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Dynamic Surface Phenomena
in the Spontaneous Spreading of Oils on Solids

W.D. BASCOM, R.L. COTTINGTON, AND C.R. SINGLETERRY

Surface Chemistry Branch

Chemistry Division

A detailed study has been made by interference microscopy and ellipsometry of the spontaneous

spreading of a variety of nonpolar liquids on smooth, clean metal surfaces. Spreading is generally

characterized by the advance from the b ilk liauid of a primary film having a thickness of much less

than 1000A; this primary film is usually followed by a considerably thicker secondary film. The move-

ment of the secondary film is the result of a surface tension gradient across the transition zone be-

tween the primary and secondary films. This gradient is produced by the unequal evaporative deple-

tion from these two regions of a volatile contaminant having a lower surface tension. If the volatile

contaminant has a higher surface tension than the main component the direction of this surface ten-

sion gradient may be reversed so that the liquid recedes rather than spreads. Removal of the relatively

more volatile constituents from the test liquid eliminates the spreading of the secondary film but not
the spreading of the primary film. Under some conditions movement of liquid onto the solid surface
may also occur by vapor transport and by capillary flow of liquid through microscratches.

INTRODUCTION

The tendency of certain liquids to spread spon-
taneously, i.e., "creep" over solid surfaces, is some-

times desirable and sometimes a distinct annoy-
ance. Lubrication engineers must often rely upon
the creep of oils to carry the lubricant to surfaces
which otherwise would be inaccessible. On the
other hand, the ease with which some liquids will
creep out of a container and contaminate the
surrounding area can be most disconcerting. The
spontaneous spreading of liquids over solids is
not simple, and it presents an intriguing problem
in surface chemistry which has not received the
detailed attention it deserves.

There have been three previous studies of
spontaneous spreading which are pertinent to
this present investigation; Sir William Hardy's
studies in this area (1), the somewhat later work of
Bangham and Saweris (2), and the recent studies
by Zisman and coworkers (3) of liquids spreading
on polar surfaces.

Hardy (1), in his classic study of boundary
lubrication, gave careful attention to the spreading
of drops of water and of various polar organic
liquids on clean surfaces of glass and steel. He

NRL Problem C02-04; WEP Task RRMA 04-021/652- 1/ROO 1-07-001

and RM 3773-030/652-1/FO08-22-006. This is an interim report; work

on the problem is continuing.

observed that a film not sensibly visible of liquid
about 1-micron thick spreads from a drop and that

this primary spreading may or may not be fol-
lowed by spreading of the drop itself. These two
distinct processes Hardy termed the primary and
secondary spreading respectively, and he arrived
at some interesting conclusions concerning the
nature of the primary film. It was his opinion that
this film is usually many molecules in thickness

and that it has a surface tension greater than
that of the liquid itself. This primary film he

termed "contractile" in that it pulls the liquid
drop out to form a secondary spreading. He
also concluded that the primary film is formed
only by deposition of liquid from the vapor.

BangrJam and Saweris (2) observed the be-
havior of various liquids on freshly cleaved
mica. They found that of the many polar and
nonpolar liquids observed on this surface in air,
only a few would spread spontaneously and none
of the substances would spread when the sur-
rounding atmosphere was saturated or super-
saturated with vapor. Their conclusions were
essentially the same as Hardy's, except that they
believed the primary film could be formed by
surface diffusion of molecules from the drop edge
as well as by deposition from the vapor.

Zisman and coworkers (3) studied the spreading
of liquids on both the nonpolar surfaces of or-
ganic solids and the polar surfaces of metals,
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oxides, and glass. They have determined exper-
imentally that for nonpolar surfaces of organic
solids and for close-packed monolayers of organic
molecules adsorbed on polar solids there exists
a critical surface tension of wetting, -/, charac-
teristic of the surface (4). Liquids having surface
tensions greater than the value of y, of any given
solid surface will not spread on that solid. Their
experiments with polar solids demonstrate that
organic liquids will usually spread on these sur-
faces unless it happens that the liquid forms a
monolayer that has a y- value lower than the sur-
face tension of the liquid itself (5).

The experimental work of the present investiga-
tion deals exclusively with hydrocarbons showing
zero contact angles on the surfaces studied. Their
spontaneous spreading behavior on both hori-
zontal and vertical surfaces was observed by inter-
ference microscopy and ellipsometry, which
allowed the study of the topography of the spread,
ing films in considerable detail. The spreading
of these liquids is characterized by the forma-
tion of an extremely thin primary film, much
thinner than the 1 micron suggested by Hardy;
the primary film is often but not invariably
followed by a much thicker secondary film.
An important aspect of the geometry of spreading
films revealed by interference techniques is the
development of a ridge between the primary and
secondary regions of the film. This observa-
tion, along with a careful study of the effect on
spreading of surface roughness, the chemical
constitution of the solid surface, and the chem-
ical composition of the liquid, permits us to
propose a mechanism of spontaneous spreading.
The proposed mechanism is entirely consistent
with the experimental results and satisfactorily
explains why certain liquids that have a zero
angle with the solid show no tendency to spread
spontaneously and why certain others actually
show a receding behavior.

Any explanation of the observed spreading
behavior must account for the fact that a film
of liquid many hundreds of molecules deep can
spread upward against gravity over an already
developed primary film of the same liquid. Hardy
(1) and Bangham (2) believed that spontaneous
spreading of the secondary film occurs because
the liquid in the primary film ahead of it has a
higher surface tension. They attributed this higher
surface tension to interaction between the mol-
ecules" of the primary film and the solid substrate,

even though the surface of the primary film was
many molecules away from the liquid/solid
interface. The work of Zisman (3), however, shows
that the exterior surface of a close-packed mono-
layer of a compound such as stearic acid on a polar
solid has a critical surface tension characteristic
of the exposed methyl end groups, and nearly
the same as the critical surface tension of a par-
affin crystal face exposing similar groups. This
finding argues against long range effects of a
polar solid on the surface tension of an overlying
liquid. Experimental results reported by the au-
thors in the present paper suggest an alternate
source of surface tension gradients capable of pro-
ducing the observed spreading phenomena and
develop a mechanism for bulk transport in liquid
films. It also describes further experiments de-
signed to test the ability of the theory to predict
spreading behavior.

