphere, unless otherwise specifically
‘ mentioned. All samples were prepared as described in Appendix C.
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All the results are documented in the tables in Appendix D. Figures 2a through 2e
summarize the results of the tests for specific operating conditions as stated in the figure
titles. The lower limit of the contact angle, which is too small to measure, indicates a
p i surface free of both water and of substances which are hydrophobic. The theory of the

3 significance of the small contact angle is discussed in a number of papers by Zisman and
associates [9-11] and others. For IZ(CHz), when « < 5°, there is less than a monomolec-
' ular layer of water on the surface, with the amount reducing as the angle reduces. A
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LY

rparreag ey

o _ o . 5 :
Z18 similar criterion holds for the contact angles of H,0: alow a < 5° indicates less than a 13
A monomolecular layer of hyrophobic substances such as paraffin, lubricating oils, pump b
' ; oils, hydrocarbons, and halide carbons. ;
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Fig. 2a — Contact angles of I9(CHg) drops on ungrounded staintess-steel samples cleaned
at 0.005 torr (in an argon flow) and a radial distance R from the anode at the center of
the chamber of 38 cm. The values plotted are listed in Table D2.
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The starred point in the upper right of Fig. 2 may seem out of place. This is the
result of a single experiment as follows: four samples were cleaned at one time by :
exposing them to the plasma for 60 minutes before the chamber was backfilled. Three ;
samples were tested for cleanliness and showed contact angles of less than 10°. All four
v-ore left in the tank, which was pumped down again, and they were again plasma cleaned
:v. U minutes; then the plasma was turned off, and the pumps were left running and the
cleaning gas flowing for about 18 nours (overnight). The only difference from the clean-
ing mode was that the plasma was turned off. After the chamber was backfilled the
following morning, the fourth sample was tested by contact-angle measurements and
found to be more contaminated than it was before it had been put into the cleaning
chamber (Table D4, run 13). The inference from this experiment is that the contamina-
tion was due to the continuous outgassing of the chamber in the low-pressure environment.
In contrast to this another experiment was run in which, after the sample was cleaned for
00 minutes and then the chamber was backfilled, the cleaned sample was allowed to stay in
the chamber overnight at a pressure slightly above 1 atmosphere. In this case the contact
angles measured (Table D3, run 4) the same low angles measured on other samples immedi-
ately after the backfilling.

roases o

N, W

The implication from this test is that at 1 atmosphere pressure the outgassing of
impurities from the chamber during ahout 18 hours is too low for the recontamination to be
significant. This low recontamination rate also suggests the possibility of working with
superclean materials and conducting assembly operations without fear of significant recon-
tamination of the parts from the other materials in an environment, such as in a glove box.

se a2 S

er b raka s

A third experiment is illustrated in Fig. 3. Four samples were cleaned overnight, one
was tested in the chamber before removing it from the porthole, and then all four samples
were removed (Table D2, run 9). The second sample was tested by [ (CH )drop and a
water drop after a 10-minute exposure to air (at 65°F and with a measured relative humidity
of 40%). The contact angle « of the IZ(CH ) droplet was back to where it was before the
cleaning process and remainec essentially the same for the following 3-hour and 6-hour
time intervals. This indicates that immediately on exposure to the air of the room the
5 surface was recontaminated with waier film of the original order of magnitude, almost as
3 if it had never been cleaned. The water drop however indicated a much lower rate of
accumulation of hydrophobic substances on the clean surface, or on the water film
already covering the surface. The different contamination rates are directly related to the
relative amounts of the different amounts of contaminants available and on the existance
of an ultimate state of equilibrium between the contamination density in the air and on
the surface.
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Figure 4 jllustrates a series of experiments showing the contact angle as a function of
the pressure, with the other controliable variables kept constant. These data show a trend
toward more efficient cleaning at lower pressures. Since the current and time interval is
the same for all pressures, then the total number of ion impacts must be unchanged; there-
fore the measured cleaning efficiency lies in the average increase in the amount energy
imparted to the ions over the greater length of the mean free paths in the lower pressure
regimes. This reasoning leads to further speculation that the combination of field-strength ,
and mean-free-path control can lead to calculating the minimum conditions required for =
cleaning any surface when the bonding energies between the contaminants and the surface
is known.
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The data from cleaning stainless-steel samples, whether obtained when electrically
grounding them or when isolating them, showed no significant difference in cleaning
quality, perhaps because the contact angles were all so small that any significance was
buried in the gross differences between samples.

The effect of varying the position of the samples relative to the center electrode was
similarly inconclusive. It was hoped that since the cylindrical field is stronger at its
center than at the cylinder wall, greater current density and the higher ion energy near
the center electrode would result in better cleaning and subsequently lower contact angles.
However, although there may be a trend to substantiate these hopes, the data are not pre-
cise enough to support a position-effect hypothesis.

Similarly the effect of varying the current while keeping all other parameters un-
changed did not result in significant or systematic reduction of the contact angle. Again
this may be because the angles were already so small that the differences were hidden by
the gross uncertainties such as the differences between samples evident from the data
obtained prior to the plasma cleaning measurements. Even after preparing all the stain-
less-steel samples the same way in the same wash water and the same rinse water, there
were differences in contact angles not only between samples but from one area to another
of the same sample—not great differences, but measurable ones.

CONCLUSIONS

The main conclusion reached in this report is that a continuous flow of inert gas
through a glow-discharge cleaning chamber results in test surfaces on which the contamina-
tion is significantly lower than on test surfaces cleaned in a chamber without the continuous
gas flow. The contaminants appear to be simply swept out of the cleaning chamber before
they can recontaminate the surfaces of the chamber or the samples.

A more sophisticated statement is that the continuous flow of clean inert gas reduces
the saturation level of contaminants in the chamber until the probability of recombination
of the contaminant with the surface approaches zero. A simple analogy is the superiority of
a vacuum sweeper over a broom.

A trend is observed toward higher cleaning efficiencies at lower pressures, which sup-
ports the idea that the resulting increase in the mean free path of the ion allows it to
accumulate more kinetic energy before impact. This trend is somewhat tempered by the
related observation that the greaic. mean free path may also increase the probability of
recontamination of the cleaned sample and the chamber walls; before the contaminants
are removed from the cleaning chamber by the mass flow action of the gas. The mass
flow of the gas can be effective in sweeping out the contaminants only if the mean free
paths are short compared with the dimensions of the chamber. Hence the higher energy
of the ions, which increase the probability of outgassing and decontaminating the sur-
faces exposed to them must be balanced by a sufficient number of mean free paths in
the chamber to allow the gas flow to effectively remove them from the cleaning chamber.
Also the bombardment frequency (current density) must be low enough so as to not heat
the sample so much as to change its surface characteristics. Nor can the ions be so
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energetxc as to sputter off the surface material along with the contamination, since such a
result is not compatable with the purpose of this experiment and has thus been deliberately
avoided.

Thus the philosophy justifies a low-energy glow-discharge experiment as'r;ported

here. :
|
-~
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Appendix A ‘
THE VACUUM SYSTEM AND INSTRUMENTATION

The vacuum system consists of a Stokes microvac Model 212-H forepump (Fig. A1)
with a manufacturers rated pumping speed of 4000 liters/min (140 cu ft/min). It is con-
nected to a jet pump (an Edwards vapor booster pump Model 94G) with a manufacturers
rated pumping speed of 2800 liters/s. The two pumps are connected through a 10-cm
gate valve, a 2.5-m-long 5-cm-diameter flexible pipe, and the jet-pump exit baffle, with a
net conductance of about 340 liters/min at the jet pump exit to the baffle (assuming the

; Stokes forepump will pump 4000 liters/min at the pump entrance). Due to the architec-
. tural limitations of the assigned laboratory space, the connecting pipe to the elbow cold
trap is an S-shaped pipe, 25 cm in diameter with an effective length of a complete 38.-cm-
centerline-radius toroid, plus a 125-cm straight pipe and a 25-cm-diameter gate valve, an ;
equivalent of about 3 m. The cold trap is a 110-cm-high by 110-cm-long elbow, with an
80-cm inside diameter, and is equipped with both a chevron-type Freon-colled baffle and
f a pair of spherical liquid-nitrogen baffles. The cold trap is connected directly to the
main vacuum chamber or cleaning chamber, which is a 3/2-cm-long cylinder, with an 80-
cm inside diameter and closed by a removable plate at the other end.

Ky BT o eyt ey

> Kam v 3 Fra x

R PP

A center electrode is suspended in the center of the cylinder which is insulated at
both ends and is just short enough so that the respective ends are further away from the
end plate and the cold trap than from the cylinder wall. The end plate has ports on it
for the working gas and for the clean gas used to backfill the chamber. Mounted on the
back plate are a leak valve for the working gas and a cooling coil for freezing out any
possible moisture in the backfill gas (Ny) plus a heating coil to heat the backfill gas again
before it is expanded into the chamber.

=,

on ke A WA T

E | Alorg the side of the chamber is a 30-cm-diameter porthole about 18 cm deep which

i serves as the experiment working space. The chamber has an 8-cm-diameter observation
1o port on the top of the porthole and a small 2.5-cm-diameter access hole (45° around to-

ward the right side-facing the porthole). Three other access cans are along the side of the

$2eart tf N A Barmn it SHR AN

‘4 * chamber for attaching instrumentation and the electrical input to the center electrode.

L7

e | The inctrumentation is the flowmeter to the controlled leak valve, an Alphatron

“' ' vacuum gauge, and a homemade manometer to assure that ¢ positive pressure is reached

SR before the small access hole is opened (to reduce probabilities of atmospheric contamina-

% . tion). A voltmeter and an ammeter is used to measure the total current through the 3
2N sample. The dc power supply is a Regatron Model 222A with an output limited from 0 45
ol o to 500 ma and 0 to 1000 V. i
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I I
ACCESS HOLE (BEHIND FLANGE)

Fig. A1 — Vacuum system and instrumentation

12

s

PRI i gl L ey

IR A

it sty

4
3
%
x
3
i
;
¢
!
3
2

h

DR

PR

Y

5 i U SN T T T E Vo e B

e
N

Famrerlb et o

PREETT

RRIATH IS

O S D o Nt 3

r e Ser it

v
1

;
n
1
X
¥
X
*
H

4
k4
v
«
n
H

5

L et e g

Pt

S o L P,
RSN



BRI 4 AT

P S e

Ay Ly AP

IR

AR AL

Rohis

TR

At
f o
i
1%
4]
1A
L ]
53 (8
i1
¥

I e e

o

2

Fes

e bty

L
3

TR

CEas

-

S e

—

———— T

e T A Ra R e Par T ey o ey ey

NRL REPORT 7973

R T R T o L O T A W, PR TN TSR ot Gl SRE

PRINPTIPI A DN RS G A

i

e B Lo N ¢ ol o et ST A
sl N 2 5 S NS PR e Feds (S

»

s g e bk Tt

- JRUTIR———— S SRR

o
=
=}
o
o
O

=
S
o

.

D I T B S T B A SR A e

ig. A1 — Vacuum system and instrumentation — (Continued)

[N

e

o
Py

T e T T - P e R
prrorepnrmrarer e SRR S PYAE ARy S

13

oty st $N

R

L

Cadlite

3

St Ly

8

Ty A\)Aﬁn

3

=




Sili £ Tadt daa il bty IO
'

AR

B Lo 2N

AR
: , g
¥ R
H “}
; :
L :‘{
¢ w
® §
: i
i
: ;
; . i
: Appendix B :
N 1

THE CLEANING SYSTEM AND ITS CHARACTERISTIC VALUES

vr ns v
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R BTN
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The forepump is a Stokes Model 212-H microvac pump. It is rated by the manu-

i facturer to have a 4000 liter/min capacity at 1 atmosphere, which reduces to about 1700 i
Fa it < . . . i
&l : liters/min at 0.100 torr. It is further reduced by the conductance through the connect- 4
;‘r ‘: ing pipes to about 310 liters/min (by calculation) at the output of the Edwards Speedivac A
;ff’ K Model 94B. The Model 94B is rated at 2800 liters/s by the manufacturer and reduces to
bl about 2750 liters/s by conductance to the cold trap. ;
&8 2 . . .
a i Regardless of the manufacturers’ claims, the system pumping performance is illu- f;
* strated in Fig. Bl as it responded to a number of tests. Thus for example, to maintain a ¥
2h § pressure of 0.100 torr, the use of the Stokes pump alone pumps about 9 cm3 of standard- !
f atmosphere argon per minute through the controlled leak valve, which expands to about 7
e
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68 liters/min as a pumping rate through the entire system. However, when the jet pump
is active in the pumping system, the gas flow rate is off the scale of the flowmeter to

, maintain the 0.100-torr pressure, but at 0.080 torr the controlled leak valve meters a

: flow of 150 em®/min, which expands to about 1400 liters/min. At lower pressures, down
to 0.005 torr, the flow rate increases dramatically.

