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ABSTRACT

The concepts, experimental techniques, and theoretical analyses of the surface
energy of solid ceramic materials are reviewed with the aim of condensing a large mass
of unrelated data into a concise form for comparison and cvaluation. It is shown that
various experimental methods can be applied to the measurement of surface ¢nergy, but,
that each of these has certain limitations which are often unstated. Furthermore, it is
shown that theoretical analyses and empirical correlations, while sometimes rather
imprecise, can be used to approximate surface energies, particularly as functions of
temperature. While a few materials have been discussed in considerable detail (such
as MgO, Al203 and some alkali halides), a review of the literature notes that there is a
great paucity of information on the surface energies of many solids of interest., Improve-
ments and extensions of experimental and empirical techniques are suggested that will
help to fill the voids in the present understanding of ceramic solid surfaces, and specific
analyses of experimental methods are forwarded. It is shown in the report that the
proper use of thermodynamic techniques offers considerable potential for the measure-
ment and interpretation of solid surface energies of a large number of materials that
are poorly understood at present, In addition, the further development of thermody-
namic methods pre-ents an opportunity to investigate solid surface energies of non-
brittle materials, thus overcoming one of the basic limitations of the use of mechanical
methods,
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I. INTRODUCTION AND SUMMARY

The surface energy of a solid is an imporia. * factor in many phases of science and
technology, not only for itseif but also through its marked influence on other physical
properties. Since the earliest work of Griffith, in which the now famous ''Griffith
criterion" for crack propagation (i.e., for surface formation) was expounded, many
researchers have attempted to use his concepts in describing the nature of fracture in
brittle, semi-brittle or ductile materials., Moreover, numerous modifications to basic
Griffith theory have been developed to account for deviations from the perfect cases,
which are more easily treated.

During the past few years, efforts on the study of solid surface energies have
increased, particularly as a by-product of basic research on fracture, While the pre-
ponderance of recent literature on the subject of solid surface energy is still devoted ‘o
considerations of the fracture process, the study of surface energy is increasingly being
extended to numerous other areas of investigation, One of the most obvious applications
lies in the theory of adhesici. and the development of adhesive joints, which have tre-
mendous potential, for instance, in airplane and automotive construction, in the fabrica-
tion of habitable dwellings, and in spontaneous cold-welding of components in high vacuum
environments, such as outer space., Surface energy is an important factor in all studies
of friction, lubrication, and wear; of coatings; of glass-to-metal seals; and many other
areas of product development, Similarly, in process development the surface energy of
a material will contribute, in part, to mechanisms of filtering, wetting, catalysis, sin-
tering, epitaxial growth, any kind of joining or bonding, and crystallite and colloid
morphology, including the size and shape c{ ultra-fine particles in smokes and other
particulate pollutants, Furthermore, the role of the surface energy is a critical dete=--
minant in any surface treatment, such as cleaning, polishing, activation, or the like,
The design of coupling agents for composite structures is an area of particular current
importance in which surface energy is basic,

Inasmuch as the colid surface energy is a significant factor in many different fields
of research and technology, and, in addition, since there is no collected w.rk known to
this writer which organizes the subject in any detail, the present state-of-the-art report
was commissioned.

The concept of surface energy, from its basic definition through a discussion of
general factors that affect measured values, is covered in some detail, and the relations
betv zen surface energy and other materials properties .-e explored.

From an experimental point of view, the report describes various techniques that
have been devised for the determination of surface energy. These may be broadly
classed in two categories: mechanical and thermodynamic. In the former, primary
consideration has been given to the Griffith criterion for ~rack propagation and the
extensions of this o o multitude of expcrimeital arrangements, The fracture of a ma-
terial is accompanied by the creation of fresh surfaces, and the simplest concepts show
that the energy required to effect fracture is merely the product of the surface energy
and th= area of the newly exposed faces. This theory, with inodifications, has been
applied to the determination »f surface energies in brittle materials, but is seen to be
insufficient in materials with significant plasticity., Techniques based on the Griffith
criterion have included single crystal tracture and crack propagation, determir.ation of
total stored elastic energy prior to failure in polycrystalline masses, measurements of
total area created in crushing, the energy to effect drilling, and others.




Aside from the applications to single-crystal materials, most of these mechanical
methods result in erroneous values of surface energy, generally too large as a result of

not having corrected for plasticity, kinetic energy of resulting particles, friction effects,
aad the like.

Other mechanical methods have been devised for specific materials classes, such
as the spcntaneous bending of thin wafers of compound semiconductor crystals, In this
case, a lack of inversion symmetry in the (111) direction of the crystal lattice serves to
expose different "compositions' on opposite crystal faces, and a corresponding difference
in surface tension produces a bending moment that may be interpreted in terms of these
tension differences. In addition, analyses of unit cell dimensions of extremely fine
particles provide a measure of the degree to which surface tensions act as body forces
on the bulk of the sampie, and the technique is found to apply where there are large sur-
face area/volume ratios, Other determinations of surface energy have been made through
the observation of the stretching of a heated fiber under its own weight or an applied
force. It is presumed that gravitation effects will tend to elongate a fiber while surface
tension forces tend to reduce the length, From the balance of forces that results, an
estimate of the surface tension, as well as the effects of adsorbed impurities, may be
ascertained,.

Each technique is des: ribed in sufficient detail to provide familiarity, and each is
criticized for its ranges of applicability and the reliability ~f the results obtained.

The crack propagation experiments are believed to be the most direct method of
determining solid surface energies. Their n.1jor drawback lies in the range of temper-
atures over which thev may be applied. Wherever dislocation maneuverability becomes
appreciable, surface energy measurements are grossly affected, and complicated cor-
rection factors must be applied to the analysis, Hence, additional techniques must be
supplied for the determination of surface energies over a wider temperature range. To
this end, various methods are reviewed that involve the interaction between solids and
liquids, these falling into the general category of thermodynamic techniques. The method
showing the greatest potential for further development involves the determination of the
critical surface tensicn for wetting of a solid, This method, originally applied to the wet-
ting of low-energy organic materials, has been modified for certain high-energy solids
and suggests that similar critical surface tensions can be measured. There are, how-
ever, two major difficulties in the interpretation of data, First, one must recognize that
the critical tension for wetting is different from the solid surface energy by an amount
equal to the spreading pressure of the candidate liquid on the solid, a term which may be
difficult to evaluate. Second, it has been shown by various investigators that thermo-
dynamic teciinique. will generally provide only a partial answer to the problem, this be-
ing due to the different types of interactions that are possible between dissimilar ma-
terials. In this case, it is necessary to determine critical tensions using various classes
of liquids for a given solid, and the analysis tends to become quite involved.

In spite of these difficulties, thermodynamic techniques (including heats of immer-
sion, heats of solution, solubility rates, and the like) offer considerable promise through
their applicability to materials at clevated temperatures, While the mnst reliable me-
chanical methods may be applied only to complete brittle materials, the thermody-
namic methods can, in principle, be utilized up to the melting point of the specimen.

The theory of solid surface energies is discussed from essentially two points of
view, with different degrees of sophistication in each. The most detailed work on first-
principles calculations of surface energy is considered, where much of the effort has
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been directed toward materials which crystallize in the simple cubic structure, such as
the alkali halides. Calculations are highlighted in which consideration is given to the
electrostatic forces between inons, the effects of surface relaxation, and deformation of
thie lattice due to thermal oscillations., In addition to the detailed formulation given for
the alkali halides, simpler approaches have been used for the estimation of surface
energies of several chalcogenides and oxides,

Various techniques have been proposed for the .stimation of surface energy of
solids based upon correlations with other physical properties. While one method sug-
gests comparison of surface energies with mechanical properties such as hardness, re-
crystallization temperature, and elastic modulus, to name a few, other methods are
based on the comparison with thermodynamic and structural data, including heats of
formation, critical temperatures, crystal structure, and the like., To make full use of
these correlative approaches, it is necessary to obtain information on the surface ten-
sions of molten ceramics and their temperature dependencies, To this end, the scope of
the report is expanded to include such data on the liquid state, where applicable.