EXPERIMENTAL MErHODS

The Metal Surfaces

The stainless (18-8) steel plates used to study
vertical spreading were 1/4-inch thick, cut in
1 X 2 inch rectangles, and were machine ground
on all sides; one of the faces was polished to an
optical mirror finish. Prior to each experiment
all surfaces of the steel plate were cleaned of ad-
sorbed polar contamination by polishing on :i
metallographic wheel with alumina powder sus-
pended in water and then rinsed in a strong
stream of distilled water to remove adhering
particles. The plate was placed on end on ý-i
washed piece of filter paper, covered, and al-
lowed to dry. The presence of surface contaminiT-
tion could be detected by the tendency of the
water film to retract and drain irregularly 1jfvmlj
the affected area. In such an event the plta.ýte
was recleaned. For studies of horizontal spie•ad-
ing, stainless steel disks 3/4 inch thick and 3/'
inch in diameter were prepared with owe fac.
highly polished. They were cleaned and P trdled
in the same manner as the rectangui3r p•_(tes.

Evaporated films of Nichrome metal depositod
on glass microscope slides were also cnployed.
The glass slides were cleaned by chemnical meth-
ods and then by glow discharge in the evapora-
tion chamber. Nichrome wire was evaporated
onto the glass to give an opaque coating.
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The Spreading Liquids

The liquids, whose spreading behaviors were
observed, are listed in Table I with their surface
tensions and viscosities at 25°C. The surface
tensions were determined by the ring method with
appropriate corrections (5,6) and the viscosities
were measured in an Ostwald-Cannon capillary
viscometer.

Polar impurities were removed from the organic
liquids by percolation through columns of acti-
vated Florisil adsorbent. The absence of polar
contamination was assumed if a drop of the per-
colated liquid would not spread on a clean water
surface. Passage of the alkyl aromatic liquids
through Florisil did not always achieve sufficient
purification; some required passage through
fuller's earth adsorbent as well.

Soap Adsorbates

The barium salt of dinonylnaphthalene sulfonic
acid Ba(DNNS)2 was prepared by metathesis
of the sodium salt with barium chloride (7).

An aqueous solution of potassium perfluoro-
decanoate was prepared by dissolving 0.016
g of the free acid into 10 ml of distilled water and
exactly neutralizing with aqueous potassium
hydroxide. The resulting solution was diluted
with distilled water to a concentration of 3 X 10-4

mol/1 of the potassium salt.

The Observation of Spreading by
Interference Microscopy

Profiles of the liquid films were plotted from
photomicrographs of the interference bands
taken with conventional microphotographic
equipment. The light source was a mercury
vapor lamp from which the mercury green
line (5460A) was isolated by a filter mounted so
it could be moved out of the light path to permit
observation of the film with polychromatic il-
lumination. For the observation of films on ver-
tical surfaces a metallographic microscope was
mounted in a horizontal position on an optical
bench. The metal specimens were supported
vertically from the lower end of a rod adjustabl)

mounted on a separate carriage. Another car-
riage positioned beneath the specimen bore a
table whose vertical location was alterable by a
rack and pinion movement. This table carried a
small beaker of the liquid under study. A draining
film was formed by bringing the table and beaker
up until the plate was about three-quarters wet
by the liquid. The beaker was sufficiently wide
so the plate could be kept away from the meniscus
curvature near the beaker walls. The immersion
was done slowly and smoothly so that the liquid
surface formed a horizontal line across the face
of the plate. Drainage was initiated by lowering
the beaker with as smooth a movement as possible
by squeezing the table and the supporting car-
riage between the thumb and forefinger in the
manner of pulling the trigger of a gun. The film
drainage was particularly sensitive to any jerky
or hesitant movement in lowering the beaker.
Unusual edge effects were not propagated into
the central area of observation. The geometry
of the liquid at the bottom edge of the plate had no
detectable effect on the upper part of the film if
the bottom edge was more than 2 cm from the
section studied. The usual practice was to keep
the lower end of the plate touching the surface of
the liquid.

All spreading experiments were performed at
25°C in a constant temperature room. The
metal plates and disks were allowed to come to
thermal equilibrium before an experiment com-
menced. The steel disks on which horizontal
spreading was studied were protected from air-
borne dust and aerosols by a covered glass cell
through which the spreading liquid could be ob-
served microscopically. The vertical steel plates
and coated slides were not enclosed, but ellipso-
metric determination of the rate of contamination
indicated that it required nearly a day for a layer
10A in thickness to accumulate, whereas observa-
tions on the vertical plates were limited for the
most part to the first 4 or 5 hours. It was not
always possible to determine the film profile un-
ambiguously from a single interference photo-
micrograph when the film of liquid developed a
ridge or a ridge and a trough. Progressive changes
in band widths on a given photomicrograph were
sometimes helpful in indicating the presence of
a maximum or minimum, which could then be
confirmed by viewing the film with polychromatic
illumination and noting the sequence of inter-
ference colors.
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TABLE I

Surface Tensions and Viscosities of the Spreading Liquids

Surface Tension Kinematic ViscosityLiquid (dynes/cm) (centistokes)

Aliphatic Hydrocarbons

Hexane 18.4 0.46

n-Hexadecane 27.6 4.0

Pristane
(tetramethylpeniadecane) 25.6 7.3

Squalane
(hexamethyltetiacosane) 27.6 26.8

Squalene
(hexamethyltetracosahexene) 31.0 17.0

Aromatic Hydrocarbons

Dodecylbenzene 31.5 21.7

Polyamylnaphthalene 32.2 101.6

Amylbiphenyl 34.2 17.4

Liquid Polymers

Polyisobutylene* 28.3 346.0

Polyclhlorotrifluoroethylene
(Kel F)t 27.4 49.4

Polychlorobiphenyl
(Arochlor 1221)4 41.8 6.7

Methyl Silicone Oils¶

7 cs oil 19.2 6.9

7 cs oil, fraction 19.4 7.5

*Amwo Chemicals Corp.

tMinnesota Mining and Mfg. Co.
t Monsanto Chemical Co.

¶Dow Chemical Co.

4



NRL REPORT 5963

The Ellipsometric Determination
of Film Thickness

The principal use that was made of the ellip-
someter was to study the upper edge of the films
on vertical plates where the thickness became
less than 1000A and could not be observed with
the interference microscope. The elipsomet-
ric measurement of film thickness is described in
the literature (8, 9). For the purposes to which
the technique was applied here, the approximate
equation given by Drude (9) relating the film
thickness and refractive index with the optical
parameters of the incident and reflected light
was entirely adequate. In order to use the Drude
approximations it was necessary to assume the
refractive index of the liquid film to be the
same as that of bulk liquid. These approximate
equations are highly inaccurate for film thick-
ness greater than 100A.