The volume of the chamber is about 1590 liters, and the rest of the system through
the cold trap and connecting pipes to the 25-cm gate valve is about 650 liters more, for a
total of 2240 liters. Final tests of the system’s leak and outgassing rates with the gate
valve closed showed that the pressure increase was about 0.001 torr per hour. This is the
equivalent of 2240 microtorr-liters per hour, or 0.62 microtorr-liters/s, which is the
equivalent of 0.817 mm3/s of gas at one standard atmosphere. This leak rate is insignifi-
cant compared with the controlled leak rate for the operating system.

The inert gas used for glow-discharge cleaning was ultrapure argon purchased from
the local source, the Southern Oxygen Division of the Air Products Company. The gas
passes through a Granville-Phillips variable leak valve (Series 203) and then a Matheson
flowmeter Model LF-100 into the inlet on the back plate of the chamber. The manu-

facturer’s calibration correction curve for argon flow instead of air flow was used for all
A flow rates.

The surface of t'.e cleaning cylinder, including the end plate but not the cold trap is
about 82,850 cm2, which yields an average current density of about 12 ;,tA/cm2 per

3 ampere of total current. If the inside area of the cold trap is included, the total inside
area is about 110,000 cm?, or about 33% more. The glow discharge frequently appears
N to jump into the cold-trap cavity and then go out. When this happens, the current at the
; ' power supply jumps about 25 to 30%, just about enough to account for the increased

: area if the surface current density remains the same. No further investigation was made

of the phenomena,

s
rreyre

g It was assumed for the purpose of this experiment that the volume density of the

' ionized particles in this glow discharge was so low that the static electric field of a cylin-
drical configuration would be essentially undisturbed. Figure B2 illustrates the field
strength, normalized to the electrode voltage (V), as a function of distance from the
center electrode, and was used to estimate the energy gain by a singly charged particle
(ion) in the course of moving undisturbed through 1 mean free path length. This also
assumes that the ion starts at rest or with the average kinetic energy of a particle at room
temperature (which is rather insignificant compared to 1 electron-volt).

Figure B3 illustrates the results of measurements of the current and voltage required
: to maintain a glow discharge as a function of pressure. The anode voltage V,, is the
estimated center electrode voltage resulting from
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is the voltage output of ihe power supply, I is the current output of the power

s supply, and I_R is the resulting voltage drop across a standard 970-chm resistance in the
. circuit. The chamber walls are the cathode and are at ground potential. The anode is at

the center, so that the ion acceleration is essentially outward and perpendicular to the
mass movement of the gas flow.
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The dc power supply is a Regitron Model 222A. 1t delivers current over the range
of 0 to 500 mA at voltages ranging from 0 to 1000 V. It is connected in series through
a wire-wound resistor rated at 973 ohms to the center electrode. No attempt was made
to calibrate resistance as a function of temperature, because the currents used were
usually small enough so that the resistor did not get too hot to hold.
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The backfilling gas, used to bring the chamber pressure back to slightly above 1

atmosphere was ultrapure nitrogen purchased from the same course as the argon: the 5

Southern Oxygen Division of the Air Products Company. The nitrogen was passed g

through a coil immersed in a dry ice and acetone slurry so as to freeze out any con-

A taminants which might be present and then was passed through a second coil, where it t

- : was heated to about room temperature before expanding into the chamber. "1
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Appendix C

i GLOW-DISCHARGE CLEANING OPERATION

i

7 CHEMICAL CLEANING AND PREPARATION OF SAMPLES

3 FOR THE GLOW-DISCHARGE EXPOSURE

; Except for some preliminary data (Table D1) all 16 stainless-steel samples were given
a mirror polish such that all scratches were removed. After they were polished, they were
z soaked overnight in a 10% sodium hydroxide mixture and then rinsed and washed in a
solution of Sparkleen and distilled water. The 16 pieces were rinsed as a group in three
S changes of distilled water and once in 2-propanol. Then they were air dried. The purpose
e in preparing the samples in this way was to let all the samples share all sources of possible
contamination at the same time. For all subsequent prepartions the sodium hydroxide
= was not used.
d"i The aluminum oxide samples included two alumina gyro bearings from Avco, two
artificial sapphire chips, and two ruby chips. These were cleaned with only the Sparkleen
wash and distilled water rinses, since the alumina might chemically react with the sodium
¥ hydroxide and be destroyed.
L CONTACT-ANGLE MEASUREMENTS
: All samples were tested by measuring the contact angle of a drop of methylene oxide
on one corner, and a drop of triply distilled water on another corner before being placed
z in the cleaning chamber for glow-discharge exposure.
1 After glow-discharge cleaning, all contact angles were measured through the observa-
. tion window before the sample was exposed to the laboratory atmosphere. This measure-
o ment technique requires a modification of the goniometer optics so as to make it possible
" to see the objecis inside of the porthole and is best described by the two examples in

Fig. C1.
F.gure Cla is the standard setup, with the drop about 6 to 7 cm from the object
& lens of the gonimeter. This setup is used to measure the precleaning contact angles.
3: Figure C1b is the modified setup required to see through the window to the sample.
& There are not insurmountable difficulties with this, but the image of the drop is degraded.
The angle measurements are reproducable to *1° down to about 6° or 7°. They become
£ uncertain below 5°, depending on the quality of the image, which is sometimes good but
i more often poor, depending on the placement of the optical system and the limited

time required to make the optimum adjustment.
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DIFFUSED
LIGHT
SOURCE

Q ‘—---- Tcm ~—-‘

[ OPTICAL _BENCH ]

(a) Sample and drop outside the chamber

S-cm-THICK
WINDOW

LIGHT
DIFFUSING 18 TO 90mm LENS
PLATE v_\q

v/

j— == 25cm—|

OPTICAL BENCH k3

SUPPORT ROD

(b) Sample and drop irside the chamber

Fig. C1 — Optical arrangements for measuring contact angles

PUMPDOWN, GAS FLOW, AND GLOW DISCHARGE

After the vacuum system has been closed and checked against a checkoff list, the
forepump is turned on and allowed to pump down to about 1 torr before the cold-trap
refrigeration unit and jet-pump heater are turned on. This keeps most of the humidity
from clogging up the chevron baffles, which could reduce the conductivity of the vacuum
system. After the pressure has stabilized at about 0.0005 to 0.0010 torr, the controlled
leak is opened and the pressure builds up to the desired pressure and is allowed to sta-
bilize before the power is turned on for the glow discharge. When the glow discharge is
first turned on, the gas flow needs continual adjustments for about 10 minutes to main-
tain a constant pressure, after which it settles down to a rather constant flow.

For subsequent starts the cold-trap refrigeration is on all the time, because the back-
filling gas is dry, and because it keeps recontamination of the system from the cold trap
to a minimum. Also the 25-cm gate valve is closed for the backfilling operation so the
heater to the jetpump is turned off and allowed to cool until it is about time to restart.
At that time the forepump is turned off and air is bled into the pumping side of the 25-
cm gate valve to equalize the pressure before opening it for the next start. For subse-
quent starts the forepump and the jet-pump heater are turned on at the same time.
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The gas flow is always turned on after the pumping system has stabilized at its ¥

lowest pressure (somewhere between 0.0005 and 0.0010 torr, depending on its mood) so i

) as to build the pressure up to the desired level in a minimum time. Letting the pumping ' ¥

P system first reach stabilization also assures that most of the gas in the chamber is argon, H

: since the pumping system has literally swept out the remaining gaseous residues such as i

' nitrogen, oxygen, and water vapor. in

g ié

Argon is used because it is the cheapest chamically inert gas available (ionized nitro- RY

v gen is chemically active) and because as an ionized ballistic missile it has enough mass to Wb

i ¥ dislodge hydrocarbon and water-molecule forms of surface contamination. Particle con- K

! ) tamination, such as dust, will probably not be disturbed, so the only consideration given !

- to particles is to those which are not removed by the preparation process; they remain to g

ot ; be cleaned by the glow-discharge process. e

A . The glow discharge was operated between 0.002 torr and 0.2 torr, and at currents B

}'fl' ' between 0.100 and 0.400 A, with whatever voltage was required. It was turned on after 5

el the pressure and gas flow was stabilized and turned off at the end of a predetermined B

3 { time interval. It was mentioned in Appendix B that the average current to the walls of

A : the chamber were 12 /alA/cm2 per ampere; however this does not hold true for the samples i

e . which were not attached to the wall but were suspended into the chamber. For example, gf

n Figure. C2 shows the verification of the average current through a 6.5-cm2 sample at 18

3 cm from the anode and how it changes with total current and with pressure. These

*’ samples were connected to ground through a sensitive ammeter. The experimental data,

N obtained between January 10 and January 15, 1975, is given in Appendix D (Tables D3).
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e

After the cleaning time is over, the chamber is immediately backfilled with clean dry
nitrogen gas to a pressure slightly above 1 atmosphere. When the small access hole or the

side of the porthole is opened to put a test drop on one of the samples, the greater pres-
sure on the inside reduces the probabilities of contamination from the laboratory
atmosphere befcre the contact angles are measured. It turned out, as onc of the experi- N
ments show, that after a sample sat in the backfilled chamber for 16 hours (overnight), .
the measured contact angles were comparable with those obtained immediately after back- .
filling was completed. Thus slight delays probably do not influence the results. ki
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Appendix D
DATA AND COMMENTS

The data in Tables D1 through D7 are listed as originally recorded. This is a record
of the effort to identify the comparative absence of contamination on certain select sur-
faces of stainless steel, except for A1,0, at the last in the forms of sapphire, ruby, and
ceramic. During the experiments it was decided that some items were of little value and
some procedures were not productive, and then again that something missing from the
early observations needed to be included. It was discovered early that putting a drop of
methylene iodide on one side of a sample and a drop of water on the other side of the
same sample did not seem to change the size of the contact angle of either drop regard-
less of which one was put on first, except in the case of spontaneous spreading, in which
case no attempt was made to put two drops on one sample. However putting two drops
on one sample otherwise made twice as many observations possible. The ritual was to
put the methylene iodide on first, since it had a higher density and a lower vapor pressure.

