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ABSTRACT

This report presents theoretical considerations on the
adsorption and friction behavior of soils under high vacuum
and extreme temperature coaditions. It includes an extensive
literature survey, particularly in thz fields of surface chemistry
and physics, adsorption, and friction.

The importance of using clean, reproducible surfaces for
surface studies is demonstrated. The necessity of clean ultra-
high vacuum test conditions for producing and maintaining clean
surfaces is emphasized. The relationship between atomic
forces and surface energy and the friction and adhesion between
solid surfaces is discussed. A theoretical relationship between
adsorption energy and the temperature and pressure required
to remove adsorbed layers is derived.

The frictional behavior of quartz is considered in detail.
It is concluded that significant increases in the coefficient of
friction, and thereby the shéar strength, of particulate mineral
systems will esult if adsorbed contaminants are removed.
However, in the absence of a mechanism for producing a large
contact area, significant cohesion will not develop.
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FOREWORD

The work described in this report was performed under
Contract No. DA-22-079-eng-330 entitled "Research Studies in
the Field of Earth Physics" between the U.S. Army Engineer
Waterways Experiment Station and the Massachusetts Institute
of Technology. The research is cosponsored by the U.S. Army
Materiel Command under DA Projects 1-V-0-14501-B-52A-30,
"Earth Physics (Terrain Analysis),™ and 1-V-0-21701-A-046-05,
"Mobility Engineering Support, " and by the Directorate of Remote
Area Conflict, Advanced Research Projects Agency, under the
"Mobility Environmental Research Study," ARPA Order No. 400.

The general objective of the Research in Earth Physics is
the development of a fundamental understanding of the behavior
of particulate systems, especially cohesive soils, under varying
conditions of stress and environment. Work on the project,
initiated in May, 1962, has been carried out in the Soil Mechanics
Division (headed by Dr. T. William Lambe, Professor of Civil
Engineering) of the Departmernt of Civil Engineering under the
supervision of Dr. Charles C. Ladd, Associate Professor of
Civil Engineering.

This report presents only one portion of the overall research
being conducted under the contract. Other phases currently under
investigation are:

1. In Situ Strength and Compression Properties of

Natural Clays.

(a) Effects of sample disturbance (i.e. excessive
shear strains) on the undrained strength, stress-
strain modulus, and one-dimensional compress-
sion behavior of natural clays.
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(b) Effects of stress-system variables (anisotropic
consolidation, intermediate principal stress,
rotation of principal planes) on stress-strain
behavior of clays during undrained shear.

2. Influence of Environment on Strength and Compression
Properties of Soils.

(a) Effect of high vacuum and temperature on the
properties of granular systems.

(b) Effects of natural cementation and type of pore
fluid on the strength and compression properties
of saturated clays.

(c) The strength of clays at very low effective stresses
and especially the rature and magnitude of "true

cohesion".
3. The Structure of Clay.

(a) Nature and magnitude of interparticle forces in
clay-water systems.
(b) Fabric of kaolinite.

Many of the above topics complement and/or draw information
from other research projects in the Soil Mechanics Division.
These include support from the Office of Naval Research and
the National Science Foundation (Grant G-19440).

This report was prepared by Mr. Leslie G. Bromwell,
N.A.S.A. Fellow, under the supervision of Professor Ladd.
Dr. R. Torrence Martin, Research Associate in the Soil
Mechanics Division, reviewed the report and offered technical
assistance on many phases of the work. The information
contained in the report has served as the basis for the formula-
tion of the experimental portion of this study which is currently
underway, the results of which will be presented in a later report.

-4-



Pertinent reports issued under this research contract

are:
1. "Research in Earth Physics, Progress Report for the
Period June 1962 ~ December 1362", Department of
f Civil Engineering Publication R63-9, M.I.T. Feb.1963.
2. Ladd, C. C., "Stress-Strain Behavior of Saturated Clay

2 and Basic Strength Principles”, Phase Report No. 1,
3 Part 1, Department of Civil Engineering Publication
4 R64-17, M.I.T. April, 1964.
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I. INTRODUCTION

A. Purpose of Report

This is the first phase report on the behavior of soils
under high vacuum and extreme temperature conditions. It
includes the results of an extensive literature survey of the
fields relating to soils under high vacuum, particularly those of
surface chemistry and physics, adsorption, and friction. It also
presents conclusions drawn by the author, based on this survey
and on theoretical calculations. This material has served as the
basis for the design of equipment for the experimental part of the
project, the results of which will be presented in a later report.