The films studied with the ellipsometer were
of uniform thickness in the horizontal direc-
tion but varied in thickness continuously in the
vertical direction. It was therefore desirable that
the area of film viewed by the instrument be as
narrow as possible in the. vertical direction so
that the film thickness in the observed area would
be nearly constant. The aperture of the instru-
ment was therefore reduced to a narrow horizontal
slit by cementing two pieces of razor blade edge
across the 1-mm opening to leave a 0.2-mm space
between them. Any further reduction in the slit
width diminished the light intensity beyond the
working sensitivity of the instrument.

When viewed through a relatively wide aper-
ture (1 X 2 mm), regions of the film having
thickness greater than X/4 exhibited interference
bands in nearly the same position as the inter-
ference bands observed with unpolarized, normal
incident light. Although there is not an exact
correspondence between the bands observed in
the two different ways, the interference bands
retained their identity and did not move signif-,
icantly even with a complete change of setting
of the quarter-wave plate and analyzer of the
instrument. Therefore, an approximate film
thickness was computed from these bands, taking
account of the angle of incidence imposed by the
ellipsometer.

RESULTS

The spreading of selected high molecular weight
organic liquids was observed on both horizontal
and vertical surfaces by interference microscopy.
Liquids having low vapor pressures were taken
so that evaporation of the spreading liquid would
have a negligible effect on film thickness. This
choice provided relatively viscous liquids whose
spreading was slow and conveniently observed.
As much as was possible the liquids were chosen
to have comparable viscosities so that differences
in their spreading behavior could be identified
with other factors than viscosity. The choice of
spreading liquids was limited to relatively non-
polar materials because molecules having highly
polar functional groups were generally adsorbed
on metal surfaces to form monomolecular films
over which the liquid cannot spread (3).

The behavior which was found characteristic
of many liquids on horizontal surfaces is illus-
trated by the photomicrographs (Fig. IA) of a
drop of squalane on a polished, stainless steel
disk. Measurements were made of interference
band spacing and of band widths and from these
measurements the film profiles for each photo-
micrograph were plotted as in Fig. 2. The dome
shaped profile initially assumed by the drop had
within an hour developed a plateau region and
was advancing with the leading edge at a small
angle to the solid surface. After three hours
the drop still maintained an apparent angle with
the solid and a ridge had developed behind the
leading edge. The individual profiles could
not be drawn to an experimental intercept of the
horizontal axis because the first order interference
band corresponds to a liquid layer about 1000A
thick.

Careful examination of these drops revealed
that a thin film of liquid invisible with the inter-
ference microscope extended out ahead of the
apparent edge of the spreading liquid. The
actual angle of contact with the solid is there-
fore zero and not a finite angle as the interference
photomicrographs might suggest. Breath patterns
formed by breathing over the spreading drop
indicated that the outer edge of the film was
distinctly ahead of the first order interference
band. These experiments also showed that the

C
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27MIN 60 MIN

A

800SEC 2770SEC 4910SEC t 1120SEC 2095SEC 4510SEC

I
B C

Fig. I - Interference photomicrographs: (A) Squalane drop spreading on a horizontal steel surface; (B) Squalane film
spreading up a vertical steel plate; (C) A film of polyamylnaphthalene receding down a vertical steel plate.

advancing edge of this invisible film was close to
the visible edge during the inital stages of spread-
ing but that the distance between them increased
as the liquid spread. The presence of this very
thin film was also demonstrated by placing ahead
of the visible edge minute drops of another
liquid, such as isopropyl 1,9-diphenylnonane,
having a surface tension higher than that of
squalane. When placed on the invisible film such
drops would immediately retract from the spread-
ing liquid but when placed on clean metal surface
they would spread uniformly in all directions.

The upward spreading of liquid on vertical
surfaces was in many respects similar to the be-

havior observed on horizontal surfaces. Photo-
micrographs for squalane on a polished stainless
steel plate are presented in Fig. 1B; the upward
spreading of the edge is evidenced by the prosgrc.;-
sive displacement of the first order interfereuac,e
fringe from the stationary reference line. The
film profiles plotted in Fig. 3 were drawn t:., m

corresponding interference photomic ',graph',.

The dotted lines in this figure and I, all the
other figures represent the profile ' m, urely
hydrodynamic drainage calculated from an
equation given byJeffreys (10):

x = g h
2

t

182 MIN

6
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Fig. 2 - Profiles of the edge of a squalane drop spreading
radially on a horizontal steel surface. Horizontal scale
expanded 250 times vertical scale.

where x is the distance along the plate measured
from the initial position of the liquid surface when
drainage began, h is the film thickness, t the time
of drainage, and v is the kinematic viscosity of
the liquid. This equation was derived for laminar
flow from a vertical plate without including the
effect of surface forces, and so by superimposing
the calculated profiles on the experimental film
profiles it is immediately evident to what extent
surface forces have disturbed the hydrodynamic
drainage of the liquid.

The position of the liquid surface when drainage
began, which corresponds to the point on the plate
from which the hydrodynamic profile is drawn
(x = 0), was determined by plotting the displace-
ment of the film edge from the reference line
against the time of drainage. The displacement
was a reasonably linear function of the time so
that the data could be extrapolated to t = 0
and the intercept taken as the initial position of
the liquid surface. It should be noted that the
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horizontal scale of film thickness has been ex-
panded 250 times the vertical distance scale.
The actual slopes, therefore, lie much closer to
the vertical than the figures suggest. The film
profile, if plotted to equal scales in the two dimen-
sions, would have been almost indistinguishable
from the edge of the figure.

Inspection of the film profiles shows that the
apparent angle of contact that the upper edge
of the film makes with the plate and the progres-
sive development of a ridge of liquid at the
leading edge resemble the spreading phenomena
observed on horizontal surfaces. For this partic-
ular experimenf this geometry was maintained
through the first 6000 sec, after which there was
a gradual decline in the maximum height of the
ridge and in the.apparent angle of contact. As
had been observed for drops of squalane on hor-
izontal surfaces, breath patterns and indicator
drops demonstrated the presence of liquid ahead
of the first order interference band of squalane
films on vertical plates.