The report inrludes tabulation of surface energies for many different materials
(with many common minerals), and reports most measured values, with appropriate
comments regarding the reliability of the results, In addition, data on several dif-
ferent types of glasses are combined in separate tables, although no major effort is
expended to evaluate this information,

Finally, recommendations are made regarding the direction in which future re-
search should be directed to the determination of surface energies of ceramic materials,




I, SCOPE

While the surface energy is an important parameter in a number of different fields
of interest, as indicated in the previous section, certain limitations must be placed on
the scope of materials to be considered in this present review. Firstly, we shall be con-
cerned only with ceramic materials (i,e., nonmetallic inorganic materials). A number
of research programs have been devoted to the determination of surface energies of
metals, many through the use of scratch-smoothing, grain-boundary grooving, sintering,
and similar techniques, A complete analytical compendium of the solid surface energies
of metals is definitely needed, but this subject is beyond the scope of this report,

Furthermore, much work has been done on organic materials, particularly by
Zisman(!) and his co-workers, but this subject is similarly omitted from this review,
However, some of Zisman's techniques are applicable to ceramic materials and con-
sequently, this report will consider some of the organic materials with which he has been
concerned, but solely for illustration,

Secondly, little space will be given to the discussion of the surfa.e tension of mol-
ten ceramics or glasses., It is well-recognized that the surface tension of glasses and
slags has important technological implications, including the applications to glass mold-
ing, enameling, glass-to-metal seals and other areas; however, the material presently
available is quite voluminous (with many major contributions from the Russian literature)
but so unrelated that no detailed review is possible at the present time. To collect the
data without some semblance of a connecting thread would be inconsistent with the aims

of the present report., Such a compilation will be left to future reviews®,

There are, to be sure, several materials that are expected to fall within the scope
as defined her~ and for which no values of surface energy are available except in the
liquid state (primarily alkali metal compounds), The inclusion of such data here will be
seen to be consistent with the scope of the report when discussions on correlation tech-
niques begin,

There will, in addition, be some reference to the work on selected molten ceranmi.
systems, particularly where it is believed that the use of critical contact angle data will
provide information relative to the surface energy of certain solids, Several glass sys-
tems suggest themselves as being suitable for this application, and mention of these and
their role in the determination of solid surface energies will be made at the appropriate
places.

Two very important aspects of the surface-energy determinations have also been
omitted from tlis report: namely, surface preparation techniques and surface area
determinations. The first of these constitutes a major report in itself, being comprised
of complicated procedures and analytical techniques. The preparation of a surface for
detailed structural, physical and chemical studies is not necessarily directed toward the
attainment of a clean surface so much as it has the aim of obtaining a characterized
surface. Although clean surfaces are highly desirable in fundamental studies of inter-
face reactions, the characterized surface provides a more direct means of analyzing
effects at real interfaces,

*There are several early reviews on the surface tension of molten glasses, as noted by Parikh(2), The reader is referred
to these (3.4) for general deails.

« ——




Surface area determinations have similarly been omitted from detailed consider-
ation here, although it is necessary to have such information available. This is partic-
ularly true in those cases where fine particle distributions are required in surface
energy measurements, such as by solubility rates and heats of immersion, Quite gen-
erally, the surface area can be ineasured by adsorption techniques, usually employing
nitrogen gas where interactions other than physical adsorption are generally negligible.
Surface measurement methods have recently been reviewed by Kantro et al.
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I, THE CONCEPT OF SURFACE ENERGY

III-1, Basic Definitions and Distinctions

There are several ways to view the concept of surface energy, depending upon the
degree of detail required and whether interest is theoretical or practical. For a basic
qualitative picture, we may first consider a perfect crystal in an evacuated chamber in
equilibrium with its own vapor. The atoms in the bulk of the crystal are surrounded on
all sides by other bulk atoms and are in an equilibrium configuration that can be readiiy
determined by well-known x-ray techniques,

At the surface of this perfect crystal, such an arrangement is not generally rain-
tained. The surface atoms interact with only half as many atoms as do bulk atoms and,
as a consequence, the surface lattice is somewhat distorted; a certain energy must be
applied if this distortion is to be eliminated. The solid surface energy is the energy
required to restore the bulk lattice configuration at the surface of a perfect crystal. It
is always greater than zero.

A similar concept is surface tension (the force tending to reduce the area of a sur-
face in equilibrium with its vapor), more commonly considered in discussions of the
properties of liquids. Under certain conditions, surface tension and surface energy are
equal, although a rigorous thermodynamic treatment is required to delineate the con-
ditions of equivalence clearly, One of the more important conclusions of such a treat-
ment is that not only can the surface energy and surface ternsion be different, but the
surface tension can be negative (in anisotropic cases). Specific examples of the dif-
ference between surface energy and surface tension of solids will be given in Section V-1,

The details of the argument regarding the differences between surface energy and
surface tension of solids are not necessary to this revi-w, Perhaps the most critical
review and exposition has been given by Johnson(7), with further discussion by Gregg(s).
In the rest of the text, little distinction will be made between tension and energy. In
general, this decision will not affect the interpretation of experimental techniques and
measurements, Where confusion might arise (for examplc, in the discussion below
regarding the thermodynamice of surfaces and interfaces), surface tensions will be
denoted by I' while surface energies are given as Y. Where the two are equivalent,
particularly with liquids, 7y is used,

1I11-2, Factors Affectin& the Ideal Surface Energ_y

In the preceeding paragraphs, we considered only the case of nearly perfect crys-
tals that might be studied in the laboratory and neglected the more ''practical” types of
morphologies encountered in ceramic technology. The reasons for this are rather
stiaightforward; it is generally easier to measure, interpret and analyze the experi-
mentally observed behavior of simple, pure structures rather than become involved in
a number of additional variables that are often poorly specified. In fact, throughout
this report major emphasis has been placed on high-quality well-characterized materials
rather than on the so-called "engineering' materials,
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In view of this situation, we should consider, in rather broad terms, the nature of
the differences to be expected between the types of information obtained with pure single
crystais as opposed to polycrystalline masses and other material conditions, particularly
with regard to experimental observation, First, as will be discussed later, the surface
energy of a crystal is not a unique quantity but varies rather widely for different crystal
orientation, Hence, in a polycrystalline material with many different crystal faces ex-
posed, the measured surface energy will be a weighted average of the spectrum of values
realizable for the specific material,

Further complicating the theory of a heterogeneous sample face are the contribu-
tions from exposed grain-boundary traces, where thegrain-boundary energy is difficult to
isolate, although it is usually intermediate between the surface energies of the juxtaposed
faces at the boundary; however, exceptions to this are quite important,

Various extrinsic factors also affect the ideal surface energy, the most common of
which is the adsorption of extraneous phases from a surrounding atmosphere. For
example, a freshly cleaved surface will rapidly reduce its surface energy by adsorbing
gaseous species. Such contamination is one of the factors that can prevent easy ''repair'
of a fresh break by simply remating the exposed fracture surfaces (surface rearrange-
ment due to surface tension also makes repair difficult),

In addition, ""real' materials pose an important impurity problem, In certain sys-
tems, these impurities are surface active, that is, they tend to concentrate at surfaces
and interfaces (grain boundaries) and lower the surface energy., While high-purity ma-
terials may be available in the laboratory, processing steps can introduce impurities
in the final product, and significant differences in surface energy can result, Further-
more, as mentioned above, in all materials (of both scientific and technological usage)
atmospheric impurities reduce the practical surface energy, not only through adsorption
but often through chemical reaction,

We also note that temperature affects the solid surface energy of any body, both
intrinsically and extrinsically, The intrinsic value of surface energy is temperature
dependent, partly because of configurational changes caused in the crystal lattice,
Secondly, an extrinsic factor arises in consideration of the equilibrium adsorbate pres-
sures, also temperature dependent, As the temperature increases and the degree of
surface coverage decreases, a ''cleaner' surface is exposed, which has a higher surface
energy than the ''dirty' surface,

II1-3, Relation of Surface Energy to Other Material Properties

From purely qualitative reasoning, it appears that the surface energy of a sn'id
could be correlated with other physical properties if we give a more detailed description
of the energy concept. Some of these correlations are introduced below,

Since the analysis of fracture mechanics is important in the measurement of sur-
face energy (as will be discussed in Section IV), it is necessary to consider the condi-
tions necessary for an applied force to propagate a crack, Quite simply, the basic
Griffith criterion for crack propagation stems from an energy-balance relationship in
which the energy required to extend a crack is balanced by the increased energy of the
two fresh surfaces created. Griffith considered the two-dimensional case of an ideal-
ized elliptical crack in an isotropic elastic material. By calculating the rate of decrease




in strain energy associated with the growth of the crack under stress and equating this
to the rate of increase of surface energy, he derived the relation