The conclusions reached in this report will serve as a

guide for planning future experimental work in this area.

B. Background

The primary purpose for studying soils in a high vacuum
and at high temperatures is to determine the engineering behav-
ior of a particulate system with clean, dry surfaces. Once the
properties have been established for clean surfaces, various
degrees of "non-cleanliness" can be introduced to help determine

the cause and the nature of friction between soil particles.

The relationship between the coefficient of friction, u, of
the solid surface and the Mohr-Coulomb angle of friction, ¢¢,
has been studied by many investigators including Caquot (1934),
Bishop (1954), Newland and Allely (1957), and Rowe (1962).
Rowe (1962) summarizes the previous work, and relates the
dilatancy and strength of an assembly of particles to the angle
of friction between the particle surfaces, ¢” = tan_ lu; the
geometrical angle of packing,a ; and the energy expended during

|
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shear due to volume changes.

The magnitude of ‘M for various soil minerals has not
received much study. The only comprehensive investigation
to date is that by Horn (1961, 21so Horn and Deere, 1962).
Clearly further investigation of (bu is required for a fundamental
understanding of the strength behavior of soils, since ¢“ is the
basic cause of the shear strength of granular soils.

The value of ¢, has been shown to vary with the chemical
composition of the solid, the surface topography, the type and
amount of material adsorbed on the surface, and the conditions
under which the tests are run. Each of these factors must be
considered. A good point of departure is to consider the tech-
niques and equipment required to produce an initially clean
surface. The clean surface can be used as a point of reference
for studying the effects of various changes in surface properties
on the friction between surfaces, and thus on the strength of a

granular mass.

-10-
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II. THE USE OF HIGH VACUUM TO STUDY SURFACE
PHENOMENA.

A. Introduction

Minute amounts of contamination, far below the level of
chemical detection, may greatly affect the friction and adhesion
of solid surfaces. Surfaces which are exposed to the atmosphere
rapidly become contaminated with atmospheric gases, dust, and
high molecular weight organic compounds. Friction and adhesion
measurements on such surfaces, while useful for predicting
normal behavior, are very difficult to interpret due to the

poorly defined surface conditions.

A fundamental investigation of friction, therefore, requires
an initially clean surface, free of any adsorbed contaminants,
which is used as a standard reference point. To produce and
maintain a clean surface requires a high vacuum, because at
atmospheric pressure about 108 molecules per second impinge
on every surface atom of the solid, resulting in very rapid
contamination. Even if the atmospheric organic contamination
is less than 1 part per million, a complete organic monolayer

can form in a matter of seconds.

The length of time required for an initially clean surface
to become covered with a monolayer of gas at various pressures
can be calculated and used as a measure of the vacuum level
necessary to maintain a clean surface. The following simplified
analysis will be refined in Chapter IV and is only presented here
to provide an illustration of the necessity of using low pressures.

The time for monolayer adsorption, t may be calculated

m ?
from the kinetic theory of gases:

-1
'‘m 55z 21
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where ¢ is the area occupied per molecule (Elr’ is the number of
molecules per square centimeter in a monomolecular layer), s is
the sticking coefficient, i.e., the fraction of molecules striking
the surface which remain on it,and Z is the number of molecules
striking a square centimeter of surface per second. Fig. II-1
shows the time for monolayer formation plotted as a function of
the gas pressure. The value of s used was 1.0, which is a
reasonable value for adsorption on a high energy surface such

as a clean metal where actual chemical bonding between the

adsorbing gas and the surface occurs.

If the purpose of an experiment is to measure the prop-
erties of such a surface: free of any contaminant films, and the
time for the experiment is several minutes or hours, then the
surfaces must be prepared and maintained in a vacuum of

around 10~ 10 torr.