The first few runs were exploratory; they tested out the upper and lower limits of
the pressure and energy and tried out the results with an a-bromonapthalene drop. It was
decided during these experiments to use only methylene iodide to detect water films,
since Io(CHy) is highly hydrophobic and has a high surface tension, and to use water to
detect hydrophobic films. Contamination present on the surface, after otherwise careful
cleaning of particulate matt :r. should be mostly attributable to contaminants present in
the air and the cleaning solutions themselves, such as soap film, water, human breath

residues, and body odor. Perhaps their presence could not be identified, but their absence
could be.
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gg Table D1 — Series—I Glow-Discharge-Cleaning Data: Contact Angles of Drops on ;
2 Ungrounded Stainless-Steel Samples on a Stainless-Steel Holder 2
i &
o Contact Angle, «a (deg) 5
it Exposure | Total | Average B
‘ ' S‘; 2{))1:1- Time | Current| Current* | Gas P{:Zs:;e Hy0 I2(CHg) Remarks 3:
(min) | (A) |(Alem?) &
A Left | Right | Left | Right i
bt Run 1 — Unpolished samples outside the chamber in air and then inside the chamber in argon at a radial ’}
pe- ). distance R from the center electrode = 38.7 cm (wall distance). This run was over a weekend to glow- 3B
é‘ discharge cleun the system. The samples were washed only with soap and water and rinsed with distilled p‘
5 X water, x j
) 1 o o 0 Air | 760 — | — |38 | 34 -
S | 2 0 ]o 0 Air | 760 g4| 85 | — | — - B
N 1 60 0.109 1.2 Argon 0.200( -~ - 17 18 - A5
< 2 3840 | 0.100 | 1.2 | Argon| 0.200 — [ — | ? ? | I5(CHs) too thin to . g
X measure RH
3 3840 | 0.100 1.2 |Argon| 02000 — | — | 4 6 - £
b 4 3840 0.100 1.2 Argon| 0.200f — - ? ? |Iz(CH2) too thin to Ry
21 measure i
= &
e | Run 2 — Unpolished samples, at R = 38.7 cm when in the chamber. The chemical cleaning procedure of i
= Appendix C was used. K §
5L 1 o |o 0 Air [ 760 ~ | = ls8s| a2 - &
% 4 o |o 0 Air | 760 85| 80 | — | — - i
3 1 30 ] 0.200 | 24 |Argon| 0.020 ? | <4 | — | — |7 Reflections ob- it
2 30 0.200 2.4 Argon| 0.020 — - ? 9 | | scured the left ™
3 30 | 0.200 2.4 | Argon| 0020 — | — | ? 14 | { side of the drop i
4 30 0.200 2.4 Argon| 0.020] *? <4 | = |~ profile i
i
Run 3 — Newly polished samples with no precleaning, at R = 38.7 ¢cm when in the chamber. ; §
I ; u
1 0 0 0 Air 760 110105 | — [ — - :
{ 2 0 0 0 Air 760 108 | 108 | — - - 2
: 3 0o |o 0 Air  [760 — | - |38 | 39|a—Bromonapha- §
| lene instead of ;
7 4 0 0 0 Air | 760 - - 35 40 | Io(CHa). )
2 1 180 | 0.100 1.2 | Argon| 0.005| — | — | ? ? |\ @—Bromonapha i
2 180 0.100 1.2 Argon 0.005) — - ? ? lene, too thin to ;
3 measure 4
e 3 180 0.100 1.2 Argon 0.005] 40 ? - - } Reflections ob- é
4 180 0.100 1.2 Argon| 0.005] 35| ? -1~ scured the right £
> side of the drop i 1;
f . *Averaged over the inside area of the chamber. Table continues }
A : 5;
s : )
d ;
e ; &
o 2
|
ke
o i
i : 24
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Table D1 (Continued) — Series—I Glow-Discharge-Cleaning Data: Ccntact Angles g
of Drops on Ungrounded Stainless-Steal Samples on a Stainless-Steel Holder
Contact Angle, & (deg) :
Exposure ! Total | Average .
S?l 2%1; Time | Current| Current | Gas P;:zs:;e Hq0 I5(CHyg) Remarks ; ¢
(min) (A)  [(A/em?2) &
Left | Right | Left| Right ﬁ
Run 4 — Polished Samples, at R = 38,7 cm when in the chamber E
A 1 0 |o 0 Air |760 60| 60 | — | — - , i
). 2 0 0 0 Air 760 70| 170 - - - .
il 3 0 0 0 Air 760 60| 66 - - - N
izt : 4 o |o 0 Air {760 45| 45 | — | — - Ry
1 1200 | 0100 | 1.2 |Argon| 0.005] —1 — | <1| <1 |y Overnight clean- ik
ke : * 2 1200 0.100 1.2 Argon| 0.005] —| — | <t | <1 |lingrun=20hr ke
it : 3 1200 | 0.100 1.2 |Argon| 0.005) <t1| <t ! — | — |(spontaneous ik
|l 4 1200 | 0100 | 1.2 [Argon| 0.005| <1] <1 | — | — {J wetting. it
}i . g Run 5 — Polished samples, at R = 28 cm. (Sample 1 was checked with an Auger Spectrometer with incon- NG
i clusive results; nothing was found except stainless steel.) The contact angle @ w.s estimated by the %"
- ‘ spreading ratio n using Egs. (6) and (3c) of Appendix E. it
H 4 1
e ) 1 30 | 0100 | 1.2 [Argon| 0.006] —| - [<5| <5 — i
ol : The drop diame- He
5 T 2 30 0.100 1.2 Argon| 0.006] —! — | <ri <5 ] terspread from = ol
bt X 3 30 0.100 1.2 Argon{ 0006 —| — | <5| <5 |pl.5mmto~7 4
5 4 30 0.100 1.2 Argon{ 0006 — | — | <5| <5 [) mmin30s ' A
5 Therefore n > 4, &€
P ¥ ot
‘,ﬂ ;'! Run 6 — A different set of polished samples, at R = 38.7 em ’ jé
e & ;
: 5 30 | 0.100 1.2 |Argon| o0.005| 18] 7?2 | - | — . ) i
3 s 6 30 | 0200 | 1.2 [Argon| 0.005! 22! 2 [ — | — iﬁ':gtt‘gzsr;’zt !
LS 7 30 | 0100 | 12 |Argon| 0005 14| 2 | — | — |[rECie EE :
e 8 30 | 0100 | 1.2 |Argon| 0.005| 30| ? | ~] — | P
SR n 3
| ; Run 7 — Polished samples, at R = 35 cm ;
a7 3
v 1 30 | 0100 | 1.2 [|Argon| 0005 12| 12 | = | — |n=~3f 1
iy £ 2 30 | 0100 | 1.2 |Argon| 0.005| 8| 10 | —| - -
i 3 30 0.100 1.2 Argon 0.005{ 10| 15 - - - 4
A 4 4 30 0.100 1.2 Argon| 0.005{ 10| t4 [ — | — -~ i§
195 X %
8 Y L
e . *This sample went to ar Auger Spectrometer. The results were inconclusive; nothing was found except the b
v : expected components of stainless steel. o 3
; " The spreading ratio n = 3 observed in supplementary to the direct measurement a = 12". In the case of §
5 2 run 8, samples 1 through 3, for example, a direct measurement of & was not possible, and the value <10 &
- ;; listed is that determined by observing that n > 3. . ffz
Gt ? Table Continues X
‘ ”’; E7 :‘%
i1y ¥ L
}5_ i" ’§"
i p £
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WESTON AND BALWANZ
Table D1 (Concluded) — Series—I Glow-Discharge-Cleaning Data: Contact Angles 1
of Drops on Ungrounded Stainless-Steel Samples on a Stainiess-Steel Holder :
K,
N
N Contact Angle, a (deg) :
. Sample Exposure C’I‘otalt éverage G Pressure o 12(CHo) Remarks K
9 v ime urren urren as mar iy
Number| (it | “(A)" | auhicme) (torr) |___2 =t &
Left| Right | Left | Right )
5: \ Run 8 — Polished samples, at R = 38 cm ) 1
g\ T g
LB R 1 hmiamel o) |7 g e
1 . . rgon| 0. - | - ? H
ik 7 30 ] 0100 | 12 |Argon| 0005 | — | — | ? [ <10 [] Obsoured theleft
n>4=q<5. h
8 30 0.100 1.2 Argon| 0.005 - - ? <5 Reflections ob- N i
scured left side. ‘ H
‘ Run 9 — Polished samples, at R = 38.7 cm ik
‘5 Reflections ob- Nk
i 1 30 0.070 0.85 Argon| 0.002 - - 30 ? N A 5
3 2 30 | 0070 | 085 |Argon| 0.002 | — | — [ 34| 2 |[scuredtheright i
A8 Reflections ob- i
: 3 30 0.070 0.85 Argon| 0.002 ? 35 - - +
2 a 30 | 0070 | 085 |Argon| 0002 | ? | 22 | — | - }gicé‘ged the left e
2 i
:c Current Contact Angle, o (deg) B4
il . Sam- | Expos. Gas Flow |p . e }
¥ : ﬁle Time Total| Averag Gas Ré'xte . (torr) HoO Io(CHy) Remarks
3 : 0. | (min) (A) ([.lA/cm%) (emé&/min) - - I
4 Left | Right | Left [Right i
" Run 10 (5 Nov. 1974) — Polished samples, at R = 38 cm when in the chamber ;f
ey KK
- 5| o |o 0 Air - |760 —1 — 12 | 2 | Nodata, because i
- 6 0 {0 0 Air - 760 - - % ? photographs of e
£ 7 0 {0 0 Air - 760 ? ? - - the drops were o
i 8 0 |0 0 Air - 760 ? ? - | - ungegex Oﬁed. B\
- 5] 30 [0100] 1.2 Argon| 34 0.006) —| — |<10|<10| R~ 9. Rellec :
AP 6| 30 [0100] 12 |Argon| 34 0.006| — | — |<10|<10 | ensohseured
3K n>4. Reflec- ;
Fx 13 7 30 ]0.100 1.2 Argon 34 0.006| — - <51 <5 s ¥
e 1% _ - tions obscured i
Ak 8 30 |0.200 1.2 Argon 34 0.006 <5| <5 the profiles. ;
i3 RU{I 11 — Polished samples, at R = 28 cm, The samples were not precleaned with NaOH or soap and j
i water. k4
% . Reflections ob- 3
o, . 9 30 |0.100 1.2 Argon 36 0.006| 36 ? 28] ? A ~
% ; 10 | 30 [0100| 12 [Argon| 36 0.006| 42| 2 | 31] 2 } scured the right 4
: ! Reflections ob- %
kL ! 11 30 10.100 1.2 Argon 36 0.006] ? 40 71 21 - €
: i 12 | 30 |0100| 1.2 |Argon| 36 0.006{ ? | 45| —| — | scuredtheleft 3
% ‘ ¥
H k
}X@' i Run 12 — Polished samples at R = 28 em }.
g; | 13 | 30 [0100] 1.2 |Argon| 36 0.006/ 18 28| —f — | o - 4
24 1 - ections ob- 4
{ 14 30 |0.100 1.2 Argon 36 0.006] 12 ? scured right side. ;-;
B ¢ 15 30 }0.100 1.2 Argon 36 0.006] — - [<10}1<10 n>3 g/
. ;‘z’j N 16 30 ]0.100 1.2 Argon 36 0.006| — - <1010 : b4
% : 4
!
K Tx k 5 ;‘5
f.’, 3 tﬁ)}
o : 3
£ ¢ :}5
1 ‘ 26 %
k RN i St el b s e ke IRy b a ot ahatwal b soed st oS it arh
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At - . . . i
? y Table D2 — Series—II Glow-Discharge-Cleaning Data: Grounded Polished ' ;
Stainless-Steel Samples on a Lucite Holder ‘
§
Current Contact Angle, o (deg)
Sam-| Expos. Gas Flow | prossure . :
ﬁl:: (Trrlxﬁe) Total Averageé Gas (cmef/tx%in) (torr) HgO 15(CHy) Remarks ,
(A) | (HAJem?) Left | Right| Left [Right ;
Run 1 (22 Nov. 1974) — Samples at R = 35 cm when in the chamber :
1 0o |o 0 Air 0o |760 0] 0| -} - - :
5 2 0 |0 0 Air 0 760 651 70 - | - — . 4
‘ 1| 60 |0100] 1.2 [Argon| 36 0.005| 10| 2 | — | - | Reflectionsobl ;
2 60 [0.100 1.2 Argon 36 0.005| 10| 12 - | - - :
3| 60 |0.00] 1.2 |Argon| 36 0.005| 16| 2 | — | — | Reflectionsob :
. 4 60 10.100 1.2 Argon 36 0.005|<10| <10 - - nz3=>a<10. 5
’ Run 2 (5 Dec. 1974) — Samples at R = 38 cm when in the chamber ’
5[ o |o 0 Air 0 |760 gol 80| — | — - :
Ny 6 0 ]0 0 Air 0 760 90| 85 - | - - N
N 7 0 {0 0 Air 0 760 701 751 50 | 52 - §
8 0 |0 0 Air 0 760 751 75| 48 | 48 -~ :
- 5 90 10.100 1.2 Argon 34 0.005] 16 ? 171 ? - .
6 90 0.100 1.2 Argon 34 0.005| 16 14 16 | 13 - N
v 7 90 |0.100 1.2 Argon 34 0.005] 2 13| 14| ? - Y
B 8 90 }(0.100 1.2 Argon 34 0.005] — - 17 ? - ;
Run 3 (9 Dec. 1974) — Samples at R = 38 em
- 9 60 {0.100 1.2 Argon ? 0.002] 12} 171 11 | 12 - i
o 10 60 {0.100 1.2 Argon ? 0.002| 15} 18 6 7 - .
J 11 60 10.100 1.2 Argon ? 0.002] 13] 23} 12 | 10 — 4
. 12 60 {0.100 1.2 Argon ? 0.002] 15 21| 25 ? Reflections ob- .
scured at right :
. of I5(CHo) i
Run 4 (10 Dec. 1974) — Samples at R = 38 cm when in chamber
13 0 |0 0 Air 0 760 271 30| — | — - .
14 0 |0 0 Air 0 760 301 30 | — | — - b
{ 15 0 |0 0 Air 0 760 43| 37| = | — - 1
H f 16 0 |0 0 Air 0 760 407 38| — | — — 3
] o 13 60 (0.100 1.2 Argon 25 00151 23§ 21 | — | — -
' 14 60 (0.100 1.2 Argon 25 0.015| 20| 21 | ~ — - ;'
15 60 10.100 1.2 Argon 25 0.016] - — 115 |15 - ;
. 16 60 (0.100 1.2 Argon 25 0.015} -— — 119 |15 - K
3
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WESTON AND BALWANZ