°=V4_Eyn (1)

nic

where 0 = minimum applied stress required for crack growth
E = Young's modulus
Y = surface energy
c = length of ideally grown crack

Similar treatments have been given to ellipsoidal cracks, surface cracks, and the dis-
crete nature of the crystal structure, In general, it is found that

o=k mlc, (2)
where the geometry factor, k, can vary between 0.8 and 1.3,

A major limitation of such straightforward models is associated with the value
chosen for ¢, which can be interpreted in different ways. In a review of the brittle
behavior of glasses, Mould(9) discussed the effect of stress concentration on the propa-
gation of a crack and showed that for a surface crack of depth, c, and tip radius, p, the

maximum stress, at the tip, is greater than the applied stress by a factor of 2/ . It

follows that the minimum applied stress for growth, 0, and the ultimate stress, 0p,, are
related by

g =

om/RTE . (3)

N -

This is equivalent to Equation (1) if

0 /P

Several researchers investigating fracture in ceramic materials have concluded
that the definition of the tip radius, p, affects the determination of Y. A major limitation
of fracture encrgy measurements and their application to surface energy determinations
relates to the uncertainty of assigned values of p, which, in turn, relates to consider-
tions of partial plasticity, effective values of p, and similar perturbations. In a recent
review, Stokes(10) delved into questions associated with the definition of brittleness,
semibrittleness and ductility, and discussed dislocation mobility and maneuverability in
various crystal systems. Major corrections to the values of p are necessary whenever
a material is sufficiently ductile to result in a plastically deformed zone around the
crack tip, Otherwise, such zones (and the corresponding work to produce these zones)
result in a larger apparent value of the surface energy.

In most materials with a brittle-to-ductile transition, it has been observed that the
transition temperature can depend on the experimental conditions, particularly the mag-
nitude of impulse or strain rate imparted to the specimen, For sufficiently small im-
pulses, a material can behava in a ductile, plastic manner, while large impulses (at the
same temperature) will prodvce catastrophic failure, It is therefore important to

B .
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recognize that fracture-surface energy measurements anrd interpretations must consider
the relative ductility at particular temperatures. As will be seen in later comparisons
of data, for KC1, for instance, plasticity effects are readily observed in various ma-
terials and these are reflected in the values of surtace energy that result,

At this point, we should also consider the concept of surface energy as it applies
to the thermodynamics of wetting and adhesion, inasmuch as experimental tools related
to these phenomena have been proposed, One of the more complete, yet straight-
forward, descriptions of these interface characteristics has been forwarded by Sharp
and Schonhorn(ll), who use the following approach,

In an equilibrium closed system of a liquid, L2, in contact with a plane surface of
an isotropic solid, S), (completely insoluble in L32) and with the saturated vapor VS of
the liquid, the Young-Dupre equation may be written as

r r =T

- °
S|\V2 - SjLp " LpVp . (5)

where the I''s are surface tensions between the phases denoted by the subscripts and 6

is the liquid-solid contact angle. For an equilibrium situation, the surface tensions are
replaced by free energies, which yields:

¥s,v3 " %s,L, T "L,V ©°* 5, (6)

where the y's are the surface free energies.

From purely qualitative considerations, if the new solid surface is completely
devoid of adsorbed species, it follows that the maximum reversible work of adhesion
takes the form

w (7)

adh * %59 * L vd " 5,1y
where the first two terms refer to the new surface created by a complete separation of
the interface and the last term represents the work "lost" when the interface is de-
stroyed. Eliminating ¥g,1,, from Equations (6) and (7) permits writing the combined
expression

= - + 9).
wadh (’Ys‘; ‘Yslvg) + Vszg (1 +cos 9) (8)
‘We note here that a smaller work of adhesion, W4, results if the solid retains
an adsorbed layer of the vapor V,, whence

w ¢z> (1 + cos 6), 9)

adh * ‘YLzV

If, now, one assumes a reversible work cf cohesion of the liquid that is merely
the work required to create two new liquid surfaces (without molecular surface re-
arrangement), we have

w = 2y o,
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It ncw follows that for © = 0 (that is, complete spreading of a drop on a solid surface),
thers Wagh - Weoh = 'ys‘-l’ -¥s lv‘z’ and the work of adhesion is greater than the work of

cohesion of the liquid,

Sharpe and Schonhorn extended the argument to the case in which the liquid of the
,above example is allowed to solidify (without introducing interfacial stresses) and again
‘concluded that the work of adhesion is always greater than the work of cohesion of the
‘weaker of the two materials.

The line of reasoning developed here assumes that the conclusions are valid when
solidification occurs after joining the materials, These authors also argue, without
specific substantiation, that the same results will obtain if there is solidification before
joining. In that case many additional parameters must be considered in detail,

From this treatment, it can be deduced that where there is intimate contact be-
tween two dissimilar, distinct and immiscible solid materials, the joint so formed will
always fail cohesively, rather than by a breaking of the interfacial bond. Bikerman's
qualitative statistical model(} ), as well as detailed studies on van der Waals forces in
gases tend to support this thermodynamic conclusion, However, the application of this
conclusion to real systems requires that many other factors be included, such as misci-
bility, compound formation, surface texture, interfacia. strains, and others.

It has been shown that if the liquid, L), spreads on a solid, S;, then the work of
adhesion is greater than the work of cohesion, Conversely, Sharpe and Schonhorn(11)
point out that if the work of adhesion of L to S, is greater than the work of cohesion of
L, then L 2 must spread on Sy}, From above we can write

Wadh " Weon ™ 78S " YL,v8 T sy, ° S (1

where S shall be considered as the (initial) spreading coefficient,
In the study of the spreading of organic liquids on various substrates, Zisman(l)
observed that, for a homologous series of liquids, a linear relation could be established

between the contact angle and the liquid surfzce tension, such that

cos@=a-b YLv© (12)

provided that YpLv© Vs 8 critical surface tension, the significance of which will be
pointed out below., The contact angle vanishes for y; yvo = Y., and we can then write

cosB=1+bo (‘yc - ‘yLvo). (13)

If the term I"sl - I‘slvg in Equation (8) is disregarded, and cos 9 is eliminated between
Equations (8) and (13), a quadratic relation results:

2
wadh =(2 + b'yc)yLvo-b'y LV®’ (14)
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which, following Zisman, shows a maximum in Wg4 when

Y

Je
3 - (15)

1
Yov, "6t
Zisman concluded that experiments on determination of Yer the critical surface tension
for wetting, can be used to determine maximum adherence, even if the solid surface
energy is not known, The applications of Zisman's techniques and arguments will be

pointed out in the following sectior,

Before leaving the thermodynamic arguments and definitions, one final point or
critique should be emphasized. Throughout the above discussions, the thermodynamic
relations among the various surface energies and the considerations of different surface
phenomena, including wetting, spreading, contact angles, adhesion, etc,, are assumed
to be quite general and applicable to the study of interactions between all different -
of materials, That such may not be the case has been argued quite strongly by Weyl 13)
and Fowkes (14, 15), where they have suggested that the total surface energy should be
divided into varioul components, Different types of interactions are well known to con-
tribute to the total surface energy of a given material, depending upon the nature of that
material, Van der Waals forces, Coulombic frrces, metallic bonding, hydrogen bond-
ing, dispersion forces, and the like can each contribute (to one degree or another) to tha
total surface energy, and similar forces contribute to interfacial interactions between
contiguous dissimilar materials., The basic argument suggests that, in a system where
two materials interact, consideration should cnly be given to forces common to both
materials, That is to say, for example, that dispersion-force contributions might well
be included in a discussion of the interface between a metal and a polymer, but that the
metallic component of the metal bonding should be disregarded, inasmuch as there is
no counterpart in the other partner. Hence, one should rc-evaluate the conclusions
regarding so-called general rules of wetting and spreading.