A pressure of 10710 torr corresponds to 3.24x 106 mol-
ecules/cc at 259C. At this concentration the mean free path of
a molecule, A,is about 300 miles (A in cm. is approximately
equal to 5x 10_3/p, where p is in mm. of Hg.).

B. Preparing Clean Su-faces

The ultimate pressure of a vacuum system, Pu’ is deter-
mine by the following equation:
Qt
P =
u S
where Qt is the total influx of gas into the system, in torr-
*
liters/sec , and S is the speed of the pump in liters/sec. at

2.2

the pressure Pu'

—
The torr is the standard unit in vacuum technology and is equal
to 1 mm. Hg. ’ '

-14-



The production of ultra-high vacuum is a matter of reducing
the ratio of gas influx to pumping speed. This can be done by either
increasing the pumping speed for a given system or by reducing
the gas inflow. If a clean vacuum is desired, it is more reasonable
to reduce the gas flow than to increase the pumping speed. Further-
more, although pumps can be obtained wi'h speeds varying from a
fraction of a liter per second to tens of thousands of liters per
second, the price and size of a pump increase as the pumping
speed increases. The optimum size pump for a laboratory system
is generally less than 1000 liters/sec.

An average value for the total gas load, @, , for an unbaked

vacuum system with rubber 0-ring seals is about 104 torr-liters/sec.

If this system were to reach Pu = 10710 torr, a pumping speed of 106
liters/sec. would be required. On the other hand, if the system
could be redesigned so that the gas influx were 19719 torr-liters/sec.,
then a miniature 1 liter/sec. pump would provide adequate pumping
to reach 10710 torr,
The gas influx is due to four sources:

1) leaks in the system welds, gaskets, etc.

2) Dbackstreaming of gases from the pump.

3) desorption of gases from surfaces within the system.

4) permeation of gases through the walls of the system.

Items 1 through 3 can (and must) be reduced by careful system
design. The magnitude of gas load due to each of these and methods
for reducing them will be briefly considered. The level of vacuum
technology which will be considered is that necessary to produce a
vacuum of about 1x10710 torr. This is an order of magnitude more
difficult than producing a vacuum of 1076 to 10-8 torr, but at least
an order of magnitude simpler than producing a vacuum of 10'12 to
10-14 torr. Below 10-11 torr, permeation of gases through the walls
may become important. Also, outgassing from hot tungsten filarnents

used as cathodes in pressure measuring gauges may cause a consid-

-15-
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erable gas load. Ion pumps, which use a cold-cathode disc..arge,
will probably extinguish and not pump at these pressure. The
special problems involved in attaining pressures below 10711 torr
have been discussed by Davis (1962) and Roberts and Vanderslice
(1963), and will not be considered here.

Leaks in the System

Leaks must be completely eliminated to attain ulira-high
vacuum. A leak which consumes only 0. 1% of the pumping speed
at 107 torr and can be ignored in this range will consume the
entire pumping capacity at 10710 torr. The amount of gas inflow
through a microscopic leak can be computed and related to the
pumping speed necessary to remove this gas and thus attain a
desired ultimate pressure. Fig.l[-2 shows this relationship for
2 1 micron diameter hole. Even if no other gas load existed in
the system, pressures below 10~9 torr could not be obtained with
such a leak.

Eliminating leaks is an essential part of high vacuum
technology. Careful welding precedures, careful handling of all
parts to prevent scratches or nicks, and use of knife-edge sealed
metal gaskets will give a system with no detectable leaks larger
than 10710 std.cc./sec. A leak of 10-1? gtd.cc/sec. will only
consume about 1 liter/sec. of the pumping speed at 10710 torr.

Apart from actual leaks to the atmosphere, care must be
taken to minimize so-called virtual leaks, whichare due to small
pockets of trapped air or contamination. These leaks arise from
poorly welded joints which entrap air and from improperly cleaned
materials. They are difficult to detect, the only evidence for their
existence being the failure of the system to reach low pressures.

A small pocket of gas which raised the pressure of a vacuum
chamber at 10-6 torr by 1%, would raise the pressure at 10"10 toir
by 10,000%, perhaps contaminating a test surface and ruining an
experiment. Virtual leaks often release their gas slowly, causing

-16-
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a system to remain at 10"~ to 10'8 torr for days or mouhs.