Table D2 (Continued) — Series—II Glow-Discharge-Cleaning Data: Grounded Polished
Stainless-Steel Samples on a Lucite Holder

Current Contact Angle, o (deg)
Sam-| Expos. Gas Flow |p.occire
R | [ | © || o[0T TG | semans
(A) | (WA/em?) Left | Right| Lett [ Right
Run 5 (11 Dec. 1974) — Samplesat R =18 cm

1 60 10.200 2.4 Argon 24 0.006] — - 151 15 -

2 60 10.200 2.4 Argon 24 0.006| — — 18| 15 -

3 60 ]0.200 2.4 Argon 24 0.006 5 5 - - -

4 60 |0.200 2.4 Argon 24 0.006 5 7 - - -

Run 6 (11 Dec. 1974) — Samples at R = 38 cm when in the chamber

5 0 {0 0 Air 0 760 20| 23 - - -

6 0]0 0 Air 0 760 201 22 - - -

7 010 0 Air 0 760 221 20 - - —_

8 00 0 Air 0 760 221 25 - - -

5 120 [0.200 2.4 Argon 24 0.006} <5 <5 11 10 -

6 120 ]0.200 2.4 Argon 24 0.006] -— - 15] 20 -

7 120 [0.200 2.4 Argon 24 0.006| <5 | <5 — - |In>4=>a<5

8 120 {0.200 2.4 Argon 24 0.006] <5 | <5 15 11 |n>4=>q<5

Run 7 (12 Dec. 1974) — Samples at 38 cm when in the chamber

9 0|0 0 Air 0 760 85| 88 - - -
10 0 {0 0 Air 0 760 86 | 88 — - -
11 0|0 0 Air 0 760 - - 38 38 -
12 010 0 Air 0 760 - 38 38 -

9 | 120 }0.200 2.4 Argon 24 0006 —~| — | <5| <5 Photographs not
10 | 120 [0.200 2.4 Argon 24 0.005] —{ — | <5| <5 good enough;
11 | 120 (0.200 2.4 Argon 24 0.005| <3 | <3 - - too many
12 120 |0.200 2.4 Argon 24 0.005| <3| <3 - - reflections.

Run 8 (12 Dec. 1974) — Samples at R = 28 cm when in the chamber

1 010 0 Air 0 760 - - 30 30 -

2 0|0 0 Air 0 760 - - 30 31 -

3 010 0 Air 0 760 54 | 53 - - -

i‘ 128 8 200 g 4 .21;1' 22 768 005 <335 <(?235 - - N

. on R - -

2| 120 |0.200 2.4 |Arion| 24 0008|5858 = | = [}n>5=a<z2s.

3 120 |0.200 2.4 Argon 24 0.005| <5 | <5 <5 <5 } S4=9<5

4| 120 |0.200] 2.4 |Argon 24 0.005| <5| <5 | <5| <5 |JP g

Table Continues
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Table D2 (Concluded) — Series—II Glow-Discharge-Cleaning Data: Grounded Polished
Stainless-Steel Samples on a Lucite Holder

Current Contact Angle, « (deg)
Sam-{ Expos. Gas Flow |poccure
B | e oy | 05 | i\ S0 | Oy | memark
(A) |(uAJem?) Left| Right| Left| Right
Run 9 (6 Jan,1975) — Test of the time until conta nination after cleaned samples are exposed to labora-
3 tory air at 65 F and 40% relative humidity. The samples were cleaned at R = 38 em,
bl 5 00 0 Air 0 |760 321 30| - | - -
i 6 010 0 Air 0 760 28| 27| — - -

7 010 0 An 0 760 - - 40 37 -

8 010 0 Air 0 760 - — | 42 | 41 -

5 | 1080 | 0.200 2.4 Argon 28 0.005|<2.51 <2.5| <1 | <1 |Still inside the
chamber.
n>5=>a<2.5;

A4 n>7=2>a<l.
i 6 { 1080 | 0.200f 2.4 Argon 28 0.005| <5/ <5| 32 | 37 |After 10 min out
i of the chamber.
it n>4=>a<5.
: 1080 | 0.200 2.4 Argon 28 0.005] 30f 28| 36 | 34 |After 180 min out
of the chamber.

8 | 1080 | 0.200 2.4 Argon 28 0.005; 33| 33] 32 | 32 | After 360 min out

of the chamber.
o Run 10 (7 Jan. 1975) — Samples at R = 38 cm when in the chamber

9 010 0 Air 0 760 45] 43| 30 | 28 -

el 4 10 0|0 0 Air 0 760 49| 40| 32 | 28 -

14 9 60 | 0.100 1.2 Argon 30 0.005/ 10/ 10] 18 | 18 -
i . 10 60 10.100 1.2 Argon 30 0.005 8 9]l 10 | 10 -
: ; 11 60 | 0.100 1.2 Argon 30 0.005 7 6] 20 | 18 -
A 12 60 | 0.100 1.2 Argon 30 0.005 7 6] 18 | 15 —_

Note: In Subse%uent tables the gas flow rate will be expressed as millitorr-liters per minute. Since 1

2 atmosphere = 7.6 X 105 millitorr and 1 cm3 = 1 X 10-3 liters, then 7.60 X 105 millitorr X 10-3 liters/min
= 760 millitorr-liters/min, As an example, a flow of 30 cm3/min at 1 atmosphere is 22800 millitorr-liters/
min, and at a pressure of 5 millitorr this translates into 22800/5 = 4560 liters/min. From Appendix B the
volume of the chamber is 2240 liters, which is (conveniently) about 2280 liters, so that a flow of 4560

litelxlfs/min represents 2 chamber volumvs per minute. This approach can be appiied to the preceding data as
well.
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WESTON AND BALWANZ

Table D3a — Series-1IIA Glow-Discharge-Cleaning Data: Grounded Freshly Polished Stain-
less-Steel Samples on a Lucite Holder, with the Sample (Having Residual Contamination)
Exposed to the Glow Discharge for 60 min at R = 18 cm in Every Run and the Pressure Being
Doubled Each Time in the Sequence of Runs at a Total Current of 0.100 A (Runs 1, 3, 5, 7,
9, 10) and in the Sequence of Runs at a Total Current of 0.300 A (Runs 2, 4, 6, 8). The Gas
Flow Rate was not Recorded.

E Current Contact Angle, « (deg)

% DOS. Pressure| R

él‘"llzx:]e) Total | Sample* | G2 | (torr |(cm) Hy0 Io(CHy) Remarks
(A) | (HA/em?2)

Lett | Right | Left | Right
Run 1 (10 Jan. 1975) — Sample 1

0 0 0 Air 760 — | 110} 100 | 100 65 —
60 0.100 15.5 Argon 0.005| 18 15 15 18| <25 |n>5=a<2.5

Run 2 (10 Jan, 1975) — Sample 2

0 |0 0 Air 760 - [112{ 1056 65 63
60 0.300 30.2 Argon 0.005( 18 | <5 | <5 |<1.5|<1.5

n>4=>a<5;n>6>aqa
<1.5
Run 3 (13 Jan. 1975) — Sample 3
0 0 0 Air 760 — (104 | 104 51 56 -
0 0.100 7 Argon 0.012] 18 - - - - —_
60 0.100 11 Argon 0.012| 18 24 22 |<25[<2.5 |n>5=>a<25 Perhaps

the current increases with
exposure time due to re-
duced resistance on the
surface as the sample gets
cleaner,

Run 4 (13 Jan. 1975) — Sample 4

0o |o 0 Air | 760 — |108| 108 | 64| 66 -
7 0 |0300] 186 |Argon| 0012} 18 | = | = | —| - ~
60 |0.300] 225 |Argon| 0.012] 18 | 30| 32 |<25[<25[n>5=>a<25
= Run 5 (13 Jan. 1975) — Sample 5

Al o |o 0 Air | 760 — |108| 107 | 63| 62 -
0 |o100| 95 |Argen| 0025] 18 [ = | = | = | = -
ik 60 0100 101 [Argon| 0025 18 | 8| 8| <5 <s -
*Direct measurement on the sample with a microammeter.
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Grounded Freshly

Polished Stainless-Steel Samples on a Lucite Holder, with the Sample (Having Residual Con-
tamination) Exposed to the Glow Discharge for 60 min at R = 18 ¢cm in Every Run and the
Pressure Being Doubled Each Time in the Sequence of Runs at a Total Current of 0.100 A
(Runs 1, 3, 5, 7, 9, 10) and in the Sequence of Runs at a Total Current of 0.300 A (Runs 2,
4, 6, 8). The Gas Flow Rate was not Recorded.

E Current Contact Angle,  (deg)
X POS. Pressure
Ernl\r::xe) Total Sample; Gas (torr) | (em) H,y0 To(CHy) Remarks
(A) | (HA/em?) Left | Right | Lert | Right
Run 6 (14 Jan. 1975) — Sample 6
0 0 0 Air 760 - 112 115 65 68 -
0 0.300 14.6 Argon 0.025] 18 - - - - —~
60 0.300 16.3 Argon 0.025| 18 8 6 |<2.5(<25 |n>5=>a<25
Run 7 (14 Jan. 1975) — Sample 7
0 0 0 Air 760 — |100 | 100 60| 64 -
0 0.100 3.6 Argon 0.050| 18 - - - - —
60 0.100 4.1 Argon 0.050f 18 8 7 <51 <5 -
Run 8 (14 Jan. 1975) — Sample &
0 0 0 Air 760 - 97 96 68| 87 -
0 0.300 8.1 Argon 0.050] 18 - - — - —
60 0.300 8.7 Argon 0.050| 18 | <5 | <5 <5 <5 |n>4=>a<5
Run 9 (14 Jan, 1975) — Sample 9
0 0 0 Air 760 — |106 | 105 61 61 -
0 0.100 6.2 Argon 0.100] 18 | — - - - -
60 0.100 8.5 Argon 0.100] 18 10 12 13| 10 -
Run 10 (15 Jan. 1975) — Sample 10
0 0 0 Air 760 — 107 | 107 62 61 -
0 0.100 9.0 Argon 0.200f 18 | — - - - -
60 0.100 9.3 Argon 0.200| 18 9 10 10 11 |In=3
31
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WESTON AND BALWANZ
Table D3b — Series-I1IIB Glow-Discharge-Cleaning Data: Grounded Freshly Polished Stain-
24 less-Steel Samples on a Lucite Holder. The Exposure Time was Increased Each Run, with
Eet the Total Current Being 0.300 A and R = 18 c¢m for all Runs. The Date was 15 Jan. 1975.
£
= E Current Contact Angle, a (deg)
A xposure Pressure! R
b (mni]:) Total Sample2 Gas (torr) | (em) Hy0 Io(CHp) Remarks
; (A) | (HAfem?) Left | Right | Left | Right
Run 1 — Sample 11
. 0 0 0 Air 760 - 99| 101 59 61 -
. 0 0.300 25 Argon* 0.005| 18 - — - - - ’
M 10 0.300 30 Argon* 0.005] 18 121 14 41 40 :
b Run 2 — Sample 12 i
3l k
bl o |o 0 Air 760 ~ | 105|108 | 60| 60 - it
k2l 0 0.300| 31 Argon* 0.005] 18 | — | — -1 = - i
4 20 0.300 39.7 Argon* 0.005| 18 - - 15 18 j §
il Run 3 — Sample 13 ‘;
2 o o 0 Air 760 —~ |108|107 | 62| 61 - i
", 0 0.300 25 Argon* 0.005( 18 - - — — - H
3 : 30 0.300 31 Argon* 0.005| 18 |=10[=10 [<2.5|<2.5 [n>5=a<2.5. {.
} i Run 4 — Sample 14 ]l:
Ecl: - i
A o |o 0 Air 760 -~ |105| 106 | 60f 61 - k
ke 0 0.300 25 Argon* 0.005| 18 - - - - - F
74 60 0.300 30 Argon* 0.005| 18 - - — - - M
2 960% |o 0 Nitrogent | 780 18 |<10]<10 |<25|<25 [n>3=a<10; £
b n>5=>a<2.5. R
> g
3 ;The gas flow rate was not recorded. k|
A The gas flow rate was zero. L . A
4 $Run 4 in series IIIB can be considered in conjunction with run 13 in series IV. In run 13 in series IV the H
y sample was cleaned and then exposed to a low-pressure argon flow without glow-discharge cleaning over- 5
ks night (18 hours = 1080 minutes) and came out as contaminated as before the cleaning, whereas in run 4 :
#H above a comparable postcleaning interval ina gas at slightly above atmospheric pressure did not result in
b { significant recontamination of the sample. This is convincing evidence that at atmospheric pressure the i
5 H outgassing and diffusion rate of contaminants from surfaces is so low that a cleaned material can be used §
b 1 in fabrication processes without fear of recontamination from the surfaces of its environment. i
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Table D4 — Series-IV Glow-Discharge-Cleaning Data: Stainless Steel Samples Alternately .