The extent and thickness of the primary
film, which was invisible with the interference
microscope but detectable by breath patterns, were
investigated directly with the ellipsometer.
Quantitative ellipsometric measurements indi-
cated that in the early stages of spreading the
primary film was particularly thin and extended
only a short distance ahead of the first order
interference band. A region of the plate from the
first order interference band to 8 mm above it
was scanned with the ellipsometer after 1 and
5 hr of drainage. The settings for the instrument
over this entire region were the same as for
light reflected from the bare steel substrate.
Evidently the primary film does not extend far
enough beyond the first order interference band
at these times to allow resolution of its width by
the 0.2-mm slit of the ellipsometer.

Successful quantitative measurements of the
thickness of the squalane primary film were pos-
sible after 18 and 42 hr of drainage. The film
profiles determined from these measurements
are shown in Fig. 4. The film thickness was
measured at various distances from a reference
line drawn on the metal plate. The points plotted
at about 1200A thickness correspond to the first
order interference fringe. These measurements
demonstrate a sharp change in the slope of the
film and also a tendency for the primary film to
thicken over the 24-hr period. Undoubtedly there

7
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Fig. 3 - Film profiles for: (A) Unlistilled squalane spreading up vertical steel plates, (B) Distilled squalane spreading up
vertical steel plates. Horizontal scale expanded 250 times vertical scale.

is some error in the measurement of film thick-
ness where the thickness is changing abruptly
and also near 100A where the Drude calculations
of film thickness are invalid. However, such
errors would not alter substantially the inference
of an abrupt change in film slope just outside the
first order interference fringe.

The presence of a ridge near the leading edge
of a spreading film conflicts with the equilibrium
configuration required by surface tension and
gravity, for liquid forming a zero contact angle

with a plane solid surface. To explain the pres-
of a ridge it is necessary to look for transient
phenomena of a dynamic rather than a static
character. However, a static experiment was
found which proved particularly helpful in de-
fining the conditions required for the formation
of a ridge of liquid at the leading edge of spread-
ing films. Specifically, a ridge was observed at the
upper edge of films draining from vertical plates
when upward spreading had been prevented by
forcing the edge of the film to assume a finite
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FILM THICKNESS, ANGSTROMS

Fig. 4 - Ellipsometrically determined profile of the leading

edge of a squalane film spreading up a vertical steel plate.
Horizontal scale expanded 105 times vertical scale.

FILM THICKNESS, cmx 105

Fig. 5 - Film profiles of a squalane film draining from a per-
fluorodecanoate barrier on a vertical steel plate. Horizontal

scale expanded 250 times vertical scale.

contact angle with the plate. To do this a narrow
band of potassium perfluorodecanoate monolayer
was deposited across a clean metal plate about
three-quarters of the distance from the bottom
edge by touching the plate with a silk string that
had been wet with an aqueous solution of the
soap. It was already known that squalane will not
spread on a close-packed monolayer of these
perfluorinated molecules. The plate was dipped

into a vessel of squalane until the barrier was in
the liquid surface and drainage was initiated by
lowering the vessel from this position.

The profiles of a squalane film draining from a
perfluorodecanoate barrier are presented in Fig.
5. The film established itself some distance below
the visible residue left by the aqueous soap solu-
tion, presumably at the edge of the perfluoro-
decanoate monolayer. The presence of the barrier
entirely prevents spreading and imposes a contact
angle of slightly over 1 degree on the upper
edge of the film. A ridge of liquid developed at
the upper edge of the film and this geometry
was maintained for the 72 hr during which the
film was observed. Below the ridge the drainage
corresponds closely to that predicted for purely
hydrodynamic flow.

In a second experiment drainage was initiated
from about 1 mm below the region of the barrier.
At first the upper edge of the squalane film spread
in the same manner as the film shown in Fig. 3,
but when the liquid reached the barrier the up-
ward spreading of the film ceased. However, there
was a sustained flow of liquid from the film below
up to the stationary edge where the liquid formed
into a ridge. The ridge formed in this manner
reached the same dimensions as the ridge that
had been observed at the upper edge of draining
films that had been originated at the barrier.
This experiment demonstrated the spontaneity
of ridge formation whenever the surface of the
liquid was forced to assume a finite contact
angle with the plate. The explanation of ridge
formation by spreading squalane then requires
some dynamic mechanism which will maintain a
nearly constant slope of the advancing edge of
the secondary film in the face of the zero contact
angle required for a spreading liquid.

The Effect of Volatile Constituents

A large part of the spontaneous spreading be-
havior observed for squalane and for other

liquids was found to be due to the presence of
materials which had a greater volatility than the
main constituent but were otherwise chemically
similar. This was first suspected when it was found
that different batches of squalane had very dif-
ferent spreading behaviors even though each
batch had been carefully cleaned of polar contam-
inants. When a batch of squalane was molecu-
larly distilled, three fractions were obtained hav-
ing slightly higher volatilities than the main
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fraction (Table 2A). The result of removing these
volatile materials was to reduce drastically the
rate of upward spreading on a vertical plate and
to eliminate any evidence of ridge formation at
the advancing edge (Fig. 3B). In Fig. 6A the
vertical distance spread is plotted as a function
of time for a distilled and undistilled squalane.
The rate of spreading, i.e., the slope of the plot,
was relatively large for the undistilled material,
about 2.5 X 10-5 cm/sec. Over the same time in-
terval the rate of spreading of the stripped
material was nearly zero. The spreading rate for
the undistilled squalane appears nearly constant
in Fig. 6A but after 20 hours had decreased to
0.05 X 10-5 cm/sec.

Experiments were made to determine to what
extent the original spreading behavior of the dis-
tilled squalane could be reinstated by adding to the

1000 1500 2000 2500 3000 3500 4000
SPREADING TIME, SEC

Fig. 6 - Comparison of distance spread vs time on vertical steel
plates for: (A) Distilled and undistilled squalane, (B) 10% mix-
tures of hydrocarbons in squalane, (C) Various mixtures of
pristane in squalane.

stripped material various amounts of saturated
hydrocarbons more volatile than squalane itself.
In Fig. 6B the spreading rate of distilled squalane
is compared with the rates for 10% mixtures of
distilled n-hexane, distilled n-hexadecane, and
pristane in distilled squalane. These three hydro-
carbons were chosen because they have volatil-
ities greater than squalane, the difference being
greatest for hexane. The hexadecane and pristane,
a branched saturated hydrocarbon having a slight-
ly higher molecular weight than hexadecane,
have nearly the same boiling point, but the sur-
face tension of pristane is 25.6 dynes/cm whereas
hexadecane has a surface tension of 27.6 dynes/
cm. Addition of lower molecular weight hydro-
carbons did restore spontaneous spreading
behavior to squalane but not in proportion to the
volatility of the additive. Despite their compara-
ble volatilities, the mixtures of pristane and hex-
adecane with squalane did not have identical
spreading properties. The pristane mixtures
spread nearly twice as fast as the hexadecane
mixture. Evidently, the surface tension of the
more volatile component is also of importance.
The highly volatile hexane, on the other hand,
did not have any noticeable effect on the spread-
ing behavior of the distilled squalane. Figure 6C
shows that increasing the concentration of pristane
increased the spreading rates, but the rate of
the 50% pristane mixture was not five times the
rate of the 10% mixture.