Virtual leaks can be minimized by careful welding, always weld-
ing on the vacuum side to preveit cracks or crevices; careful cleaning
of all materials exposed to the vacuum; and elimination of all high vapor

pressure materials.

Backstreaming of Gases From the Pump

Both ion pumps and diffusion pumps, the two major methods for
obtaining a high vacuum, are sources of gas. Diffusion pumps, which
utilize a vaporizable fluid, are likely to contaminate the system with
this fluid. Backstreaming in diffusion pumps is reduced by placing a
cold surface between the pump and the chamber which will trap and
condence the backstreaming molecules. The effectiveness of this trap
(or usually a series of traps) determines the cleanliness of the vacuum.

Ion pumps are less susceptible to backstreaming, but can release
appreciable amounts of low molecular weight materials, particularly
Hz, He’ and CH & into the system if they are not operated properly.
Generally speaking, ion pumps provide a very clean vacuum without
the use of elaborate and costly trapping devices.

Cryogenic pumping, using liquid helium ccoled surfaces to trap
and condense gases, is most nearly an ideal pump into which a molecules
goes and never returns to the chamber. Only helium and hydrogen
have appreciable vapor pressures at liquid helium temperature (4°K).
These gases are usually removed by an auxillary diffusion pump or
ion pump. Cryogenic pumping is a means for obtaining an essentially
perfect vacuum. Calculations by J. P. Hobson (Holland, 1964,
p. 265) indicate that if a Pyrex bulb was pumped down to 5x 10"
torr of helium gas and then immersed in liquid helium, the pressure
would fall to 10"3” torr. The bulb would thus contain a free
molecule for about 1 second out of every 10,000 years.

10

-17-
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Desorption of Gases Within the System

Anv surface which has been exposed to the atmosrhere is
contaminated by adsorbed gases. The ease with which gases can
be removed depends upon how tightly they are held, i.e., the adsorp-
tion energy. Physically adsorbed water can be removed by slight
warming at pressures around 10-3 torr. Chemically adsorbed
oxides, on the other hand, may require heating to 2000°C. at
1077 torr. The thermodynamics of desorption will be considered in
more detail in Chapter IV. However, the importance of minimizing
outgassing within the system can be easily shcwn.

At 10710 torr, there are about 3x 108 molecules in each cubic
centimeter of space within a vacuum chamber. On each square
centimeter which is covered ith a monolayer of gas, however, there
are about 1019 molecules. Even if the adsorbed gas is reduced to
10-6 of a monolayer, there will still be several hundred times as
much gas on the surface as in the volume of the system at 10-10 torr.

The rate of desorption can be decreased by coocling the walls
of the vacuum chamber. Generally it is more practical to heat the
chamber walls, increasing the rate of desorption and driving off most
of the adsorbed gas, which is removed from the system by the pump.
3y this means, the outgassing of stainless steel can be reduced from
an initial value of about 10-8 torr - liter/sec/cm? to less than
10°14 torr-liter/sec/cm?.

Permeation Through the System Walls

The permeation of gases through the walls of the chamber
determines the ultimate pressure of a system which has no leaks
and no adsorbed gases on the interior walls. The permeability of

0-12 2 surface,

Pyrex glass to helium is about 1 torr-liters/sec/cm
and stainless steel to hydrogen is about 10-14 torr-liters/sec/cm?2
(per mm of thickness). Therefore permeability will be a major

problem at pressures below 10-12 torr, but will generally be of little

-18-
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importance at 10710 torr and higher.

C. The Degree of Cleanliness of a Vacuum

The pressure of a vacuum system is an inadequate measure of
its suitability for maintaining a clean surface. Because the time
required to pump a system down and to complete a test may be
several days or even weeks, the types of gases which make up the
vapor phase are as important as the pressure level.