Grounded and Ungrounded. The Date was 16 Jan. 1975.

Expo- Current Gaﬁ I:low o o Contact Angle «, (deg) ;

sure ate essure g

Time | Total | Sample Gas (millitorr- | (torr) |(cm) Hy0 12(CHg) Remarks k

(min) | (A) |(uA/em2) liters/min) Left | Right | Lett | Right :

Run 1 — Sample 1, Grounded !

: 0 |o 0 Air - 760 — | 52| 52| 40| 40 - }

. 0 10.300 26.7 Argon| 25,850 0.005f 18 ~ - - — - i

30 [0.300 28.0 Argon| 25,850 0.005[ 18 [<10|{ <10 | <5 <5 n>3=a<10;

n>4=>0<5 :

Run 2 — Sample 2, Ungrounded ﬁ

a2 o |o 0 Air - 760 — | 51| s1] 42| 42 - :
i } 30 }0.300 0 Argon| 27,350 0.005( 18 22 20 13 12 - Al
i Run 3 — Sample 3, Grounded

) 0 o 0 Air - |60 — | 47| 48| 41| 4 -

X 0 [0.300 21.7 Argon| 25,850 0.005| 28 - - - - - 5

30 [0.300 22.5 Argon| 25,850 0.005| 28 13 13 | <5 <5i{n>4=>a<5 y

L Run 4 — Sample 4, Ungrounded :
it :
i 0 0 Air - 760 - 50 50 42 42 - %
30 |0.300 0 Argon| 27,350 0.005] 28 8 8] <5 <5|n>4=2a<5 5

. Run 5 — Sample 5, Grounded

b ; o [0 0 Air — |60 — | 45| 46| 49| a9 - :
0 [0.300| 9.3 |Argon| 27,350 0005|138 | = | — | = | = - :
o 30 10.300 9.9 |Argon| 27,350 0.005 | 38 11| 11 [ <5] <5|n>4=a<5 .
2 B
& Run 6 — Sample 6, Ungrounded :
SN : 0o |o 0 Air - 760 — | 45| 45 | 42| 42 -
£ 30 10.300 0 Argon| 27,350 0.005 | 38 8 8 | <5 <5In>4=2a<5 i
4l
E5 1) §
3
3 :
78 . | %
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Table D4 (Concluded) — Series-1V Glow-Discharge-Cleaning Data: Stainless Steel Samples H
5 Alternately Grounded and Ungrounded. The Date was 16 Jan. 1975, fi
H B
: Expo- Current Gais{ Flow o . Corntact Angle q, (deg) T '}
sure - ate essure A
z Time { Total { Sample Gas (millitorr- | (torr) |(em) Ho0 I9(CHy) Remarks o
,\ (min) | (A) |(MA/em2) liters/min) Left | Right | Left | Right F
. v Run 7 — Sample 7, Grounded i
¥ h
b 3 0 lo 0 Air - 760 - |5 | 51 | 38| 38 - i
38 i 0 10.300 7.1 Argon| 50,000 0.050; 18 — - ~- - - i
: ¢ 30 10.300 8.8 Argon| 50,000 0.050( 18 21 20 i 9 - i
3 3 . ’
8 ¢ Run 8 — Sample 8, Ungrounded ;’
i 0 o 0 Air - 760 — | s2| 51 | 32| 39 -
& . 30 10.300 0 Argon{ 50,000 0.0507 18 10 11 <10 (|<10 (n>3=>a<10 A
{i 33 Run 9 ~ Sample 9, Grounded ”3
: ;t B
il : 0 lo 0 |air - |70 — |46 | 46 | 50| 48 - 3£
5y i 0 |0.30C 6.2 Argon| 50,000 0.050] 28 - - — — - i
) 30 |0.300 6.1 Argon| 50,000 0.050{ 28 15 16 |<10 (<10 [n>3=>a<10 , 4
,;.: ; Run 10 — Sample 10, Ungrounded | i;é‘
48 § 010 0 Air - 760 ~ 165] 65 | 50| 50 - KE
230 30 10.300 0 Argon | 50,000 0.050| 28 10 11 9 9 - 1y
e g * i
o § Run 11 — Sample 11, Grounded f
Z ! 0 lc¢ 0. |air — 1760 — | 65| 65 | 58| 58 - H
H ¢ 30 }0.300] —t {Argon| 50,000 0.050(38 |15 | 13 [<10{<10 [n>3=a<10
: Z Run 12 — Sample 12, Ungrounded i 3%
kS : 0|0 0 Air - 760 ~ |35 | 35 | 43| 43 - P
i 30 |0.300 0 Argon { 50,000 0.050{ 38 11 11 <5| <5 n>4=a<5b i
e : Run 13 — Sample 13, Grounded ¢S
Ny ; P
2 ! 0 |0 0 Air - 760 — |63 | 64 | 44| 45 - [
E,. 13 : 30 10.300 0t Argon | 23,480 0.005{18 - — - - - 1
b 1 5 1080* {0 0 Argon | 23,480 0.005|18 65 65 58 58 |Low press. 3 ;
‘: ; overnight o5
. ; *Footnote on Takle D3b. § i
23 +The microammeter had been borrowed and was returned. PR
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Table D5 — Series-V Glow-Discharge-Cleaning Data: Aluminum Oxide (A1,04) Gyroscope
Bearings (Avco). Sample currents were not measured because the borrowed microammeter

had been returned
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Contact Angle, o (deg)
Sam- | Expos-| Total Gaflal?eo v Pressure
p(lie (Tigm; Cu(r[;e)nt. Gas (millitorr- | (torr) |(cm) HoO I5(CHy) Remarks
. side | (min , !
‘ liters/min) Left | Right | Left | Right
! Run 1 — 30 minat 0.010 torr
1-1 0 0 Air 0 {760 - 69 70 | 49| 48 -
1-1 30 0.100 [Argon| 28,900 0.010} 18 14 15 | <6| <5 |n>4=>a<5.
2-1 0 0 Air 0 760 - 63 61 41 43 -
2-1 30 0.200 |Argon| 28,900 0.010§ 18 16 16 | <5 <5 |n>4=>a<5.
Run 2 — 30 min at 0.010 torr
1-2 0 0 Air 0 |760 - 751 74 52| 52 -
1-2 30 0.300 |[Argon| 28,900 0.010( 18 11 12 10 9 -
2-2 0 0 ir 0 | 760 - - - — - d
’, 2-2 30 0.400 |[Argon| 28,900 0.010{ 18 8 7 1<10/ <10 {n>3=>a<10
Run 3 — 60 min at 0.005 torr
1-1 0 0 Air 0 | 760 - 40] 40| 35{ 33 -
1-1 60 0.100 |[Argon| 27,000 0.005| 18 14 14 | <61 <5|n>4=>=>a<5.
1-2 0 0 Air 0 | 760 - 56 50 501 50 -
1-2 60 0.200 |[Argon| 27,000 0.005] 18 14 14 | <5] <5 |n>4=>a<5.
Run 4 — 60 min at 0.005 torr
2-1 0 0 Air 0 60 — 45| 45 38{ 37 -
2-1 60 0.300 |Argon| 23,600 0.005{ 18 9 7| <5] <6 |n>4=>a<s.
2-2 0 0 Air 0 60 - 49 50 | 41| 42 -
2-2 60 0.400 |Argon| 25,100 0.005| 18 13 14 | <5 <56 |n>4=>a<5.
Run 5 — 15 hours at 0.012 torr
1-1 0 0 Air 0 | 7€) — 55| 55 | 47| 46 -
1-1 900 0.100 |[Argon ? 0.012] 18 |<25(<25 | <1| <1 [n>5=a<2.5;
n>7=>a<1.
2-1 0 0 Air 0 760 - 50 51 471 46 -
2-1 900 0.100 |Argon ? 0.012]118 |<26[<25 | <1] <1 [n>5;n>71.
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WESTON AND BALWANZE

Table D6a — Series-VIA Glow-Discharge-Cleaning Data: Synthetic Rubies and Sapphires (A1,0;,)