The invisible or primary film that had been
detected in advance of spreading squalane was
not eliminated by distilling the liquid but was,
at any given time, distinctly farther ahead of thv
apparent edge of a film of distilled liquid than it
was for the undistilled liquid. After about an
hour of draining and spreading on a vertical pkjaIe,
breath patterns revealed liquid on the sv-face
3 or 4 mm in front of the stationary visible edge
of distilled squalane whereas at this relatively
early time no primary film was detectable by thi:
technique ahead of the advancing edge of a 5ilm

of undistilled squalane.
The radial spreading of squalane on h. ,z,.,nE ,l

surfaces also was markedly reduced a.r" disti)
lation. Figure 7 shows that, after an iin grav-
itational spreading, drops of distilled avid undistill-
ed squalane both reach nearly constant spreading
rates which are less than half as great for the
distilled as for the undistilled liquid. As on the
vertical plates, the advancing edge of the stripped

10
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Fig. 7 - Radial spreading rates of squal

squalane did not show any ridge formation.
Breath patterns demonstrated a primary film con-
siderably ahead of the drop of distilled squalane.

Further evidence that spontaneous spreading is
associated with the evaporation of volatile com-
ponents from the liquid appeared when it was
found that the spreading tendency of undistilled
soualane could be reduced to that of the dis-
tilied raterial by saturating the surrounding air
with vapor friom the licisid. This effect was demon-
strated by applying a fr of undistiled squalane
tc the inside of tle g!ss cell enclosrng the test
specimen. F-ggure 7 s-ows that such a drop in
an atmosphere nearly saturated with its own vapor
spread at a rate alnost identical with that of the
distilled squalane.

in order to test the generality of the observa-
tions on the spreading of squalane, spreading
tests were made with a variety of viscous nonpolar
lio uids, including a group of polymeric mate-
ri-As. To insure scratch-free and reproducible
surfaces, these spreading experiments were
made on Nichrome films vacuum deposited on
microscope slides. The spreading behavior
grouped these liquids into three classes.

Group I - Liquids which spread upward ex-
hibiting a primary film and a secondary film with
nearly constant slope at the leading edge (n-
hexadecane, pristane, squalane, squalene, and the
polymer liquids; polychlorobiphenyl, polymeth-
ylsiloxane, polyisobutylene, and polytrichloro-
ethylene).

200 250 300 350
NG TIME, MIN.

ane drops on'horizontal steel surfaces.

Group 1I - Liquids whose edge remains station-
ary except for the development of a zero contact
angle and a primary film above the original
boundary (dodecylbenzene and highly purified
liquids containing only a single molecular species).

Group III - Liquids whose edge appears to
recede from the original boundary, but leaves a
primary film and shows a zero contact -.ngle
(amylbiphenyl and polyamylnaphthalene).

In group I the rate of upward spreading and
the volume of liquid lifted above the original
boundary varied widely but showed no simple
correlation with structure or viscosity. The
film profiles for films of these liquids at about
1000 sec of drainage are given in Fig. 8 and the
spreading rates for these liquids can be seen in
Fig. 9. The polymeric liquids, which are known
to consist of mixtures of macromolecules of dif-
fering molecular weight and volatility, showed
some of the most spectacular upward spreadings;
e.g., polyisobutene, most viscous of the liquids
examined, had one of the highest spreading
rates. A 7 -cs dimethylsiloxane isolated from a
higher molecular weight oil as a narrow distilla-
tion fraction spread much less vigorously (Fig.
9A) than a commercial dimethyl silicone of the
same viscosity.

Both group II and group III liquids were alkyl
aromatic hydrocarbons known from their methods
of preparation to be mixtures of molecules
having different alkyl substitution and molecular
weight. Liquids of group III had an unusual
receding behavior (Figs. IC and 10A). No true

I1I
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Fig. 8 - Film profiles for various liquids spreading upward on vertical Nichrome surfaces.

Horizontal scale expanded 250 times vertical scale.
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FILM THICKNESS, cmxlO5

Fig. 10 - Film profiles on vertical steel plates for: (A) Undistilled
polyamylnaphthalene, (B) A fraction distilled from polyamyl-
naphthalene. Horizontal scale expanded 250 times vertical
scale.

contact angle greater than zero was formed; the
broadening of the first interference band showed
that the liquid surface approached the plane of
the solid asymptotically. A drop of the polyamyl-
naphthalene on a horizontal stainless steel surface
spread initially under gravity but spreading
stopped after a few minutes. The drop was dome

shaped but it showed no definite contact angle
with the surface. The recession of the apparent
boundary reported here is not to be confused
with the much more common retraction-of liquids
which form definite contact angles. Fractional
distillation of the polyamylnaphthalene reduced
its tendency to recede on a vertical surface, and
one of the fore run fractions even spread upward
slightly (Fig. 10B). Tables 2 and 3 show that the
surface tensions of the main fractions remaining
after stripping of volatiles from squalane and from
polyamylnaphthalene differed from those of the
original fluids by only 0.4 dyne in each case.
However, it is significant that the surface tension
of the squalane was increased by stripping, while
that of the polyamylnaphthalene was lowered. An-
other significant fact about the group I and group
III liquids was that the heat from a concentrated
light source, when directed so as to strike one
side only of the drop on a horizontal surface,
accelerated the spreading of group I liquids aud
the recession of group III liquids.

The Effect of Surface Finish of the Solid
on the Rate of Spreading

The stainless steel surfaces employed in this
study were optically polished on a pitch lap.
They appeared scratch-free at 50X magnifica-
tion with bright field illumination, but micro-
scratches could be detected with dark field

TABLE 2
Properties of the Distillation Fractions of Squalane

Fraction Temperature Range 1 Volume Surface Tension Refractive
(°C at 1-4,u Hg) (ml) (dynes/cm) Index

Original - 500 28.2 1.4523

1 30-50 1.5 26.5* 1.4451

2 50-60 7.5 27.5 1.4461

3 60-65 27 28.5 1.4510

4 65-70 55 28.6 1.4525

5 70-80 355 28.6 1.4525

Residue - 43 28.6 1.4525
*Dktermined by maximum bubble pressure method.