Consider, for example, an inadequately trapped diffusion
pump using the lowest vapor pressure pump fluid available (DC705
with a room temperature vapor pressure of less than 1x 10'9 torr).
Although the pressure of this system will remain in the 10710 torr
range, in a matter of hours a monolayer of oil will have covered
everything within the system, and the layer will continue to grow at

a rate of about 5 A°/hour (Holland, 1964, p. 343).

If the total pressure is 10°6 torr, however, and the only
gas present is helium, this may be considered a very clean vacuum,
because helium has a very low adsorption energy and will not

contaminate a surface at this pressure.

In most cases, it is advantageous to know the gas composition
in tho system since the residual gas may vary with different materials,
temperature, and time. Residual gas analysis requires a mass
spectrometer tube which is capable of measuring partial pressures
down to about 10-12 torr if the system total pressure is 10710 torr
Such units are commercially available for about $10,000.

» variety of techniques may be used to estimate the cleanliness
of a vacuum in lieu of a mass spectrometer, but all of them involve
valious degrees of uncertainty because the actual gas composition

is not measured.

Wettability of Clean Surfaces

A very simple and sensitive test utilizes the spreading of
water on a clean metal or glass surface. A drop of water placed on a

-19-
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clean surface will rapidly spread and show a low contact angle
because of the strong adhesive forces at th: solid surface. If,
however, a minute amount of organic contaminant is present, the
drop of water will not wet the surface. High vacuum experiments
for which clean surfaces are claimed should, as a minimum,
corroborate this assumption by placing an initially clean, wettable
strip of metal in the test chamber and checking its wettability at the
end of the experiment.

Unfortunately, this test is not sufficiently sensitive to ensure
clean surfaces. The surface energy of a clean metal surface can
decrease appreciably (by adsorption of 02, CO,, HyO, etc .) and
still be high enough to cause a drop of water to spread. But it
remains a good test for gross contamination.

Flushing With a Rare Gas

An effective but seldom employed method of reducing the
undesirable gaseous components in a high vacuum system is to leak
a less undesirable gas such as helium into the system at constant
pressure. As the pump continues to remove gas from the system,
the partial pressure of the undesirable gases will be lowered until
essentially all of the gas present is helium. The mathematics of
the flushing procedure were first presented by H. Belofsky (1962)
and are described, with slight modification, in Appendix I.

By evacuating a vacuum chamber to 1x 10°8 torr, baking to
desorb the walls, and at constant pressure flushing through an amount
of helium (containing no more than 2 ppm of other gases) equivalent
to 10 volumes of the chamber, and then pumping down to 1x 10-10
torr, the pressure of all the gases other than helium will be less
than 1x10 14 torr. Such a low pressure of offensive gases would
ensure a clean surface for almost a year.

Care must be taken that impurities are not admitted along with
the pure gas. Young and Whetten (1961) found that impurities umounting

-20-



to 30 ppm of CO and 10 ppm of H2 were admitted along with the
pure gas, presumably due to the method of admitting the gas.

This level of contamination, for the example given above, would
result in partial pressures due to impurities of about 6 x 10-13 torr,

which is still an exceptionally clean vacuum.

The most effective method of admitting gases is through a
selective semipermeable membrane which is highly specific as to
gas and results in the admission of a gas of very high purity. Such
inlets contain no moving parts and can be readily attached to bakeable
vacuum systems. (Roberts and Vanderslice, 1963).

Friction as a Measure of Surface Cleanliness

Friction can be a very sensitive measure of surface contamina-
tion. If a friction test is run in a high vacuum on a material such as
glass which, if clean, would have a u of about 1.0, the actual value
of u can be used as a measure of the amount of contamination which
occurred. Holland (1964, p. 302ff) reports that glass cleaned with
a detergent gave a coefficient of friction of 0.07. If it was then
placed in a vacuum, baked, and bombarded with positive ions (glow
discharge cleaning) the friction coefficient increased to 0.9.

Changes in u due to contamination from diffusion pump fluid
{DC704) were also measured by Holland (1964, p. 340ff). Glass
cleaned with detergent and alcohol and giving an initial u=0.3 was
placed in a vacuum chamber. If the sample was then glow discharge
cleaned, u increased to 0.85 and maintained this value for extended
bombardment times, as shown in Fig. II-3. If, however, the dis-
charge was stopped and the temperature raised to 230°C, u quickly
dropped to 0.45. Another sample was placed in the vacuum and u
measured vs. time with no glow discharge cleaning. The friction
initially increased to 0.55, then decreased as silicone oil was
chemisorbed until after one hour it was lower than the initial value.