E Current Gas Fl Contact Angle, a (deg)
XPOS. s Flow
Sag:)ple il‘ir.ne) Total | Average Gas (1 r?tqrr)- szg_‘:; € (em) H90 I2(CHg) Remarks
. min min
(A) | (uAJem?) Left | Right | Left | Right
Run1—At 350V
Ruby 0 0 0 Air 0 60 - 68 72 30 28 -
1 60 [0.200 2.4 Argon | 16,000 0.005 | 18 - - <1 <1|n>7=a<1.
Sapphire 0 0 0 Air 0 60 - 48 48 32 32 —
1 60 0.200 2.4 Argon| 16,000 0.005 | 18 <5 <51 — — |n>4=>a<5s.
Run 2— At 405V
Ruby 0 ]0 0 Air 0 ]760 - 56 58 31 31 —
2 60 |0.200 2.4 Argon | 22,000 0.0033| 18 <10 <10 - — [n>3=2a<10.
Sapphire 0 0 0 Air 0 0 - 62 62 32 32 -
2 60 {0.200 2.4 Argon | 22,000 0.0033( 18 4;<5 <5] <10| <10[n>4;n>3.
Run 3 — At 450 V
Ruby 0 |0 0 Air 0 60 - 51 51 30 31 —
3 60 |[0.200 2.4 Argon | 11,500 0.002 | 18 - - <5] <5|{n>4=2>a<5.
Sapghire 0 |0 0 Air 0 |760 - 53 55 40 37 —
60 [0.200 2.4 Argon | 11,500 0.002 | 18 <5 <5 <5 <5|n>4=>a<5.
Table D6b — Series-VIB Glow-Discharge-Cleaning Data: A1l,0, Avco Bearings
g Current Gas F1 Contact Angle, o (deg)
XPOS. s Flow
Sartlnople (T irpe) Total | Average e (lr?t:'m; Pz:gsrl:;’e (em) H20 I2(CHo) Remarks
’ min min
(A) | (uAjem®) Left | Right | Left | Right
Run4 — At 405V
11 0|0 0 Air ‘0 |760 - 45| 48| 28] 27 -
1-1 60 {0.200 2.4 Argon | 20,500 0.0033| 18 <5 <515;<6]/3;<5[n>4=>a<5.
2.1 0|0 0 Air 0 |760 — 40 41 34 30 -
2-1 60 | 0.200 2.4 Argon| 20,500 0.0033| 18 |6;<10(7;<70 <5 <5|n>8;n>4.
Run 5 — At 450 V
1-2 0|0 0 Air 0 |760 — 70 1 — | — -
1-2 60 { 0.200 2.4 Argon| 11,400 0.002 | 18 <5 <5| <5 <5[n>4=>a<s.
1-2 (2) g 8 Rmair 8 760— - —72 - 8 25 25 -
2-2 r - - X
2-2 60 | 0.200 2.4 Argon| 11,400 0.002 | 18 <2.5|] <25 <5 <5|n>5;n>4.
22 310 0 Rmair 0 - - 5 4| - - -
36
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2 i
- Table 7 — Series-VII (Run 1) Glow-Discharge Cleaning Data: Samples Precontaminated with Dow Corning ;
Pump Oil No. 704 (Silicone Oil) Overnight and Then Washed, Rinsed, and Air D-ied. { 8
! 3
7 .
Sample Current Contact Angle, « (deg) L i
, Expoi- Gas Flow Pressure | R ! :f
. Type No. and ’Ems) Total Avcragc:*2 Gas (1'7;3::) (torr) | (cm) Hp0 Io(CHy) Remarks “
L Side (A) | (HA/cm<) Left | Right| Left l Right 3 ¥
A1,04 bearing [ 1-1 0 |0 0 Air 0 [ 760 - 77 72| 37| 37 — if
. = 120 [0.200 2.4 Argon| 22,800 0.002] 18 15 13 [<2.5(<2.5|n>5=a<2.5] | 4
; 240 (0.200 2.4 Argon | 22,800 0.002] 18 <5 <51<2.5|<2.5|n2>4;n2>5. i e o
. 340 ]0.200 2.4 Argon | 22,800 0.002; 18 <5 <5(<25{<25|n>>4;n>5 . g
: 2-1 0 |0 0 Air 0 | 760 - 70 72 41 42 - 4 -(
; 120 [0.200 2.4 Argon| 22,800 0.002| 18 15 15 ]<2.5[<25 |n>5=a<25] . ¥
. 240 |(0.200 2.4 Argon | 22,800 0.002¢{ 18 <5] <51<25|<25|n>4;n>5. .
I 340 ]0.200 2.4 Argon | 22,800 0.002] 18 [<2.5]<2,51<251<2,5|[n>5=>a<2.5/ N
8 ok Ruby 3 0 |0 0 Air 0 | 760 — | 62| 63| 83] 33 - 4
24N . 120 [0.200 2.4 Argon| 22,800 0.002| 18 - - <5 <5in24>a { 5. )
Bt : 240 |0.200 2.4 Argon | 22,800 0.002| 18 - — [<25|<25 [n>5=a<2.5] +
P21 340 |0.200 2.4 Argon| 22,800 0.002{ 18 <3] <5 - —~ [n>4=>a<5. B
gl Sapphire 4 0 40 0 Ahir 0 | 760 — 68] 13 43 43 - R
i Y 120 10.200 2.4 Argon | 22,300 0.002¢f 18 14} <5 <5| <5 |n>4=2>a<5. it
2 ; 240 ]0.200 2.4 Argon| 22,800 0.002] 18 |<2.5[<2.5 - ~ |n2>5=2a<2.5, 3F
P4 . 340 10.200 2.4 Argon | 22,800 0.002| 18 — - |<25}|<25n>5=a<25] : 4 d
= : Stainless steel 5 0 |0 0 Air 0 | 760 - 63| 63 43| 43 - ‘P
4 ‘ 120 [0.200 24 Argon | 22,800 0.002] 18 138 18 [<2.5]|<2.5 {n>5=>a<2.5] iF
X8 ., 240 10.200 2.4 Argon | 22,800 0.002| 18 6 5 [<1.5{<1.5 |n>6=a< 1.5 :
ik * 340 }0.200 2.4 Argon{ 22,800 0.002] 18 <51 <5 1<1.5|<1.5|{n>4;n>6. 3
. Stainless steel 6 0 {0 0 Air 0 | 760 - 55| 59 | 42| 45 - }
et 120 10.200 2.4 Argon | 22,800 0.002| 18 20| 18 [<25{<2.5|n>5=a<2.5l 2
= 240 (0.200 2.4 Argon| 22,800 0.002| 18 9 71<1.5!<1.5|n>6=a<1.5] ¢
e 340 ]0.200 2.4 Argon| 22,800 0.002] 18 <5] <5 ]<1.5{<1.5|n>4;n>6. 4
;; *The vacuum system was backfilled with nitrogen at the end of each time interval for contact-angie measurements on all samples :
ks before restarting. Therefore the time is accumulative, and the samples were recontaminated with I9(CHg) and Ho0 by the contact- -
" angle measurerients. 4
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Reprint of NRL Memorandum Report 3201

A Method to Estimate the Contact Angle of a Drop Spread Upon a

Flat Surface when it is Otherwise too Flat to Measure

INTRODUCTION

In the course of measuring the amount of contamination present on a

clean surface after cleaning, a relationship between the contact angle of
a small drop on the surface and the contamination is used according to £
established criteria (see Refs. 1 - k). ki
The contact angle is measured with the use of a small microscope and
its appropriate lighting system called a Goniometer. The angle measure-
ments become increasingly vague and difficult as the drop spreads and the
contact angle becomes less than SO. This has not caused a great deal of
concern, since in the past most contact angles were greater than 150.
However, during an experiment using an improved method of plasma cleaning
of surfaces it was found that the drop spread so thin on the surface that

its profile could not always be observed. Such is often the case when

o A s

. o . .
the contact angle is 5 or less. This memorandum discusses a means of
, . Q o . , .
estimating the contact angle from 10  to 0.5 with a certainty which is

dependent on the accuracy of the knowledge of the volume of the original

drop, and its diameter when spread out over the surface of the clean
specimen.

The experiment data to test the following theory, was accumulated

by measuring drops on op.ically flat specimens made of stainless steel,

sapphire, ruby and an aluminum oxide bearing. The angles were measured

from photographs so that the height to diameter ratio and contact angle

measurements could be fixed in time, since the drop size changed rather

e p Syt W DI

rapidly as a function of time, (evaporation rate, and recontamination

rate). The data is plotted in Fig. 3 and tabulated in Table 1.

o

vy R 38

SR R

Note: Manuscript submitted December 24, 1975.
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For the purposes of this analysis a small drop is defined as a drop
size where the maximum hydrostatic force within a drop resting on a clean
surface is less than the force due to surface tension acting the drop.
Experimental evidence included in the subsequent data confirms the

definition within the limits of the observations.
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Fig. 1 - The geometrical relationship of the contact angle of a

small drop on a level. fla: surface, to a spherical drop of
equal volume o
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i Section 1 !
Y section .
b The spreading ratio
e
If it is assumed that a small drop spreading evenly on a flat surface
B . . '
4 forms a spherical segment, then the relationship of the diameter of the ,
, ’ initial drop before contact can be related to the diameter of the spher- ?
3 ical segment by the fact they have equal volumes, Thus by simple geometry
: Volume of Sphere = 2ar . (1) R
Y 2 I
A
, |
; Volume of spherical segment =-— nhZ3(3 R2 +h) , (2) ) P
& 5 ‘
o
where h = height of segment (Fig. 1) 1é
R = radius of curvature of the segment 1t
2 K
R = radius of the initial drop, and b
' define 1R = r = radius of the segment base. ‘ e
1 2 i§
i
Then combining Eqs. (1) and (2), T, is related to R, by 3. i
. :.
3 ‘ B- r> =h®(3 R - h). "n" is the spreading ratio. (3) .
E : 3 2 2 !
R n ‘
i 4
, g‘
From the geometry it can be seen that ;
k1 !
2 ‘:' i
s | 1 o . 3
Sin /2 =- \j h? + ¥2/R = = Sin Q, (3a) :
i o 2 2 1 :
R 3
e because of similar triangles, and because &
4 ;
- . o = the contact angle = 2 Qs f
é‘ ﬁ%
P %
A %
:f" i‘ then r %
¥ N Tan @; = h/r_=—F2— . (3b) 3
. 2 2R -h ]
;',,3 e 2 K}
g ! 4
E Thus o =2 tan * h/r, and (3¢) 4
3
1t 244
Y
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 =h(2R - h) . (%)
2 2

Combine Eq's (3) and (%) to eliminate R2, then simplify to

3
ol =E(5r2+h2)’
n® 2 2
thus
2
n° 8| r r
2 2
Solve for n,
e\ [
n=2;—l—- 5+£— =2 cot 211 + cot2 & . (6)
- r2 2 | 2
L 2 N\ 27,

Equation (5) is used to calculate the curve (nomograph) of contact
angle vs n (Fig. 2).

If a small drop spreading evenly on a flat surface forms a spherical
segment of a larger sphere, then Q/2 = tan * h/rz. Therefore the measure-
ment of the ais, hi's and rgi's for a series of different drops should,
within the precision of the measurements, correspond to the geometric re-

lationship.

A series of photographs were taken of drops on surfaces with differ-
ent degrees of contamination.

The results of the measurements are points X vs h/r2 from Eq. (3c).

The fact that most of the points are below the line may indicate a
systematic error in the measurements, or it may indicate that the shape
of the assumed spherical segment becomes a little flat as the radius of
curvature increases. In either case the observed angles are slightly less

than they would be if calculated from the observed h/r2.
4

42

ok e A e SN SN g i G i BB G, o B B R st e o

reote

EXIPAC ALL L OO

o

A Y

T T T R P L T T TR T I

N L T N )

PLT e T

o aerd B g dara s i 3T T

\ ~Gmaras

Ertecgan Nt gty Ty eI TEr

o

seen

e ran e AT x b

Covat o e e

B A T

- aboe T

A

: ‘&gkﬁgﬁ;}g},ﬁ&%: L T bl e ek, S e




O T o N e S e RV s
i

7Y
' -

s

R

o\

sjuswidos 1edstxoyds 1oy (u) oryex Surpesads sa (V) a18ue 3dovjU0) - 7 81 ;

(,930) ® 379NV LOVLINOD u
00l o] Ol 10 o :

_______ I T _______ 1 1 _______ I 1 ___-uu 1 1 i

“

ok pat g

fyparet

Ol :
d w
o]
3 P
> .
! 1 3 L
15 g <+
4 n 0 ”
¥ i >
: = ;
- o) 4
: ] = ,
. ol .
¢
m:u. -~ K
, enlizCiru)+€)27y = u 7 3
2 i
r B ks
mw 3
Y

. . -% . B
. f v - R
-3 e . Sevror. ~ .
L P O L S ) PN S 2 o e e NSRS
S T Y R e e e T T AR SRt PRy e 230 B % AR )
Gl AT S R SN R e R B A { S R e R sl O R o L e GRS




s TLaF w7 A PR 13 S INTRS AT <7 KT AT e
Fi ok Dt A et
¥

N ger el 8 TR

gpit=terpwey

TN e

T e it

(Cajy) [-Uel 2 =D dI3ym Axo0ay3 03 paaedwiod
¢1/y peansesw sa o{3ue 30°IU0D paInseaw jo Arrwwng - ¢ ‘Stg

(%/4) sNIQVY LOVLNOD OL LHSIZH JON¥Ad 3HL 40 OlLvY
Ol -0l 2-0l

T _-J-_—_- H 1 ____-—. 1 i AU T T 4 ] 1

SIN3WIHYNSYIW DIHJIVHOOLOHd WOYL 24/4 SA oD 000 oO00O

lllllll

1

(21/4)_NVL 2200 JHIHM AMOIHL WOXH /U sA oD

RN

Bevree

o'l

ol

ool

(,930) LN3W93S VIIIIHLS 40 319NV LOVINOD

6
44

T T T T T T T v T T AR | SR X Ty S VIR (TR TR S A N e Ry A L e Y e A ]

et

e fk sy Fom i T A R0 2

i 0 BT T
,34”. m&m‘ Af..z.a..rw»\r AT AR

, - ! e g ) ST 2
e T e By Y pE T s et ISR D b Lt 2 S S S
¥V AR WA ) ) h D it S




B AMRIENS ey sy g T

3ty

T
AN
N yEx-toarr ey

e

EACEE

ey
oSy

e St
AL foreany

P AW A oty oo

]