F~.
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TABLE 3

Properties of the Distillation Fractions of Polyamylnaphthalene

Fraction Temperature Range Volume Surface Tension Refractive
(°C at 8 mm Hg) (ml) (dynes/cm) Index

Original 250 32.2 1.5479

1 175 5 32.9 1.5590

2 175-178 15 32.2 1.5515

3 179-186 50 32.4 1.5530

4 187-190 15 32.9 1.5543

Residue - 100 31.8 1.546(0

lighting. The plates were cleaned between tests
by polishing on metallurgical felt charged with
fine alumina. Although their surfaces appeared
highly polished to the unaided eye, microscopic
investigation showed that both the number and
the depth of the scratches increased by almost an
order of magnitude with repeated cleaning.
Differences noted in the spreading of a given
liquid up new and repolished surfaces prompted
the use of melt-drawn microscope slides, on which
Nichrome had been vacuum deposited. These
surfaces showed no microscratches in dark
field illumination.

The effect of random surface scratches (ca.
1.0 micro-inch rms hill height in the worst spec-

imens) was to increase by as much as 50% the
spreading rate of liquids that spread, but rough-
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ness did not cause spreading of the "nonspread-
ing" squalane obtained by distillation. Increased
spreading rates on rough surfaces were usually
associated with smaller constant slopes at the edge
of the secondary film. The effect of scratches was

examined more specifically by comparing spread-
ing rates on plates treated to obtain a strong pat-
tern of unidirectional scratches parallel to or
perpendicular to the direction of spreading.
Figure 11 shows that scratches in the direction of
spreading accelerate the rate, while those at
right angles to the oil movement reduce the
spreading rate slightly below that on the smooth
Nichrome coated slide. When these experiments
were repeated with distilled squalane, this liq-

uid was not induced to spread by a favorable
scratch configuration.

14

SPREADING TIME, SEC.

Fig. I I - The effect of directional scratches on the distance spreaid Ns time for 10% pristane
in distilled squalane on vertical steel plates.
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The Effect of the Surface Energy
of the Solid on Spreading

It was to be expected that spreading rates and
spreading geometries for a given liquid were
essentially the same on the two metal surfaces,
Nichrome and stainless steel. We were surprised
to encounter essentially the same rate and spread-
ing geometry on a stainless plate coated with a
close-packed monolayer of barium dinonyl-
naphthalene sulfonate. Such a surface has been
shown to have a critical surface tension for spread-
ing of 29 dynes/cm, closely comparable with
that for a polyethylene surface (7). This value
of y, is only a minor fraction of the surface
energy for a clean metal oxide surface. Tests
with a 0.5% solution of barium dinonylnaph-
thalene in squalane ruled out the possibility
that the monolayer was desorbed by the advancing
oil. It appears that, given a liquid that wets a
solid at a zero contact angle, the surface energy
of the substrate is not an important factor in
determining the rate of secondary spreading.

DISCUSSION

A systematic explanation of the spreading
phenomena observed requires consideration of
mechanisms which wi-l account for the invariable
advance of a primary }film, relate the presence of
volatile impurities to the spreading of secondary
films, the frequent development of a ridge at
their leading edge, and also account for the dis-
tinct recession of some liquids from a boundary
at which they exhibit a zero contact angle. It
should also explain the upward transport of sig-
nificant amounts of liquid in films a micron or
more thick.

In the case of the slightly volatile liquids studied,
the primary film is considered to advance largely
by surface diffusion. While evaporation does
occur from squalane at 25'C, the rate is so low
that the amount transferred across an 0.08-cm
air gap between plane parallel surfaces of squalane
and clean stainless steel during 72 hr is not great
enough to be measurable with the ellipsometer.
This instrument is capable of detecting the
deposition of a monolayer or more of the hydro-
carbon on clean steel. deBoer (11) has pointed out
that the energy of activation for the lateral motion
of a physically adsorbed molecule is significantly
smaller than that required for desorption to the

vapor phase. The few surface diffusion constants
of large organic molecules which have been meas-
ured appear to be of the same order of magni-
tude as the self-diffusion constants of similar
molecules in the liquid phase (12). This magni-
tude appears adequate to account for the observed
rates of advance of the primary film. These rates
will vary with the concentration gradient between
bulk film and clean metal and, more significantly,
with the gradient resulting from differences in
the energy of adsorption of the organic molecules
on bare metal oxide and on a monolayer or more
of the liquid species. Thus the crowding of the
primary film by advancing bulk liquid sharpens
the gradients and promotes faster diffusional
advance. When the advance of bulk oil ceases,
diffusion widens the primary film, reduces the
gradient, and slows the diffusion rate.

Another factor which modifies the spreading
rate of the primary film is the presence of micro-
scratches or other microroughness on mechan-
ically polished surfaces. These scratches are
often 1000A or less in width and have width-to-
depth ratios of no more than ten (13). The
radius of curvature of such a trough may be as
small as 1 X 10-5 cm. The pressure difference
across a concave squalane surface wetting :such a
scratch will be of the order of kilograms per square
centimeter. It is sufficient to induce rapid flow
of oil along the bottom of the scratch until the
radius approches infinity. Such open capillaries
fill well ahead of the true diffusional advance of
the primary film. Liquid spreads laterally from
them by surface diffusion, so that a breath pattern
reveals a network of squalane wetted strips ahead
of the slow moving film boundary.

The secondary film advances over a primary
film which is generally more than a monolayer in
thickness. Both the experimental results and a
consideration of the nature of the primary film
indicate that differences between the surface
energy of the clean solid and the surface tension
of the liquid do not contribute materially to its
upward movement against gravity. It is proposed
that the movement of the secondary film results
from a surface tension gradient produced in and
near the advancing edge by differential exhaustion
of a more volatile species, this exhaustion being
greater the thinner the film. If the loss of volatile
species raises the average surface tension of the
liquid, surface tension will be highest in the pri-
mary film, decreasing to that of the original

15
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liquid mixture as the film becomes thicker. As
a result of this surface tension gradient the sur-
face of the film will be drawn upward; the
effect will extend as far as does the gradient it-
self. This movement of the surface layer will
necessarily entrain some of the underlying liq-
uid in accordance with hydrodynamic principles.
As shown by the diagram of Fig. 12 the movement
of liquid is greatest in the layer nearest the
surface, which tends to increase the slope of the
advancing edge of the secondary film. The process
continues until this effect is balanced by gravity
and the tendency of surface curvatures to be
ironed out by surface contraction. This balance
produces a steady state slope or false contact
angle which decreases slowly over many hours as
the more volatile component is exhausted from
the bulk film. Such quasi-constant slopes are an
invariable feature of rapid spreading.