As a consequence, some basic questions might arise in the ensuing discussions
of experimental techniques for the determination of the solid surface energy, inasmuch
as some of them use, as a tool, the interaction between two dissimilar materials, It is
possible, of course, to circumvent some of these difficulties or, in fact, to turn them
into advantages by the proper choice of a number of different materials,

o =D R
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1Iv. EXPERIMENTAL TECHNIQUES

IV-1l. Summary of Experimental Techniques

In general, the available techniques for measuring solid surface energy are
divided into two broad classes: mechanical and thermodynamic. But it must be pointed
out, as will be shown in the following text, that the v:.lues obtained hy different methods
will not necessarily be the same. Moreover, the use of two different thermodynamic
techniques can yield different results. This can be demonstrated by the following
argument.

It was shown earlier that the total surface energy of any material is a2 result of
partial surface energies arising from different types of interactions. Furthermore,
the available evidence indicates that when two rnaterials interact by surface forces,
only similar components of the surface energy contribute to the total interfacial energy
of the system. These concepts can now be applied to two examples of experimental
methods for determining the surface energy of solids; the extreme mechanical case of
a crack propagated in a completely brittle material, and the thermodynamic case of a
solid brought into contact with a sessile drop of a high-energy (nonspreading) liquid.

In crack propagation, the freshly created surfaces were in contzct with each other
in the same material. Since the total surface energy of each of these two surfaces must
be equal, it follows that the surface energy calculated from the experimental data must
represent the total surface energy of the solid.

On the other hand, if the surface energy of the solid is considered as the sum of
individual contributions, say 7% = ¥g(1) + ¥s(2) + ¥5(3) + ¥s(4), and the surface energy
of the liquid is comprised of only two components, say, Y, = ¥,(2) + ¥1,(4), then the
interfacial energy determined by the sessile drop technique will only be ¥gp, = ¥g1,(2)
+ ¥g(4). This argument shows that the sessile drop or other thermodynamic methods
require not only a detailed study of the solid surfaces in question, but also a detailed
study of the liquids used as the experimental tools.

Returning to the mechanical techniques for surface energy determination, crack
propagation methods have been shown to be most suitable for brittle materials; but
additional terms enter the analysis when ductility be comes significant at elevated tem-
peratures. Part of this difficulty can be overcome by using high strain-rate methods,
although kinetic energy of the separated parts (in a double cantilever experiment) should
be included in the calculations. These comments generally apply to other mechanical
methods.

While the thermodynamic techniques seem to offer the greatest potential for appli-
cation to all types of solids over wide temperature ranges, there are limitations above
and beyond those pointed out immediately above. The proper choice of liquid systems
with which to work (as in sessile drop experiments) is generally difficult, particularly
for high-temperature applications. Even small amounts of impurities (especially the
so-called "surface-active' impurities) must either be avoided or taken into account to
realize the near-equilibrium conditions required. Furthermore, if the substrate dis-
solves or the liquid diffuses intc the solid to an appreciable degree, the thermodynamic
analysis will be invalid, at least in the present state of development. Some of these
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restrictions are not quite so severe when solubility and/or heat of solution methods
are used to assess the solid surface energy.

B L T

Table 1 summarizes the more common experimental techniques for determining i
solid surface energy, and points out the areas of applicability and the major difficulties
encountered in using them. As the following discussions will show, each method
suggested for the determination of surface energy has several restrictions that must
either be eliminated or accounted for in the evaluation of experimental parameters.

Where extraneous factors affect the measured quantities, the necessary correction
factors can be so large they practically swamp the factors sought, and problems inher-
ent in subtracting large numbers to obtain small differences arise.

One of the better reviews of the early techniques for determining surface ener-
gies was given by Pu‘tington(“’) , where somne discussion was directed toward historical
data and the evolution of the significance of the surface energy. Although the data in-
cluded by Partington are not nearly as well defined as those available from later work,
his review provides a reasonable perspective for viewing later results.

More recently, Bikerman(17) investigated the measurement of solid surface ener-
gies and drew the conclusion that nothing provides reliable values of this devious quan-
tity, provided that it does indeed exist. It is of interest here to note two of Bikerman's
quotations. First, it will be shown in the following sections that cleavage techniques
appear to result, when properly interpreted, in values of the surface energy of brit'.e
solids that agree reasonably well with theoretical values. Of this, Bikerman notes
that "...it appears that the fracture methods ... not only yield improbatle results but
are devoid of any theoretical foundation....." Second, after discussing other expe:i-
men:al techniques, Bikerman closes with the comments ... this review does not answer
the question whether surface energy analogous to that existing in liquids exists in solids
but, in the literature, no experiment could be found which would necessitate an affirm-
ative answer. Perhaps the reader of this review will be able to invent such an
experiment...".

In many respects, one has to agree with the attitude taken by Bikerman regard-
ing the state of the art of measurement and interpretation of surface energies of solids.
The techniques described below all leave something to be desired. Moreover, it should
become apparent that the actual experiments depend critically on the definition of sur-
face energy and, therefore, the interpretation of each experiment can be open to
question.

While Benson et al. made their major contributions in the theoretical calculation
of surface energies (particularly of the alkali halides), their recent review article(18)
goes to some length in describing various experimental methods that may be used to
determine suriace energies.

Techniques have been proposed to measure surface energy other than those dis-
cussed in this review, including adherence tests, which are purported to be reliable.
As a 'word of caution, this reviewer points out that extreme care must be used in the
application of adherence tests to the determination of the surface energy, inasmuch as
it is presumed that complete characterisation of the physical and topographical nature
of the pertinent surfaces and interfaces is available. It is the opinion cf this writer
tha’ a0 simple tests of adhesion have been developed to the point where fundamentally
reliable information can be extracted from the experimental operation.
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IV-2. Mechanical Methods

IV-2.1. Crack Propagation

As discussed in the reference to the Griffith criterion, brittle fracture provides
one of the more popular experimental techniques for determining the surface energy
of solids. While many authors refer to the early work on mica by Obreimov(19), the
more recent developments by Gilman(20) set the stage for increased activity in solid
surface energy experiments. The method of Gilman will be reviewed, including exten-
sions derived by Westwood et al(21),

The system studied consists of a specimen of cross-section dimensions, w and
2t, with a crack of length, L, as shown in Figure 1. A force, F, is applied to the two
halves of the crystal, which can then be treated as two cantilever beams, and the force
required to propagate the crack is measured. Gilman neglected elastic anisotropy in
the analysis, with the exception of the choice of elastic moduli values.

F
W,
~A— — FIGURE 1. SCHEMATIC CRAWING
I\ N OF THE CLEAV&SJ)E
OF A CRYSTAL
28 Sy T
=) -Zt'.
P T

x=0

With the physical model described in Figure 1, the cantilever beams have a
moment of inertia I = wt3/12. Applying the force, F, at x = 0 results in a bending
moment M(x) = Fx in each beam and a strain energy, U, in each beam,

L
_ 1 2 _F2L3
U= 3El S‘ M¢ (x)dx = GET_ (16)
0
Furthermore, the deflection, 6, of the beam (along the line y = 0, the so-called
'""neutral'' plane in each beam) will be
Fx3 FLZ 3 2 (1.-
5= EX Léx FL°  Ft® (L-x) (17

*BEI_ 2EI T 3EI "8Gl

where the first three terms are due to bending and the last is a contribution from shear-
ing. E and G are the Young's and the shear moduli, respectively. Gilman argued

that the contribution from shearing will usually be small enough that the last term of
Equation 17 can be neglected and the deflection curve is taken as
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AL

b= ¢El

(x3 - 3L%x + 2L3) . (18)

We must now consider the various contributions to the energy of crack propaga-
tion. As a crack propagates under the action of the force, F, the cantilever beams are
put into motion, thus creating a kinetic energy term. The mass of an incremental
volume in one of the cantilevers is pwtdx, where p is the density, and the beam moves
with velocity dd/dt; thus the kinetic energy is dT = % pwtdx(ds/ dt)2. The total kinetic
energy of the cantilever is

L

_ pwt a5 \?
T-E;-’—S' (d—t)dx. (19)
0

Now dé/dt = (dé/dL) (dL/dt) = (db/dL)vc, where v, is the crack velocity. Substitution
and integration yield

T = 12 (v /vg)2 (L/1)2U (20)

where vg = (E/p)}/2 = velocity of sound. For specimens where L/t is about 10, the
kinetic energy is small compared with the strain energy unless the crack velocity ex-
ceeds about v /100.