[ BT

i

g STV

- 1L
AT 0O FERLG TEN R T

-

STLR I F Y Ot LK LIRS Ty SRR

i

Er T

Te n e e e

T TR TN TR SO S ATV T C AT SATY AR DAY L TR S TYay

JERReT e v o SYRSE M ]

S N A S TS RO TR R Oy S S 2 S

¥ e ek O

08°8T | 26491° G Ht 6z #°e L1 o2 0 22 o « " oe 0
92'g geelo” 81 ¢ €1 L 9 " 11 " " " 61 "
$'g glo* ot 2% | 21 ) l " ¢z - " " 81 “
Cq°ST | gHeer” (944§ 1€ 12 o9t St " oz « u A “
§0°11 | Lég6o" 6ot 44 91 o1 8 " 61 u “ “ 14 u
g1°91 {S012kT” 61 8s L2 - 81 u 31 " “ “ 4 "
sl'g Lyolo: A He 1 8 Q " L1 “ " " 11 “
ens LeL0° 61 jo14 6°0 - 4 " 41 " “ “ 44 "
g80°8 650L0° A He 21 8 L " St 4 " o A "
G6°g 028i0° €2 Sh 1 8 L “ 41 " " “ 1t “
€6 gl | g1e9t” 61 < 1°¢ - 02 " 11 “ " " o1 o
¢ cgeco” g1 9% 9°0 7 ¢ M 6 M " o 6 u
GL'OT | 11460° L1 1e 9°1 2t - u 8 “ u u 8 w
slg Lyolo® L1 e €1 L - " % u " " L "
- - - - - - - u ¢ « " " 9 M
- - - - - - 8 " 2 2 u a 4 "
- = - = - - - " 9 " m " f “
- - - - - 4 4 u S " - " < u
- - = = = 8 g n 4 “ " u e n
- - - - - - g " 2 " “ " 1 "
652 | 9e0°0 JAFAS e |l 7o 16> | s> 0 0¢/1 1 1 19935°35 | O°H 0 1
z z z 32§ IR
o3op /4 2 P Y Iudty LREe! witd 21y 2d4y
o) oiaevy snipey *21q |a3udroy (®)°13uV ol ol I3aqunp adAy doag amex3y | 110¥
s1a33uraed pPI3LINOIL) sa932Wexeq poaInsesd awil 3ansodx3 a7dues o1ydea8ozoyg

82083ang uo sa7ryoxg doiad yo sydeaBojoyg woiy SIUIWIINSEIY
o1aey 3uipeaads sa ar3uy 3083U0)

1 @19el

45

T5L X

L«

n

V5T

TR et

Woavcad

o

g

w . TN g AL
bp ot N ow b S S 8

LN

ar

PR

bt A4




T T iR s 1T ST T e TRm NATNIA BT N AT

T3 % 7« NP EET oL

T O N

i ,s;%.Ef,,.%mi.3..;.:,..f,?.,,a; e —————— T T TR T T T T T T e T —— . .

: 4

i

R

1 AM

_ i

- - - - - sn203 3o 3no “ ¢ “ " " 02 “ :

- - - - - §n203 3O 3InO o 0¢ " " “ 61 a .

. 7L 0¢ | xiénle” g I 1°62| 0°f1 o¢ _ e u 64 " " I 81 M ,

- - - - - sn203 30 3n0 " 67 < “ ()1 1 u 4

09°L2 15642° gsg 1°L1 1°2 L2 62 u 84 o o u St u i

: ggeo2 (TR ¢ 61 0°6¢ (4 Lt - u Iy u " " st “ ;

geroz | Legltt 0°ql ogz| &°2 g1 41 “ o1 " " “ 71 M 3

6crl1 | wsesre | oozt [ otmg| o - ¢t " ¢ e “ " a "

lg oz | s<eat” oLt o'qs | 1°¢ - 81 “ 64 u u “ 21 " ;

- - - - - $ndo03 JOo 3Ino 61 « . " 11 “ ,

19711 | gxéor” ¢t | o6z &1 z o1 “ an " y “ o1 “ .

LL°g 995910 0°0¢% (03] e 8 L " Ly M . u 6 m .

anr1z | Ledgrs | ggrat L1g| o¢ Lt 02 " oy 1 " " g " ©

926 00180° | 60’91 12| €1 ) L " oY “ " “ L " -+

0Ll 000851 * 0°91 0-2¢ 12 - 91 “ 6% “ " “ S " ;

14782 10X e Hl 7°gc g e g1 oc u Le M " u S 1 (v

9L°¢1 oRe14 ¢ sl 682 o°e o1 #1 0 oc M " M f m .

w gs610° | sl lgz| 11 L g " 144 u u " ¢ u

%29 $$050° ez m| et - s " 14 " " " 2 "

| S AT T I A IR R S B RO ANCHUN I IO j

- - - 0¢/1 14 # i9938*3§ | O H o] b4 8

'

A 2 2 2 298 uty 1
33 o3°P a/y x p | ay31y 3301 wytd aty adky m

4H 0 or3ey sn1pey ~e1q@ | 34d1oH (0)a13uy oL oy Taquny 2d41 dnvq awexl | T10¥

. ew saagaweleq pIILINIITY sxajdweaed pPaInseay surl dansodxy 31dumes orydeal8oioyg p
,\:4 W saorzang uo $3Ijyoxd doag Jo sydeafoloyd woIJ $IUWIINERVSK y
H.. n o33%y 3uipeaads sa I72uy 3IdBIUO) -
3 : “ (rauod) | °1qul w
3 3 3
E I

w«u
pp——— . Setee o = v = NI ” . »
e — ».xam,é@ﬁ«,mw‘.nwpmﬂn e Awfff,r S S serh el onan e b Sty .m.w., *q it St .,,..,,F..,.,.,%.w.www.,u?w,w,,w,‘ S R o




ey T RARIE
AT SRS vy

TN

by

PN
Y

L
RN

4,

MR
b o e e

EI R A S S T Y N5 IR R T S S KA L Y T

TR TR SR G

R o O I AR A v et

L S ST T CUaP e Tt S S A e S

KPP oA 15 3 AN RN .J?\nm1}‘Vuvu)‘..m$4..n§.munwdwvwx¢‘

ELAKE Y

5 etk TN

DI

CEX

R It e Y o o vwmans-Tac e

AP

AT e
R L R L ST I ROy ey Ty rppy

06° 64 2yzey” o1°11 2rae Ly (14 0% " " o " ce "
snoogjxoogd " " “ “ 61 “
T°LS 1448 os el 0°ge 8°9 (€6 - 25| 16 - €4 " " o1 sayyddes g1 "
sndogdlaoog " Aqny 11 “
0'TL] 981l 69°01 ¢ 12 9°L L -0l ) 6L -oL u n 6 Aqny ¢l "
u “ M u o ¢1 "
" " o " " 41 w
aoueteqg| 330 " " 8 ¢l "
VLT qLeVT 0°91 0°2¢ 6°¢ o¢ 62 " " " el “
08| 1LLT geret | Lose| Lg 82 82 " " " 11 "
€'9¢%] ee¢c ge ¢t 92| 1°¢ G2 62 “ " " o1 "
1°9¢| g2es 44 ¢ Loz ¢ 62 e “ " " 6 "
9°%¢ 002" ool (o h-19 2 ¢ o2 g1 " pxoday " g "
- - - - - 3uyssIn “ au} - - L "
0°sLjgISLL SH o1 6702 18 sl 1L " oN L o "
£€'9912%€99" el 8 ne 1'8 L9 s9 " 8¢ u u s "
8€°L9 199999° gr- et e 1'g (Lo -¢69| L9 - g0 " g¢ " “ b u
$6°96 7631 <9 At 96 joor - S6loo1 - 66 “ %S “ < “
sn20J3| 21004 “ (44 9 b n
sndoi| x00d " 14 " " 1 "
snso0g| 1004 o¢/1 14 < 1393$°1S 0 [4

298 N

o3P muE % y Y31y 1391 wiis a3y
0 oaey snipey ce1q { 3yStoy (x)a18uy oL oJ aaquny adAL swexly | fro¥
sI9jdweaeyd pIjeInoIe)d SI33dWweaed painseay sut] oansodxj a1dues o1ydeagoloy

TP

A YA T e

&

sadriang uo sayrjoxg doaq jo sydeafojoyq woIJ SIUBWIINSEI
olaey Suipraxds sa 218uy iovauo)d

(*3u0d) | 31qmL

LR Y 1225 1a4




. o P T i, T A hs sz b e - N RISV
— S T T L e T e T K TN i T g e S G s m— T T TS R TR T R VR
T B At U A s o7 ity T MR R e S e B e e e T e T T AT T rteem e T, S0 N ¥ RN 3 .m» TR TR TAS
P S el Pl g T et reeys

i 3
k.ﬂ}ﬂ.«(hﬂv:ﬁ. %
53 TR IR

-

e AW o,
« PP Lo e e ey R TR

et
5
eaer

wm,
4 o
§
¥
ezt Liglot” ¢oz | oyt 22 - gt - 01 " u q u u DA “ b
- - - 0°2 - - " " ¢ “ “ ot “
' 2601 | o1260° st | woct w1 L 8 " " e " " ¢t " i
: g4t “ w " 71 o1 ot " n 1 « u a1 "

H B g4 el “ " " 71 o1 o1 " “ o1 “ o a "

1. geat | slgsot” gat | 9rs2| w1 1 o1 " " a1 “ " a1 " ;
i Leegr | lguiine g*ar | 9°¢2) ¢°1 21 2l - o1 " u 1 " " 11 " ’
gs'st | couerr | gzt | ¢og| 12 ¢t st " " a " " ot "
¢ 81° 61 10%01° ¢9'01 <3 A T8 ¢ 91 A " " P " w 6 " 3
- et 42661 6L | gs1] 11 <1 Al " " 11 " " g " ;

“ ¢z a1 0082t 0° st 2| oz ot - " " o1 " " L " i

au en 1t 00001" 0°51 21 91 €1 - " " 6 u " 9 u .

s$° 92 cLg¢e” 0" 11 o°ee 2°2 g se u u 8 " " g " o 8 3

i crrqe | oecier | sce | Let| oz g1 02 " " L " u y " — - j

. 6641 1A 91 14 12 ct - u " 9 “ " < " 4

-k $9* 61 sLer- ot %l ez a1 - " " 4 " " 2 4 :
. ccr6n | er6sy 6n | g6 | cerz 0g = " " ¢ " " ¢ "
; %682 90gse” €6 981 ®e o¢ u " ki " u i " ,

a4 86 69 | SO9%6S” el | grog) Lot 0L = " “ ¢ " " ¢ " g

24 , §¢°l9 | <3899 et | grog ! ¢rot OL = “ p022y 2 " " 2 " f

M‘,“ 8371l cosaL: 0"y 0°g 2°¢ 0L = 0¢/1 swIl 1 1es3s*as | o°RH 1 q :

Mw 2 z z 22§ aTH {

1 0¥ g b oA bRy u oL usE 3391 w174 aty 2dhy N .

wm\ o] orITy s pey ©IQ | 3u8Ton (o)s1vuy o1 oy Jaquny 2dLL doag wexyg 1104 ¢

% §3T3IWUSIRE PIIVIND, C) s193%Wwexeg POINSLIy swrl 2ansodxz ajdurs o1ydeadoioys :

$9oBJING Lo S97TJ0ag doxg jo sudeafojoyg wolI SIUINIINSBIN ,
otTa®ey Suipeaads sa a18uy 3TTIuod

¥
5
m w
ra
4

(rauo2) 1 21408 .