I
I

PRIMARY I SECONDARY
FILM i0 FILM

Fn Z

, 0

II LV i

SOLID

Fig. 12 - A schematic representation of the flow pattern re-
sponsible fot secondary spreading.

This explanation for the upward migration
of thick liquid films is not new; it was advanced
over a hundred years ago by Thomson (14) to
explain the "tears of strong wine" phenomenon.
He suggested that the creep of liquor up the glass
wall was due to a surface tension gradient main-
tained by progressive depletion of alcohol from
the ascending film. We are not aware that this
explanation has been extended before to the
spreading of low volatile liquids.

This explanation of spreading is in agreement
with the data reported. The spreading rate of
squalane is dramatically reduced by removal of
more volatile components in a molecular still.
The fractions removed have lower surface
tensions than either the original mixture or the
undistilled residue. Spreading of the purified

squalane is enhanced by the addition of either
hexadecane or pristane, which have higher and
comparable volatilities and lower surface tensions
than squalane. The increase in spreading rate is
a function of the amount of volatile liquid added;
for equal concentrations of either liquid the
rate is increased more by pristane, which has a
lower surface tension than hexadecane.

The complete failure of the 10% hexane in
squalane mixture to spread is disconcerting until
the rates of exhaustion of the various liquids from
a thin film are examined quantitatively. Making
reasonable assumptions about evaporation rates
and diffusional transport of the volatile component
through the solution, it can be shown that half
of the hexane would be lost from a film 10 microns
thick in one second.* Half exhaustion of hex-
adecane from an equally thick film would require
several hours. Thus the surface tension gradients
produced by the evaporation of hexane dis-
appear before any detectable flow of the viscous
squalane has occurred.

A more critical test of an evaporatively induced
surface tension gradient as an explanation of
spreading behavior is afforded by the alkyl aro-
matic liquids, which either do not spread or which
actively recede from their original boundary
while maintaining a zero contact angle. In the case
of the alkyl biphenyls and alkyl naphthalenes, the
fractions of lower molecular weight and higher
volatility have higher surface tensions than the
major high boiling component. This is because
polyaromatic structures give higher surface
tensions than aliphatic structures, and the propor-
tion of polyaromatic component in the polyalkyl
naphthalenes and biphenyls decreases as the size
of the aliphatic substituent is increased. Figure
13 shows that the relation between molecular
weight and surface tension for the alkyl poly-
aromatics is the inverse of that for aliphatic
hydrocarbons. As a result of this inverse relation

*In calculating the depletion rates of hexane and hexadecane frot

films of their mixtures with squalane it was assumed that (it) the squalani
is for all practical purposes nonvolatile, (h) that the mixture of hydrn-
carbons behaves ideally, and (c) that loss from a gsiven film thickness is
not replenlished Ibs lateral diffusion of solute from adjacent liquid. The
calculated depletion times represent minimum values since the failure
of any of the assumptions would lower the rate of loss. It was also cal-
culated that a seiy slight concentration gradient between the surface
and the hase of the film would cause transport of solite to the slrface
as rapidly as it was removed bh evaporation, so that ihe difference
between the bulk and surface concentration is not an impuortant factot
in the spreading mechanism.
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the surface tension of the primary film is reduced
by evaporative loss of the more volatile com-
ponent and the surface flow is from the primary
film towards the bulk liquid. This flow pattern
causes the film edge to recede on the vertical
plate and opposes the normal radial flow under
gravity of drops on horizontal surfaces. Figure
13 also reveals why the alkyl benzenes show little
tendency to advance or recede; there is almost
no variation in surface tension with the degree
of alkyl substitution in this particular series, so
that loss of lower homologs by evaporation does
not produce significant surface tension gradients.

The formation of a ridge of thicker film is a
common but not an invariable characteristic of
rapid spreading; the cause of ridge formation is
clarified by considering the case in which a
ridge developed at the upper edge of a stationary
vertical film. This occurred when a barrier to
spreading was placed above a squalane film by
depositing a band of potassium perfluorodecan-
oate monolayer. The squalane moved upward
until it reached the edge of the barrier, where it
developed a stable contact angle of about one
degree.* Liquid continued to flow up the plate,
however, until a distinct ridge developed. This
ridge then persisted unchanged for many hours
while the film below drained away in the manner
required by the Jeffrey equation. Given a small
but stable contact angle representing an equilib-
rium of surface forces, ridge formation can be
seen to follow as a further consequence of this
equilibrium. Because of the weight of liquid it
must support, the upper surface of the film
curves downward from the angle imposed at the
barrier. The situation is crudely analogous to
that of a flexible rod attached to a vertical wall
at a fixed angle and progressively loaded at
points away from the wall. A mechanical equilib-

*The equilibrium contact angle the squalane film formed at the bar-

rier film edge requires explanation since it differs from the zero angle
normally found on clean metal surface or the near 80° contact angle
to be expected for squalane on a perfluorodecanoate monolayer (15).
The small angle results because the edge of the barrier is not a straight
line on the molecular scale but is a seriesý of micropeninsulas and bays.
The edge of the squalane is dragged against the peninsulas by the
advance of liquid over clean steel at either side until a contact angle
develops at the peninsula tip. The existence of the contact angle about
the tip creates a local thickening of liquid film at this point. The action
of surface tension to minimize the liquid surface thickens adjacent sec-
tions of the film, so that these also develop a finite angle at the film bar-
Tier. The apparent contact angle observed is the average of these effects
when the angle developed becomes just sufficient to support the liquid
retained in the resultant ridge.
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Fig. 13 - The change in surface tension with molecular weight
for various groups of hydrocarbons.

rium must ultimately be reached at which surface
forces balance the weight of liquid that is re-
strained from draining by the fixed slope at the
upper edge of the film. In principle, the equi-
librium shape of the ridge can be determined
analytically from the general equation for the
mechanical equilibrium of an interface in a
gravitational field (16) but such a calculation
is involved and has not been undertaken.