If, now, we turn to the energy balances that obtain during the slow reversible
extension of a crack, the work done (dW) when a crack increases its length (dL) must
be equal to the increase in strain energy (dU) plus the energy of the newly created sur-
faces (dS), i.e., dW = dU + dV. Since dW = Fd$, = (FZL2/EI)dL and dU = (F2L2/
2EI)dL = dW/2, if dS = ywdL, it follows that

¥ = 6F2L2/Ew2t3 | (21)

which is the equation derived by Gilman for the mes.surement of surface energies. This
is expected to be a minimum value, measured under reversible conditions, and should
provide a direct determination of the intrinsic surface energy. When cracking is
accompanied by irreversible phenomena (including plasticity near the crack tip), the
measured value should reflect these additional factors and would be larger.

Gillis‘zz), and Westwood and Hitch(21) discussed the Gilman approach in some
detail, noting that difficulties in interpretation arise for certain values of L/t. In
partially ductile materials, large values of L/t give rise to plastic deformation terms
that increase the apparent surface energy. Furthermore, for small L/t shearing
forces are more pronounced at the crack tip, and erroneous surface energies again
result.

Again assuming the geometry of Figure 1, but now following Westwoud and Hitch's
methods, the deflection at the crack opening is taken to be

8o = (FL3/3ED + (aFL,t2/4GI) , (22)
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where the second term (omitted in the preceding discussion) represents the contribution
from shearing forces. Tha factor, a, is a constant determined by the boundary condi-
tions in the vicinity of the crack tip, and, as before, G is the shear modulus. Follow-
ing the same arguments concerning the energy balance at the instant of crack propaga-
tion, it follows that

-7

6o

Yw= L

(23)

~|™
3

Taking the derivative of Equation (22) and combining that with Equation (23) yields

21,2 2
ye S ELD 1+£(L) -l , (24)
Ew?t3 GA\L/ |
or
2,2
y=6_F.i‘_(1+c.) , (25)
Ew?t3

where the correction term, C,, includes contributions from end effects and shearing
forces. For a ~0.land L > 3t, C, is <<0.01 and, as in Gilman's report, may be ne-
glected. However, for very short cracks (L < t), C, becomes quite important in the
analysis. Westwood and Hitch's work on KC1 shows that the proper interpretation of
the data requires that C4 be considered.

If, now, one refers to Y, as an "apparent' surface energy (6F2L2/szt3), then
Equation 24 can be rewritten as

Ya =Y+ (ﬁ) (t/L)2 (26)

Plotting 'yjl vs. (t/L)2 should then permit a direct measurement of y~! and, from
the slope of the line, the value of a. The value of y so calculated is that which would
be expected from elementary beam theory.

In other work, Westwood and Goldheim(23) ghowed that with long beams, erroneous
values of Y can be resolved (at least qualitatively) in terms of the plastic relaxation at
the crack tip, even for the reasonably ductile materials they investigated.

A somewhat more detailed calculation of crack velocities and crack accelera-
tions has been given by Berry(24), in which the surface energy may be determined
from the relations:

v. T L 2L 1/2
v, = 2 (1--%'—)(”—-!-“’—') (27
2L /3
"nsz Ler Schr Ley
ap, = - - -1 (28)
1203 L L2 L
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where

vy, = crack velocity

a; = crack acceleration
vg = velocity of sound in the medium
L = length of crack at time, T
2.3 1/2
L¢y = critical crack length = ( %:—zt—)

The other symbols were defined earlier. In an application of these relations,
Wiederhorn(25) has shown that rather precise values of the surface energy may be ob-
tained under a variety of experimental conditions.

In the preceeding discussion, qualitative consideration has been given to the
effect of adsorbed impurities on the measured value of surface energy. That adsorption
should play such a significant role is clearly pointed out for the case of mica
(K20.3A1,03. 68i0;,. 2H;0), which was the material originally studied by Obriemov(19),
While investigations of cleavage in vacuum have resulted in surface energies in the
range of 2400 to 5000 dyne per cm(26,27,28)  gimilar experiments in selected atmo-
apherel(Z"» 29,30) ghow considerably reduced values of surface energy (180 to 375 dyne
per cm). All of these measurements were performed at 25 C and clearly show the
effects of adsorption on surface energy.

In addition, it should be noted that the values measured in selected atmospheres
vary among themselves, where these differences may be associated with the type of
species adsorbed. As was discussed earlier, the interaction between dissimilar species
will depend upon partial surface energies, and the interaction of mica with water vapor
(yielding a measured surface energy of 180 dyne per cm) is significantly different from
that with hexane vapor (v, = 271 dyne per cm.).

IV-2.2. Calculation from Elastic Constants

Later discussion will be devoted to the theory of surface energies and various
methods of calculation, but some of the criteria for crack propagation should be con~
sidered here, with the analysis given by Gilman(31}, Gilman's argument rests on
various criteria for predicting cleavage planes in different (metallic and non-metallic)
systems. Some have agreed that the cleavage planes are those with closest packing, or
that bound unit cells, or that cut the fewest chemical bonds; the approach taken here is
that cleavage will occur on planes having minimum surface energy.

In the preceding analysis of cleavage cracks the force necessary for crack propa-
gation depended primarily on two materials constants: the elastic modulus and the sur-
face energy. Attempting to relate these two factors, Gilman assumes that the stress
between two surfaces can be approximated by a sine function
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w

olw) = 00 sin A

y 0<wW<A,

where A is a '"range" or relaxation distance of the attractive forces.

displacements (sin "™w/A = w/A) and Hooke's law, we have

o(w)=E(wl)=c =
o

where w, is the lattice constant perpendicular to the plane.

Thus,

c = e—
= )
o TI’WO

and

) = BA yin ™
GW-NollnA »

(29)

Assuming small

(30)

(31)

If we now integrate this stress function over the entire range of application (0 to A), the

resultant surface energy becomes

0
A
= EAS’ sinzr-w;-dw
2‘nw° A
0
_E (&) 2
'wo n

(32)

Thus, the cleavage planes should be those with minimum elastic stiffness normal to
these planes, maximum separation distance, and minimum relaxation distance for the

attractive forces between them.

In the subsequent tabulation cf surface energies, several values will be found
quoted as being ''calculated from elastic constants'. It is the evaluation of Equation (32)

that results in these entries.

IV-2.3. Strain Energy Release

While cleavage methods as outlined above are reasonably straightforward for
studies on single crystais, the method is difficult to apply to polycrystalline, non-

crystalline, or porous structures.

Davidge and Tappin(32) developed methods to determine the surface energies of a
group of different brittle "irregular'" materials that require a measure of the total
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energy released when a pre-notched specimen is completely broken. In essence, the
methods are three separate but related types of measurement with three interpretations.
The specimen geometry for the three methods is shown in Figure 2, where a three-
point bending apparatus with appropriate recording instrumentation is employed. A
typical load/deflection curve is shown in Figure 3.

3
% * a' Pr‘é!"
= y 4 - J
= & Y 2b(t-c)
b J s
4 1.7
(@ 4
L\M\
Deflection , 8
FIGURE 2. SPECIMEN GEOMETRY FIGURE 3. A TYPICAL LOAD/DEFLEC-
STRAIN-ENERGY TION CURVE FOR DETER-
RELEASE MINING STRAIN-ENERGY

RELEASE RATES

L = span; b = breadth; ¢ = crack depth;

t = thickness. Pp = fracture load; dp = fracture deflec-
tion; k = specimen stiffness, op = fracture
stress; U = strain energy; Yp = surface
energy.

The strain energy rolease rate, dU/dA, where A is the new surface area gen-
erated, may be cither calculated or determined experimentally. The former involves
the stress distribution computed around the specimen notch while the latter derives
dU/dA directly from load/deflection curves.

Analytical Approach. For small values of c/t (see Figure 2), the effective sur-
face energy, YG, determined by this method is given by

(l-vz) ﬂd%c
- ——— (33)
G =" qa 2E

where

v = Poisson's ratio
Op = Fracture stress = 3Fl/2btz

E = Young's modulus.

—
a .
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Aside from specific numerical constants, Equation (33) is essentially the original
Griffith criterion.

For crack depths where c/t >0.1, various mathematical treatments are avail-
able(33), with their form being such that the surface energy may be expressed as

_0¢ 1-v2) F242¢(c /1)
8Eb2(t-c)3

Yo , (34)

where f(c/t) is a dimensionless parameter and is plotted in Figure 4. For this correc-
tion factor to be interpreted properly, the reader should refer to the original publica-
tions, in which the details are explicitly defined.