AT 7
o €% g T

=

vy

P A

g b SO




iimmnmma?wﬁwﬁ«&mﬁ T B b e e e rovrrany ST ¢yl“\,~;«u‘m.:ll e e e e T A T T T eq 777 W et QPP T g it g vy S ST VR M RN A
-
- R LR SE . - -~ - BY .- - . ~ -~ D - 3 -t - - R - P - PR 3 3 - .
% .‘
¥
3 ks
e 5
M B
r -3
"3y
: g
k.
. 2
¢
‘ S
g m.._”m mome. Ow.ﬂw n\u.mN N.m Om Om o 1 " " mm [T
E
S

wror | Lci60c | o6 |Lét | 60 2t 2 " o1 " " 5¢ "
ST A9 oz6ae” (0] Rt FARI YA (484 ¢ (44 " <1 “ " 4e “ b

82 42 qigter | ¢¢tam |1'6e | Lz 92 2 " 4 " " ¢ w o >
: 62'g oneElo* gs1 j9le | o1 L L " ¢t " " 25 " ,Mm
1 A

¢rest glegts | ¢otel (142 9°1 St 1 “ 2 “ “ {4 “ g
s et ¢ggot” ozl o4z €1 141 2t - 61 " 11 " u o¢ " ;

¢5'6 ¢eeno” ozl 042 01 o1 o1 "

Q
—
N
N

oL'g 263¢0° ge2'0o1 ¢*02 a0 8 L n " " e “ 23
ﬂﬂ. m " " " .‘\N u _, ,m
N#..n,n [e;0.6,0] ¢ M\H O.:MR JAR 0 « n WN n ES

11
49

n u mm an

01 " ?
n “ e u ;,w

6 6 69¢g0° c1°¢t ¢ o2 1°1 2 L “

R N N T R BT

®
'
[
N NN \O O WY~ D0 DD R

<2 " g
g \\W.m mmwmwo. mm.n\u.n 1°¢¢ 71 - - u " n ce " M
w @ = N; [ n ” 1e ) w
m. ' ¢-2 u «“ oec " W
v e . . ¢
m, : on'e mmOWuO. K 114 w.ww = L0 = - " " u 61 m R
L <-z2 0¢/1 waastas | om | et S 4
t I
G .
W : 2 z 23§ B 3
1 o3°P u\ 2 P n 3481y 3397 wITd £54 2d{1 J
Y 14 0 03avy snipey *e1q | aysrey (0)o18uy o} oL Jaquny 2d4&y doag swexy | 110% 3
% sI23dLIT pIIRINIIEL) savanweaej poansevon awI] dansodx3 91dures a1ydex8o3cug 2
; 1
m soo®Iang uUo $971301g doag 30 sydevaxSojoygd woaF SIUWIINSLI E
; ol3TY Suipeoads SA o13uy 3dv3UO0D Yoo

(*3u0d) 1 °1q01

Sraioade’

. i('f""a £

H
7 .
% =
A
=i
- < B DEPNES * N P . . P . - .. N .
ite T ow wE s . L e e I ey e LT R S - ‘o s na . L . . e x .M‘, .o o e
~ L T S P P L
. Sevtee = . 3 g e v ——
e L smie A - - —
S Lam 4 e Py - LN - " NN N . N ‘/,, S84 "y -
o~ g o g oy I ey t.:.l;:[ LipgaXs b rodli iy ,f.&f 5 i At . I Ty 2Ty w:_: #».\12 e S g S gy 7. i)r P )1&}.
——— A A e e DG Fameaa et e i el BT it e e A G s S




e T T T o N T T R T g ey e Y AT BTN XL ST
Y e Y AT S N R et ot u.w.,,w‘guwﬁt%

s B T D R TR e e

...mamﬂﬂﬂ:.nﬂngﬁ\;;
R I L R D T e e e e S R e T s,

. e e e VO o . Wl s e sy A ONT R
o ; i
M #m.m #ﬁﬁmo. S L1 0°¢¢ o't = = " o1 " “ PA

~
t
m
o
~
\0
~

. L1 - ¢1 1
J & 61 HHELT: i 2 he 0°¢
m.n = #a "

R A T T U e
\Q
-
t
n
~

861 cuect | cetlt | 6teg w2 .
N.M = m.n "

e

RIS
B T -,

(=
—

r

S

€9°¢1 os611” 6°¢1 814 61 Sl L1 "
A Leet 661 1gIg| o'z 4l 1 "

s

Y

Lo 41 slger: g9 11 ¢S 61 <t <l u

TR

Sy €888¢0° 0°g1 o¢ Lo “

[ L AP AT < S - © B o)

oS> P "

[ I N 2 - N "2 W Vo S o Y« B <O TR < o T's N o (S «

~
[
@
o
7]
.
o
(Z]
o
=
~
0

G2 ) 9€890° L't | we2 g°0 - o8> 04/t

SLIRRETIE T AT e T
%0
L]
o
N
1
€3
o2
~t
<
wd g2

- 2 °0§ Ut
° 3udTy 23973 uiti 21V 2d4LyL
_ . C cisey SnIpVl *e1q@ | auSion (vyotsuy o1 ol 2aqunN 04Ky doag wex s 11°0%
w SI939wEIBg POATIND $3930WLIRE POINSTONH 2wIl 2xn:sQdxy o1dwes o3 idveaSosoyg
}
¢y
| §99T3Ing Vo S$97T30x¢ doag Jo suydeaSojoyg wOaI SILIWIINSTIY
2 o13Ty Suipraxds SA 97Suy 3ovauvo)
("3u02) 1 diqe
o v e vame “ 4 .y Teeree — - . I e g S S
R — bt , Sin a2y E i S e D 5% il el

AL LN

R ST




QN

namgrs

ST % LA LI N e RSPy Ky yanh S 4,

IPLTATEE M. U T A T T

IR
-
73 SN X Py
B
s
‘
.
b
o ew e o

TR AR A RIS R s T T

prrasrure

PEIrTE R e

PoNeam em e cteadges, ae s s

B T S e e T S RN R

T TR RN K TRy S U A W ARG SV ER S AT

NS N e DR TR RN T

1L° 11
N he
11
LL-ze
AR
20 e¢
Loge
Lo ge
Lloge
c€erge
A B 34
zLrog
ls-oe
€0°0¢%
51°g2
e ce
L6°L¢
£#1°LE

cGzo1”
REO1C"
loi62°

. 6¢108”

Licige
969ge”
6gege”
e566¢e”
6s6se”
gsg922*
Q58L2"
H31¢¢"
11962
0g9e
goige’
12662
HIOKE"
009%%”

$° 61
sl
7
iyt
S0 41
¢
€961
$9°61
69°¢1
g et
6621
¢1° 11
R
g 11t
66711
€c9
Lot

¢l

02 2l = 5
Sy 14 114 "
ey #e he "

62 02 02 "
14 1< 134 "
¢ e 4 114 u
04 22 14 "
0% 12 &2 "
04 a2 o2 "
62 o2 61 "
(981 614 62 u

L¢ 1% 4e “
1< oz 92 u
1°¢ g 1€ "
o< 44 1% "
6°1 H< 49 u
0°¢ yX4 44 u
kAR He 7% “
- S -4 0%/1

19238°23§

]9

¢
s
44
A4
1%

£

€2
Y
1
o
61
81

- I . %08 Ui
o33P /4 a P Y 3U3TY 3391 ®iT4 Iy 2d43
¥ s) otavy Sutul, °1 IySron (€)oisuy ol o} 2d&y doxg owe1l
sITIowWTITd POITINTILL SIVIOWVITE POINSTIN owuy}l 9ansodx] orydeaSolous

$2903an$ Yo SD{I3O0X

;o sudralonoyg woz3
2ds sa ofSuy adsvauves

(s

o

3¢
9N

é
orsvy Suipe

(r3wod) 1 oyqry

Becrer: =0

D g T L A LK XY DY ey

SEA

RO e

T Z i ik

2L e

N Crre —
i e St
; 22 %

s s R VS 4

2

T R

B L, Sy cia ity
{

Yy
W N

o e

2
“ 4y

RIS

X 7

-

‘

CU IR TR

13
51

i e

ey nl Tl

ST b Sy

Y

DA

Ly
o

oo b

R el ST

. AL -
A oA B AR T YA e



a2t S S A a2, "
< g2t % Ha
Rohetel ek et

- Sedany N

For the purpvose of estimating contact angles, the curve in Fig. 5
was assumed to be essentially correct for contact angles down to 1,0
degree where 6 < n < 7 and the corresponding value of h/r2 = E.727 x 1072,

All estimations of '"n'" were deliberately conservative. For "ex-
ample" when n appeared to be at least 9 but possibly 8, n > 7 was the ratio
chosen on the side of caution, and implies that O < 1°. Hence the re-
corded notation; n > 7 = 10. Allowance for over estimating the spread-
ing ratio is about 25%. Therefore it is assumed that all the contact
angle estimates are at the larger limit, but the actual contact angles
are often significantly smaller. An accurate measurement of the spread-
ing ratio may be available in the future if more sophisticated optical
instrumentations becomes available.

Dl was determined by using a fine hypodermic needle as a drop source
and coun“ing the number of apparently uniform size drops on an optically
flat surface. A 1,000 u liter gas tight #1001 syringe was used with a
#25 size hypodermic needle the results are shown in Table 2. A slightly
smaller drop was obtained when using the same size needle coated with a
fluoro-carbon compound (5) to reduce its surface energy but the differ-
ence in the volume was reduced only about 1/3 and the resulting reduction
in diameter was only about 15%. For the purposes of this experiment, the

reduction of the drop diameter was too small toc be significant.

Section 2

Drop size criteria

This section represents an attempt to establish a reasonable criteria
for choosing a drop size which yields a spherical segment, as suggested by
the definition accompanying Fig. 1. A small drop is defined as a drop
size where the maximum hydrostatic force due to gravity is less than the
force due to surface tension acting on the drop.

The pressure due to gravity is

p,=(h-h)e (6)

14
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Py

z 4
5 3
A &
; : §
E N
E- Pg = hydrostatic pressure due to gravity . 51
7 ' ‘
2 = height of the drop ;
;= height of pressure point above the base '

p = density of the liquid in the drop :

g = acceleration of gravity f

From Eq. (3a) a/2 = @, thus tan aje = h/r2 and h = r_ tan a/2. There- ;
fore when hi =0 '

Pg = (r2 tan 0/2) gp is a maximum pressure. (1)
A
P = 29 = pressure within the spherical segment (8) ,
R2 due to surface tension. From Eq. (4) I
rf = h(2 R:2 - h), therefore
L r
2 2hn 2 2 sin /2 cos /2
Thus
( ,
P, = 4 g (sin @/2 cos a/2, ) (9) :
r '
2

Therefore, since the arbitrary criteria for a small drop requires that
Pg < P then PT/Pg > 1, However,

PT/P _ 4 5 (sin @/2 cos a/2) S 1

TR T S AL 20 S e W e Sy

tan /2
r2(r2 an Q/2)gp

which is identical to

PESSISPE IR WS

<Tae

bk 5 cos® a/2 S L 5 cos® a/2

- 1, or 2 >1 , 5
r° gp (nR_)® gp %
2 13 1 g
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where R 1is the radius of the small drop and 'n" is the spreading ratio,
1

Assume a range of values 0.30 <0< 20o
according to Eq. (k) 10 >n>2.,5
and in the same order, 0.999996 = cos a2 = 0,9848 ,

then

b 5 cos® a/2 _ 2 cos a/2

n < o/gp

2
R
Rl ge 1

Consider a drop of water, ¢ = 72 dynes/cm, p = 1 gm/cn®, g = 980 cm/sec®.

0 < 0.5338 cms

R
1 cms

the average drop diameter of water in Table 2 was 0.2616 cms

_ L2616

= ,1308 cms,
1 2

R
therefore n < 4,08, This implies that as long as the spreading ratio is
less than 4 the criteria for drop size is met. The fact that the shape
approxima&gs a spherical segment, does not mean that I pretend to imply
that this cr{}eria proves that the drop will have a spherical shape.

It 1s only a means to keep the drop within a reproducible size, Then,
within this size limitation the curve illustrated in Fig. 3 of h/r2 to Q
will produce an experimental verification of the method of determining

the contact angle within the observed range.
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