-21-
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D. Conclusions

The study of friction and adhesion of clean surfaces requires
temperatures of 200° to 500° C and pressures of 10710 torr. The
pressure level is not an adequate .measure of the ability of the
vacuum to maintain a clean surface because contamination can occur
even at 10’10 torr. Knowledge of the composition of the gas is very
useful and may be required to adequately interpret experimental
results. When spectrcscopic analysis is not possible, other
techniques such as wettability, purging of offensive gases, and
friction measurements should be used to indicate the cleanliness

of the vacuum.

-22-
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III. THE SOLID SURFACE

A. Nature of the Solid Surface

Roughness of Surfaces

A major difficulty in studying the surfaces of solids is that,
with few exceptions, they are extremely rough on a molecular scale X
Even a carefully polished surface consists of hill (called asperiticzs)
and depressions which generally range from 100 2 to 1000 X high.
An accurate representation of a metal surface ground to an 8 micro-
inch (root mean square) finish (2000 g) is shown in Fig. III-1. This
drawing is reproduced from an actual measured surface profile
(Sonntag, 1961). The slopes, which were found to vary between 128°
and 172° , are quite gentle compared with many imaginary hand-
drawn portrayals of surfaces, which often show almost vertical
slopes. The American Standards Association, after checking
surfaces of various metals over a large range of roughness, reached
the conclusion that the average slope of asperities is an included
angle of 150°.

Metal suriaces can be produced with an average roughness
of about 1 micro-inch or 250 g . When two such surfaces are in
contact, they still will be supporte. on the summits of the highest
asperities, and the actual area of contact will be a small fraction
of the apnharent area. This has a profound influence on the friction

an:' adhesion between the surfaces, as will be shown in Chapter V.

The necessity for very smooth surfaces for optics has resulted
in a large amount of work on the polishing of glass. For light reflec-

* o
A commonly used base for a molecular scale is the angstrom(A):

o
1A=10"8cm o

1 micron = 10~% cm. = 10,0004,
1 micro-inch = 10" " inch = 254 A

A0 SRR b gt -m#
iy
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tion, surface irregularities should be less than A/16, where X is the
wavelength of the incident light (Holland, 1964, p.76). For blue
light, this permits asperities of about 250 X

Extremely smooth glass surfaces can be prepared, but they
are difficult to maintain. The root mean square height of two fire-
polished microscope slides in contact was measured by muitiple-
beam interferometry as 56 ?\ (Holland, 1964, p. 119). Rapid
erosion occurs if such surfaces are left in contact with the atmos-
phere. The hygroscopic alkali oxides (NaO, CaO) in the glass
absorb water vapor, and the resulting high pF solution attacks the
silica causing erosion pits.

Common washing techniques, such as chromic acid cleaning
solution, can greatly increase the surface area and surface rough-
ness of glass. The surface area of glass beads as measured by
CO2 adsorption was increased by a factor of 10 of more when the
beads were immersed in water for 33 days(J.B. Thompson, et. al.,
1952). No satisfactory method for producing and maintaining very
smooth glass surfaces ( less than 250 Z) has been reported.

Extremely smooth sgrfaces canobe produced by cleaving mica.
Steps ranging between 10 A and 1000 A normally result when mica
is cleaved, but by taking extreme care, molecularly smooth cleavage
faces can be produced (Bailey and Courtney-Pratt, 1955). These
smooth faces have been used for fundamental investigations on
friction, adhesion, adsorption, and surface energy. The results
will be discussed in the sections of this report dealing with these

various topics.