FIGURE 4. VARIATION OF CRACK DEPTH-TO-
THICKNESS RATIO CORRECTION
FACTOR, f(c/t), WITH CHANGING
RATIO33
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Compliance Method. The effective surface energy determined by this method,
Yc, should be the same as g from above. The load/deflection curve may be rep-
resented as F = k8, where k is the specimen stiffness. The stored energy at the moment
of fracture is then U = F*§*/2 or k §2/2. We now see that, for fracture at a fixed
deflection, we have

«2
e BB B,

The specimen stiffness, k, must be measured as a function of the initial crack area,
A = 2bc. For each notch depth, (3k/3A)g may be obtained from the slope of the crack
area-stiffness curve (Figure 5) at the appropriate value of A. Using these values with
the experimental values of 4* will give a series of Yc values.

Work of Fracture. For the case of catastrophic failure (which will be better
defined below), it is desirable to use deeply notched specimens, so that the total stored
energy in a weakened structure will be small compared with the surface energy. In this
case, controlled fracture proceeds as in Figure 5. The work of fracture is given quite
simply as

U __
2b(t-c) (36)
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FIGURE 5. GENERAL FORM OF
THE CURVE OF STIFFNESS, k,
VERSUS CRACK AREA, ABd

Solid surface energy can be found

from (/)

Stiffness k

Crack Area A=2bc

In their studies on alumina and an unspecified glass, Davidge and Tappin(32)
have shown that the analytical and compliance approaches provide self-consistent mea-
sures of the surface energy, and are in reasonably good agreement on the value of ¥y
On the other hand, the srface energy determined from the work of fracture is not as
well-defined, there being a dependence on the ratio c/t.

The needs for techniques which are applicable to '"rough'' materials have been
given general consideration by Nakayama(34), who compared various energy conditions
and predicted the nature of failure. Again taking the case of three-point bending of a

specimen of dimension £, w, t, the energies stored at the time of fracture are calculated

to be
twts?
@ Us 5
4wi4s2
(b) U, = ——— (37)
K42
() Uo=U|+Ua 2
where
U,, U, = elastic energy stored in specimen and ap; ratus, respectively
S = specimen tensile strength

K = apparent spring constant of apparatus

U, = total stored energy.

For effective fracture energy of Yo¢s the energy required to cause separation in the
test piece (with cross section over A) is U, = 2AY,¢;. Now the difference AU = U,- Uy
is an approximate criterion of the mode of%racture. For AU > 0, the failure is
obviously catastrophic since the stress energy must be consumed by other forms, such
as kinetic energy of the fragments. For AU < 0, the stored energy is insufficient to
cause complete fracture, and this is referred to as stable fracture.
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Nakayama showed different modes of failure, illustrated by the three curves of
Figure 6, and discussed the conditions under which these obtain. For completely
catastrophic brittle failure, the load/deflection curves (or, better, the load/time curves
under constant deflection rate) are of the form shown in Curve A of Figure 6. While
the total energy supplied to the system can be calculated, no reliable estimate of Yeff
is possible, because of the kinetic energy of the fragments.

A
® FIGURE 6. SCHEMATIC LOAD-TIME
CURVES REPRESENTING (A) CATA-

c) STROPHIC, (B) SEMISTABLE, AND
/ (C) STABLE FRACTURES(34)

Time

Bending Force

On the other hand, the introduction of an artificial crack reduces the tensile
strength, S, and thus U,, anc a stable or semi-stable crack can be propagated, as in
Curves B and C of Figure 6. Then, the total external work, U..

TC
veev (| Caar (38)
0

can be computed, where v is the speed of the overall deflection, 7. the time for frac-
ture completion, and f is the bending force. This method has produced results that are
in essential agreement with the results of other techniques.

Iv-2.4. Crulhing

While Berdennikov(35) and Kuznetsov(36) have considered crushing as a way to
determine surface energy, a more nearly complete treatment of the problem has been
forwarded by Johnson et al.(37,38,39) in which experiments on the crushing of quartz,
rock salt, and a number of minerals and ores was carried out. The results reported
in this latter study seem questionable, but the method itself merits some brief discus-
sion, particularly regarding the difficulties that arise.

In an ideal crushing experiment, a steady force or a sudden impact is applied to
the sample, the heat evolved is measured in a completely adibatic system, and the
total surface area of sample is determined after each step of comminution. Alter-
natively, rather than measure the heat evolved, it is possible, in principal, to deter-
mine the amount of energy dissipated in, say, a falling weight, that effects the crushing
and to translate this energy directly into the surface energy of the resulting fragments.

Either method is grossly oversimplified, since the total energy dissipated in sev-
eral ways, none of which is simple to calculate or account for. For examples, there
are frictional losses in most apparatus used for the transfer of energy to the specimen;
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in all but the most completely brittle materials, there are energy losses associated
with plastic and elastic deformation of the material, as well as in the apparatus, and
in unconfined systems, there is a contribution fron: the kinetic energy of the fragments.

The degree to which these uncertainties affect the results can be surmised from
a single comparison of Johnson's data with that reported by other investigators. While
the analysis of data was fairly crude, it can be seen that the surface energy experi-
mentally determined from crushing techniques is approximately 1000 times larger
than the (albeit inaccurate) theoretical figures quoted by Johnson. Clearly, consider-
able development is necessary before this technique can be regarded as a promising
candidate for surface energy determinations.

IV-2.5. Bent-Wafer Techniques

Certain crystalline materials lack inversion symmetry in particular crystallo-
graphic directions. The most notable of these are the materials with the zincblende
structure, particularly the III-V compound semiconductors such as InSb, GaAs An
examination of the structure of these materials reveals that if these materials were
split along a (111) plane, one resulting face would be all atoms of Group III and the
other would be all atoms of Group V. Hence, a specimen of these materials that is cut
so that it is bounded by (111) planes on opposite faces would show asymmetrical prop-
erties. Some of the earliest experimental evidence of the nonequivalence of the two
faces was the work of Maringer“o) on the etching of (111) faces of InSb and on the
resulting dislocation etch pits observed. Mure detailed observaticns on the etching
behaviour was documented by Gatos et al. (41, 42,43) and by Faust et al.(44) in several
series of investigations on various materials with the zincblende structure.

A consequence of the dissimilarity in parallel faces is the spontaneous bending
of thin wafers of these compounds. The different chemistry of the parallel surfaces
gives rise to a different surface tension on each face, and the thin specimens will bend
until a balance is achieved between the internal elastic energy and the applied bending
moment; this configuration will be characteristic of the material and its dimensions.
Cahn and Hanneman(45) undertook a detailed study of the surface energy of the III-V
compounds and, with experimental data of Finn and Gaton“"’, compared computed
values of surface energy with the spontaneous bending observed and the resultant sur-
face tension differences. It is expected that similar effects should be found for all ma-
terials which crystallize in the zincblende structure, including the III-V compounds of
indium, aluminum, and gallium with arsenic, antimony, and phosphorus; as well as
compounds from other groups in the periodic table, for example, compounds of bery!-
lium, zinc, cadmium, and mercury with selenium, tellurium, and sulfur in Group VII.

It is interesting that the bent-wafer phenomenon can also be applied to the study of
changes in the surface tension differences caused by adsorption of gases, effects of
bulk impurities (particularly in very thin ssctions), and the influence of electronic
cffects associated with illumination and other excitation mechanisms.

One additional point of clarification should be added regarding the actual quantities
contributing to the spontaneous bending of crystals having this structure. In principle,
the bending is caused by a difference in surface tension rather than surface energy, and
care must be exercised in the design of experiments which study this phenomenon. It
has been demonstrated that, while the absolute surface energy of a material is always
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greater than zero, the surface tension can be negative. A better understanding of the

relationships between these two related quantities is required before experimental data
can be properly interpreted.