Once it is clear that ridge formation is a con-
sequence of a slope at the film edge, the formation
of a ridge at the leading edge of rapidly spreading
liquids is readily understood. In the moving film,
dynamic effects maintain the necessary fixed angle
and a ridge forms unless the rate of upward
liquid transport is great enough to maintain the
spreading film at a thickness as great as that of the
required ridge. In this exceptional case a shelf
or plateau is formed, which may develop into a
ridge as spreading continues.

When a drop of liquid is allowed to spread on
a smooth horizontal surface, similar phenomena
are observed, but the spreading pattern is mod-
ified because the gravitational forces are much
smaller and operate to promote spreading
rather than to oppose it. There is an initial grav-
ity-driven spreading during the first few minutes,
after which the hydrodynamic forces become
negligible in comparison with the surface forces.

The primary and secondary films then appear
and ridges or plateaus form as in the case of up-
ward spreading. Oils purified by removal of more
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volatile components spread extremely slowly and
maintain the characteristic domed profile of a
static drop. A liquid containing volatile impurities
of lower surface tension, on the other hand, us-
ually takes the form of a plateau a few microns
thick, which thins as spreading continues, but
maintains uniform thickness within one or two
wavelengths of light. This leveling is a logical
consequence of the spreading mechanism pro-
posed, since any variation in film thickness creates
a surface tension gradient tending to pull liquid
into the thinner portions.

The observation in this work and by Bangham
(2) that in the presence of nearly saturated
vapor the spontaneous spreading tendency of a
drop is suppressed is entirely consistent with the
proposed mechanism. The evaporative depletion
of solute from the liquid edge is prevented by
the presence of surrounding vapor.

The observed spreading behaviors were pro-
moted by surprisingly small differences in surface
tension between the primary and secondary
films. The lot of undistilled squalane which spread
most vigorously had a surface tension of 27.6
dynes/cm. The surface tension of purified squa-
lane is 28.6 dynes/cm, which indicates that, at
the advancing film edge of impure squalane, the
maximum possible difference in surface tension
between the primary and secondary films is
1 dyne/cm if all the more volatile components were
lost from the primary film. Since the surface ten-
sion gradients are small, contaminants having
comparable volatilities but minor differences in
their surface tensions may produce significantly
different spreading rates. A 10% solution of
pristane in squalane has a surface tension of
28.3 dynes/cm, while a 10% solution of hexa-
decane in squalane has a surface tension of
28.5 dynes/cm. Since the surface tension of the
purified squalane is 28.6 dynes/cm and pristane
and hexadecane have comparable volatilities,
the potential driving gradient for spreading of
the pristane solution is approximately three
times that for the hexadecane solution.

The similarity between the spreading behavior
of impure squalane on clean stainless steel and on
steel coated with a monolayer of barium dinonyl-
naphthalene sulfonate provides further support
for the explanation of spreading offered here.
The surface energy of the monolayer-coated steel
is only a fraction of that for the clean oxide
coated surface, but the monolayer's critical

surface tension for spreading (29 dynes/cm) is
above the surface tension of the squalane. Con-
sequently the latter gives a zero contact angle
and forms a primary film on the monolayer.
Since secondary spreading occurs over a primary
film in both cases, the explanation proposed re-
quires the spreading behavior on the two sur-
faces to be similar, and is in agreement with
experiment.

Another support for the theory is furnished by
the contrasting behaviors of the boundaries of
drops of squalane and of polyamylnaphthalene
when one side of each drop is warmed by a con-
centrated light beam. The heated boundary of the
squalane drop spreads ahead of the unheated
boundary on either side, while the heated edge of
the drop of alkyl aromatic liquid recedes even
more rapidly than the adjacent boundary. Evi-
dently the heat, in each case, accelerates the
process of evaporative depletion and thereby
augments the surface tension gradient already
present. If only the decrease in surface tension
due to the increased temperature were operative,
the heated squalane film should also have re-
ceded.*

The theory of spreading proposed makes *it
possible to select additives for almost any liquid
in such a way as to either enhance or counteract
its tendency to spread. Experiment verified that
undistilled squalane could be made nonspreading
for several days by the addition of 5% of iso-
propylbiphenyl. The latter has a surface tension
7 dynes/cm higher and a boiling point 50'C lower
than squalane, so that evaporation at the edge of
a film lowers the surface tension relative to the
bulk liquid mixture instead of raising it. The
polymethylsiloxane liquids are often troublesome
because of their excessive spreading, but it was
shown that the addition of small amounts of a
more volatile methylphenyl silicone having a high-
er surface tension prevented spreading for two
to three weeks.

*An interesting example of surf-ace tension flow indut ed by tempera-

tuic effects alone has been noted in thin films of silicone liquids ott
horizontal glass or metal plates heated to 400'C. Because of tile gieat

tifference besween the temiperat ttre of the plate and the air above it

there is ai shalrl sertiial temnperature gradient in the liquid fihl . The
suriltse of ally thin spot in the tilmti sill he hotter and have it lower stit-

,ace tension than thitker portions near it. Consequentl, the film is it-

stable and the liquid ( saws lip into small droplets, distributed oier a
mitith thinns i film against wshiIh they neiertheless showi zero contact
angles. The droplets spiead as soon as the terttpetatture is lowsered.
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PRACTICAL IMPLICATIONS

The spreading phenomena reported here have
more than academic significance; they modify or
control the performance of liquids in lubrica-
tion, in surface coating, and'in the application of
insecticides.

In the lubrication of ball bearings, oil is trans-
ported by surface creep from the grease supply
to the raceway; this creep is favored by the mo-
lecular heterogeneity of ordinary petroleum
oils, whose more volatile components have lower
surface tensions than the total oil mixture. If
one undertakes to lubricate with a radiation re-
sistant alkyl aromatic oil, however, the situation
may be reversed, and the deliberate inclusion of
a minor amount of an oil of lower surface tension
is indicated. The recession phenomena reported
for silicone liquids on a 400'C surface remind us
that at the high temperatures and temperature
gradients existing in some military equipment oil
films may be expected to migrate away from the
hottest points on the surface, which may be
where the lubricant is needed.

In the spray application of thin coatings it is
important that the droplets spread quickly to
cover bare islands on the surface; the results of
this study point the way to formulations in which
a high spreading rate is assured by the choice of
solvents of suitable volatility and surface ten-
sion. Similar considerations apply to the spraying
of disinfectants and insecticides.

The excessive creeping tendency that causes
polymeric liquids such as polyisobutylene and the

methyl silicones to contaminate their surround-
ings can be counteracted by the addition of
small amounts of a suitably chosen liquid.
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