Even the cleavage face of muscovite has been shown to be
wavy on an atomic scale (a few tenths of an angstrom) due to
rotation of the tetrahedra in the silica layer. The effect of this
small-scale waviness on various surface properties has not been

investigated.
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Surface Structure

When a crystal is broken the surface atoms have fewer
nearest neighbors than the atoms in the bulk of the solid. Because

of the fewer bonds, these atoms are less restrained and hence at a

higher energy level. The drive to decrease the difference in free
energy (called the surface energy) between the atoms in the bulk
and the surface atoms is the fundamental explanation for all of the
phenomena considered in this report. The surface energy of a
solid can be reduced by either decreasing the surface area (by
adhesion to another surface)or by lowering the energy of the individ-

ual surface atoms (by adsorption or by surface rearrangement).

e e e )

When a quartz surface is broken, two kinds of surface sites
are formed; one terminating in an oxygen ion with an excess of
electrons and a negative charge, the other in a silicon ion with a
deficiency of electrons and a positive charge. The oxygen ions,
being larger and more polarizable, probably shield the smaller
silicon ions. For example, tge distance betweenothe outer and
second layer in NaCl is 2.66 A for Nat and 2.86 A for C17, producing
a field which will predominantly attract a positive charge (Gregg,
1961, p. 17). The same might be expected to occur for SiO,,
except that rapid adsorption of HpO usuzily occurs on quartz, the
H* going to the O~ site and the OH~ to the Si* site, producing a
hydrated Si-OH surface.

Because the surface atoms of solids are essentially immobile
under normal conditions, the structure of the surface depends greatly
on the previous treatment and environment. Chemical alteration of
glass surfaces, which has been briefly discussed, is an exainple
of this. Further evidence comes from the effects of grinding and

polishing on surface structure.

Grinding requires a material as hard or harder than the
surface to be abraded. If the grinding material is appreciably
harder, mechanical attrition of the surface will result without greatly
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changing its crystallinity. However, measurements of transfer

of tool material during cutting operations (Bowden and Tabor, 1964,
p. 108) indicates that about 1014 atoms of the grinding material may
be transfered toc each square centimeter of solid surface. This is
the order of magnitude of atoms required to give monomolecular
surface coverage, and thus may represent appreciable surface
contamination.

Polishing materials are often softer than the surface to be
polished but have a higher melting point. The polishing operation
results in local melting at points of contact due to frictional heating,
followed by smearing of the melted material over the surface. This
normally results in a fairly deep amorphous layer, with large amounts
of entrapped impurities. The amorphous layer can be removed by
chemically etching the surface, but this also destroys the smooth-
ness.

Grinding of quartz has been shown to produce an amorphous
surface layer (Dempster and Ritchie, 1953). A quartz sand (99.9%
SiOZ) was ground in an agate rcoctar for 17 hours, after which it was
shown by DTA to have only 1% crystalline quartz. The thick%ess of
the disturbed layer was calcu: ited to be 0.i5 micron or 1500 A .
Etching with hydrofluoric acid restored the quartz content to 100%.
The etching tests indicated a highly disturbed and very soluble
surface layer about 0.03 micron thick (300 %). Estimates of a
layer with some disturbance as deep as 100 microns have been made
for quartz (Iler, 1955, p. 259).

A schematic draw— of a polished quartz surface is shown in
Fig. 1lI-2. Deviations from: ideality include surface rcughness,

adsorbed contaminants, and an amorphous surface layer.

B. Svrface Forces and Surface Energy

The Nature of Surface Forces

When a solid is cleaved or broken, the instantaneous fo.:ce field
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existing at the surface will be of the same character as the forces
which hold the atoms in the solid. These forces are generally divided
into two categories: primary valence forces, wnich are generally of
the order 10-100 Kcal/gm.mole, and secondary valence forces, which
are generally rauch less than 10 Kcal/gm.mole, but in some cases
are as strong as weak primary bonds. Both pririary and secondary
forces are a resuit of the charged nature of the electron cloud
surrounding atoms, and therefore differ in degree, riher than kind.
Primary valence bonds usually involve large electron displacements,
resulting in charged atoms when the bonds are broken. Examples

of such bonds are metallic, covalent, and ionic chemical bonds.