IV-2.6. Fiber Stress

Most mechanical methods apply only to brittle or semi-brittie material. The
fiber-stress technique applies specifically to ductile materials. In this technique for
measuring the surface energy of solids, a fiber to be examined is held in a vertical
position and a balance of forces is met in which the downward force (due to the weight
of the fiber) is just balanced by the upward force (applied on the periphery) arising
from the surface tension (Figure 7). Early experiments using this method was dis-
cussed by Udin et al.(47), with later contributions from Parikh(2),

(A) (B)

FIGURE 7. (A) FIBER ELONGATION AND (B) GLASS FIBER
AS A CYLINDER OF VISCOUS MATERIAL(2)

According to Parikh's analysis, one considers the fiber stress along the axis of
a cylinder to be given by

nr

where

2Try = upward surface tension force
w = nr2plg = gravitational force, downward.,

The radial stresses are taken to be Oy = 95 = 2y/d = ¥/r.

For the case of zero strain,
Ux = OY = Uz, lnd
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or
w = Try,
But
=) o T (41)

where 0, is the stress at zero strain, so that we have
0, = V/r. (42)

Fibers of constant radius and different lengths can be suspended in a selected
atmosphere at a given temperature and the length of fibers determined that neither
contracts under the action of surface tension nor elongates under its own weight. If
the radius and density of the material is known, the surface energy can be calculated
directly.

Two limiting situations exist. For long fibers that tend to elongate under their own
weight, the cross section should decrease continuously, increasing stress and finally
causing ductile fracture, On the other hand, the short fibers should react more strongly
to the surface forces that tend to reduce the area of the sample, and a sphere should
result. In most practical cases, the movement is much too slow to be observed in a
reasonable length of time.

As expected, Bikerman(l7?) takes a somewhat differ:nt view of this method, and
criticizes its use, noting that '...there is no reason to suspect that surface properties
of the solid have any influence on the phenomenon studied.'" Bikerman has presented
several alternative derivations of the equations necessary to use fiber extension as a
total determination uf surface energy of thin wires and foils. However, he also details
nine different objections to the method, each one of which is supposed to prove that the
technique not only does not work but should never be expected to work. He omitted an
important point from this critique, however, namely, the effects of creep and viscous
flow (also omitted by Parikh). Whatever the relation between the weight of the fiber
and the surface forces, no stable equilibrium is expected; in time, the fibers should
either break under their own weight or reduce to a sphere. But while no stable equilib-
rium can be expected, a kinetic equilibrium might be defined in which the elongation
caused by the weight of the fiber and the contraction associated with the surface energy
are only two of the factors which will be active in the process. In addition to these,
one must include terms associated with the diffusion of vacancies and other imperfec-
tions, dislocation migration, stress-concentration factors, inter- and inter-granular
motion (except in amorphous or single crystal structures), and additional continuously
operating variables that will influence the mass motion of the fiber. A concentrated
effort on the kinetics of this motion should produce, at a given temperature, a more
nearly exact and more rigorously defined value of the surface energy of the specimen.
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It should be pointed out, in addition, that while the statement of the problem can
be reasonably concise, it is not suggested that the solution of the problem is simple
and straightforward. Further, and more important, the effective surface energy will
not be constant during the experiment, but will depend, in part, on the composition of
surface and the bulk. It is expected, indeed, that the presence of significant vacancy
concentrations or other physical defects will affect the surface energy, so that second-
order effects will contribute to the dynamic problem. Moreover, the presence of
adsorbed species (where experiments performed in such a manner as to investigate the
effect of such species on the surface energy) will complicate the problem further, in-
asmuch as the density of adsorption sites can be a function of the other variables of the
system.

In summary, the reaction of a fiber to its environment can be used, in principles,
as an experimental tool for determining solid surface energy, but the results must be
analyzed and interpreted very carefully.

IV-2.7. Unit-Cell Measurements

The determination of unit-cell size by X-ray measurements on fine particles has
been discussed by Nicolson(48) as a tool for the study of surface energies. Simply
stated, it is assumed that the effective unit~cell dimensions are generally affected by
impressed force fields (as observed in high-pressure experiments). For the case con-
sidered here, an increase in surface/volume ratios obtained from specimens with
successively smaller size should manifest itself by an increased effective surface pres-
sure per unit volume and the concomitant change in unit cell dimension would constitute
a direct measure of the surface energy of the material.

It is apparent that the analysis of such an experiment implies that atomic arrange-
ments are independent of position of atoms within a given particle; i.e., the surface
"lattice' is essentially identical to the bulk lattice. That such is the case has been dis-
proved in numerous LEED* studies, particularlyof nonmetallic materials. Furthermore,
considerable care must be exercised in making assumptions regarding the uniformity
of the pressure across any crystal face in a fine particle, since it is shown in numerous
examples that the surface energy is strongly orientation dependent. Finally, where
surface tension effects determine the state of strain in fine particles, additional com-
plications arise due to the fact that this term can be negative for selected crystalline
faces. :

At this point, it is not possible to ascertain the degree of reliability of data ob-

tained through the use of this method, since there has not been, to this reviewer's
knowledge, a detailed treatment of the theory of the measurement and its interpretation.

IV-2.8. Other Mechanical Techniques

Kuznetsov(36) reviewed a number of other techniques forwarded for the deter-
mination of the surface energy of various solids, particularly the alkali halides. Among
these, the major emphasis has been on his own work uging mutual grinding, abrading
and drilling methods, as well as on the use of hardness as a correlative function. Much
of this work is devoted to a semi-quantitative analysis of the weight and/or volume
losses of materials that result from the techniques used and, with a few generalities

*Low tnergy Electron Diffraction.
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about crystal structure, lattice constants and other parameters, provides a highly
simplified point of view. From a purely qualitative point of view, many of Kuznetsov's
findings suggest areas for fruitful development, but, the analysis of the data (as pre-
sented) leaves much to be desired.

In general, Kuznetsov makes very simple assumptions regarding the products of
the grinding, abrading or drilling methods, with the generalized comment that all con-
tributions to stored and released energy can be associated with the production of new
surfaces of crystallites, which are relatively uniform in size and shape. In some
respects, his arguments resemble Nakayama's(34), described earlier, but lack enough
detail to ascertain the limits of predictability. While Nakayama admits contributions
from elastic and plastic deformation and attempts to correct for them, Kuznetsov ap-
pears to neglect such '""spurious' contributions.

For completeness, many of Kuznetsov's results will be included in the tabulation
of surface energy values in Section VI. However, the reader should realize that many
of these are subject to more detailed analysis and might be unreliable (particularly
where no other comparative data are available).

IV-3. Thermodynamic Methods

IV-3,1. Critical Angle for Wettini

As mentioned in discussing the thermodynamics of interface phenomena, Zisman(1)
and his co-workers developed the concept of the critical angle for wetting and have used
this to determine wetting conditions and associated phenomena. We shall consider here,
in a little more detail, the nature of the approach and its application to inorganic ma-
terials as more recently pursued by Eberhart(57). Using the relation defined in Equa-
tion 13, Zisman used a series of homologous liquid organics to determine the so-called
critical surface tension, Y., of solid substrates. It is argued that the value of Y, is a
characteristic of the solid surface alone. Zisman considers 7, to be an empirical
parameter that varies with the solid surface composition in much the same way as one
would expect for the surface energy y‘s’., although no specific claim is made as to the
identity of the two quantities.

More recently, Eberha rt(49) discussed the application of this measurement to
solids with high surface energies (it will be recalled that Zisman confined his consider-
ations to materials with relatively low surface energies), comparing experimental de-
terminations of v, with other values of ¥5. In reviewing the findings of others, Eberhart
noted that the critical surface tension is of the same approximate magnitude as the
solid-vapor interfacial tension, 'yg- Te Where T, is the spreading pressure of an ad-
sorbed species. If this is the case, it is then only necessary to determine the spreading
pressure in order to calculate the intrinsic surface energy directly from such contact-
angle measurements.

One immediately encounters certain difficulties in interpretation and translation,
however. The first of these comes from the definition of '"homologous series of liquids"
in the sense envisaged by Zisman. To use the technique with any degree of certainty,
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the properties of the liquide in a service must be roughly similar or at least must vary
in a well-understood manner. It would seem logical to choose binary or higher order
liquid mixtures with well-behaved surface tensions in the region of miscibility. That
is, the liquids should have a regular (not necessarily linear) variation in surface ten-
sion with composition. Further, no component of the liquid should interact to any mea-
surable extent with the substrate material; obviously, compound formation at the inter-
faces and interdiffusion should be avoided or minimized. These restrictions are
somewhat severe, particularly for measurements at elevated temperatures, and one
cannot expect that the technique will apply readily to a large range of solid materials
until further definitive research has been carried out. Even so, it appears at this writ-
ing that the method has distinct advantages and deserves additional attention.