There are three types of secondary valence bonds: orientation,
induction, and dispersion. Interactions between permanent dipoles
cause the orientation effect. Permanent dipoles also induce charge
separations in molecules which normally have no dipole moment
and induction bonds resuli. Dispersion bonds are thought to arise
from the fluctuating electromagnetic radiation of the electron cloud,
and do not require large electron displacements nor a permanent
separation of charge. The dispersion forces are a universal property
of matter and hence always act. Their contribution to the total energy
of a given system may be negligible or they may be the main contribu-
tion, as in the case of solidification of the inert gases.

In principle it should be possible to calculate the field of
force at the solid surface. Except for a few cases, however, this
has not been done for atom-atom interactions leading to primary
valency bonds. This is largely due to insufficient theoretical develop-
ment of quantum mechanics and statistical methods which would
permit a complete description of the energy states of the surface
atoms. Secondary valence interactions, due to so-called van der
Waals forces, have been largely worked out (Verwey and Overbeck,
1948), but conclusive experimental vertification of the equatiions is
still lacking. For purposes of this report, a more convenient measure
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of the forces acting at the solid surface is the surface energy.

The Surface Energy of Solids

The surface energy of solids is much more amenable to
analysis and experimental determination tnan are surface fields of
force. Values of surface energy can be used to predict and to inter-
pret the amount of adhesion between solids and the amount of adsorp-
tion on solid surfaces.

The surface free energy of a solid is the isothermal reversible

work expended in creating 1 cm?

-of new surface. A diagrammatic
representation of an imaginary experiment measuring the surface
energy is shown in Fig. III-3. An elastic solid of 0. 5cm2 Cross-
section is slowly pulled apart in & vacuum, producing two new
surfaces with a total area of 1 cmz, and requiring an amount of work
equal to Y- If the two pieces are now put back into contact, the
energy gain will be v, and they will readhere. If, however, a gas is
allowed to adsorb on the broken surfaces, the intensity of the surface
force field of the solid wiil decrease. Hence the surface energy will

be reduced to a value Ty The change in surface energy, /5~ 7, , can

\
be determined by the Gibbs adsorption equation, which will be
discussed in Chapter IV. If the contaminated surfaces are put bac\
into contact, the energy gain will be v, and they will not readhere

as strongly.

In practice, surface energies are rarely easy to measure for
solide . Unless the measurements are made in an ultra-high vacuum,
the values obtained may represent v, rather than v,. Measured
values for glass range from about 190 er'gs/cm2 (from the heat of
wetting), to 1200 ergs/cm2 (cleavage of a glass plate). Brace and
Walsh (1962) measured the surface energy of quartz and orthoclase.
They obtained values ranging from 410 to 1030 ergs/cm2 for quartz
(depending on the cleavage dirertion) and 7770 ergs/cm2 on the (001)
cleavage plane of orthoclase. They also give references to other

determinations of surface 2nergies for minerals. Many investigators
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have measured the surface cnergy of mica as about 300 ergs/cm2
in air. Bryant (1962), using a vacuum of 10-13 torr, obtained 5125

ergs/cm2 , illustrating the importance of maintaining clean surfaces.

Using an ideal crystal lattice model, M chaels (1962) has
calculated the work necessary to bring a bulk atom to the surface.
The resulting relationship for surface free energy is as follows:

Y= (1-..r_1§.-) _é_Evap...._
nl N3 (M), 2/ (3.1)

where
A Evap = heat of vaporization, ergs/mole
n_= namber of nearest neighbors for a surface atom
n = number of nearest neighbors for a bulk atom
N=6.02x10%3
M= molecular weight, gm/mole

molecules/mole

p= density, gm/cm3

Although this formula is most often used for liquids, the model
used is more closely approximated by a crystalline solid. It should
give a reasonable estimate of the surface energy of elemental solids,
but may aoi be accurate for complex crystals. Values of surface
energy for diamond and quartz calculated by this formula are given
in Table II1-1, alcng with experimental values and values calculated
by other theoretical methods to be described.

Theoretical calculations of surface energy can be made by
considering the bonds broken during cleavage. The surface energy
Yo, is takenas —%— the energy required to rupture the number of
bonds passing through 1 cm? (two cm? of surface are produced for
each cm? of bonds broken). This calculation actually gives the total

surface energy, Eg, and the free surface energy,y, , is r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>