Examples of the type of binary liquid melts that may be used as homologous series
for the determination of solid surface energies, are shown in Figures 8 and 9. Where
no interactions occur between the melts and the substrates, these curves show that
a wide range of liquid surface tensions can be employed for high-temperature measure-~
ments on selected solids. Similarly, Figures 10 and 11 depict the variability in sur-
face tensions available in ternary systems at high temperatures, where these can be
most useful in examining the surface energies of refractory compounds.

Recently, Rhee(50) used the ""homologous series' technique to measure surface
energies of a number of refractory carbides and nitrides using molten metal as the con-
tact liquid, but introduced a simple modification that might be extended to a number of
different systems. Rather than choosing a series of liquid metals or metal alloys,
Rhee elected to use a single metal and vary the temperature over a range where there
is no significant difference in the reactions between liquid and solid surfaces. By plot-
ting the contact angle as a function of temperature, a value is chosen for the critical
angle for wetting (similar to Zisman's and Eberhart's method) as a function of
temperature.

To lend support to Rhee's results, it is necessary to investigate, at least in a
cursory fashion, the theoretical basis for his choice. The most important of Rhee's
basic assumptions relates to the temperature dependence of the various surface energies
and surface tensions that affect the contact angle. The somewhat arbitrary choice of a
linear temperature dependence to all pertinent energies is8 made and the validity of the
final values rests on this assumption. From the discussion given later regarding the
Bruce technique(53) for estimating surface energies, it is reasonable to assume that the
solid surface energy will be a linear function of temperature. This assumption does
not agzlg so well to liquids, inasmuch as a 6/5-power dependence can be shown to ob-
tain{54, 55), However, it is more important to question whether the interfacial energy
can be assumed to be reasonably linear.

In an attempt to analyse the behaviour of the interfacial energy of two materials,
each of known surface energy, Berghausen et al.(56) have shown that

V2= Y YR = Y+ ¥- 20/, (43)

where the ¥'s refer to the two separate materials and the interface, and the function ¢
depends upon various intrinsic materials parameters. It can be seen here that if both
M and Y, are approximately linear functions of the temperature (ignoring the 6/5-power
dependence), then y)2 will also be a nearly linear function of the temperature, at least
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over a small temperature range. It must be emphasized, of course, that Rhee's
method applies strictly only over a small temperature range; for large ranges, reac-
tion kinetics would probably invalidate the basic assumptions of the method.

A major advantage of this and similar techniques lies in the measurement of
solid surface energies at temperatures where mechanical methods no longer apply. In
particular, the fracture techniques required that the specimens fail by completely
brittle fracture; difficulties in interpretation arose when plastic flow occurred in the
vicinity of the crack tip. The present technique precludes such difficulties, and, in
fact, the method is also essentially nondestructive. The only limitations encountered
are those associated with an interpretation of the spreading pressure and the problems
which would arise from high-temperature interactions. Well-defined data on the sur-
face tensions of a number of liquid metals and alloys are available for a wide tempera-
ture range, it appears that this technique, if properly interpreted, provides the most
direct and widely usable method for the determination of surface energies and their
temperature dependence. Further detailed consideration should he given to the theo-
retical and experimental application of this method.

However, at this point, we should again refer to the arguments of Fowkes(14, 15)
and Weyl(13) regarding the interpretationof interface phenomena and the contributions to
total surface tension or energy as represented by the various possible interactions.
Certainly, if these arguments are valid, the critical surface tension experiments out-
lined above would measure only a fraction of the total surface energy of the substrate
material. To avoid this problem and obtain representative values of total surface
energy, it would be necessary to use liquids that would cover the entire range of the
various interactions. Again, it is difficult to determine all the various contributions at
a given temperature. The greater the simi'arity between the substrate and the testing
liquid, the greater is their tendency to interact. On the other hand, the more the liquid
and solid are dissimilar, the less likely it is that the total surface energy can be mea-
sured. Obviously, considerable care is necessary in the selection of ''tools" and the
internretation of results. More will be said about this later, when the results of
Eberhart's studies are included in the discussion.

One additional note is of interest here, although it might seldom apply. It may be
expected that, at sufficiently high temperatures, the weight of a sessile drop could de-
form the solid surface elastically. This will change the measured value of the contact
angle slightly [ see Lelter(57)]. Generally, this effect is probably not significant un-
less a temperature is reached where the solid actually becomes quite viscous, as in a
glass. The correction factor for most cases (particularly since contact-angle tech-
niques do not measure total surface energy) is probably negligible.

IV-3.2. Heat of Immersion

A series of papers(58,59) from the University of Cincinnati (1957-58) considered,
in great detail, the calculation of many factors related to the interaction between dis-
similar phases, with particular emphasis on adhesion, wetting, immersion, adsorp-
tion, and similar phenomena. The basic theory was summarized by Berghausen
et 21(56) and only the general content of these papers will be discussed here.
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The general theme of these papers was the application of interaction integrals
defined by Fowler and Guggenheim(60)  in which the atomic structure of the subject
materials was taken into account and the cohesive and adhesive energies were cal-
culated by integration of the interaction energies over all space. While the form of the
integral representations sets the stage for detailed calculations, a major drawback is
that the forms of the energies are con{ined to only the simplest cases of van der Waals
interactions and the treatment cannot be translated straightforwardly to other types of
interactions between molecular species.

In addition, Berghausen et al made some extremely simplified assumptions for
the sake of tractability, and thereby sacrificed much of the potential value of their re-
sults and methods. Be that as it may, Good et al(58) discussed the use of this theory
in the determination of the surface energies of solids by measurement of the heat of
immersion. Immersion primarily involves the replacement of a solid surface by a
solid-liquid interface. The heat evolved in this process can be measured quite ac-
curately with appropriate calorimeters and, with a knowledge of the surface area in-
volved, the change in energy can be determined. With the use of appropriately defined
functions of the van der Waals constants for the materials being studied, it was shown
that the measured heat of immersion can be related to the surface tension of the liquid
(which is directly measurable) and the surface energy of the solid alone, thereby
eliminating the effect of the solid-liquid interface.

In principle, this technique offers considerable promise for determining surface
energies of solids, rivaling the wetting methods. In fact, it can be shown (through
rather laborious calculations) that there is a distinct relationship between these two
"surface-thermodynamic' experimental procedures(bo, 61), It is anticipated that the
immersion method might even be superior, in that lower-energy liquids can be used
and a more flexitle choice of liquids (especially organics) may be available.

There is one particular drawback, however, similar to the limitation imposed in
the earlier discussion of wetting techniques, and this relates to the definition of the
function used to describe interaction phenomena. In general, Berghausen et al(56)
derived this function in terms of the van der Waals constants, which depend on such
factors as polarizabilities, magnetic suscentibilities, interatomic or intermolecular
spacing, crystal structures, and the like. Furthermore, it is assumed throughout
the theory that the two species involved are completely immiscible. In the practical
application of the theory the conditions imposed and the real situation conflict, for it
can be shown that the assumptions necessary to evaluate the function are precisely the
sarme conditions that lead to a basic breakdown of the theory. Specifically, in most
cases where the function has been evaluated, polarizabilities, lattice constants, force
constants, etc., must be assumed to be roughly equal for the two ''dissimilar’ mate-
rials, whereupon they are no longer as dissimilar as the derivation of the theory
demanded. It is in just such cases that compound formation, interdiffusion, and (at
least partial) miscibility are the rule rather than the exception, and the entire appli-
cability of the theory is subject to question.

Moreover, as in wettability studies, there is also the question regarding the
partial surface energies measured and the necessity of delving into several different
materiais systems as tools for the determination of the individual components of the
total solid surface energy.
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The heat of immersion technique also has a few drawbacks that critical wetting
methods don't have. In the first place, fine particle dispersions must be used to take
greatest advantage of the method. With greater area/weight ratios, the heats of immer-
sion are measured more accurately an' it would be expected that surface energy would
be determined somewhat more accurately. However, it is also obvious that with
large number of small particles, there are also increased edge and corner effects;
thus the measured heat of immersion represent a more heterogeneous system than does
a critical wetting experiment, and the interpretation of total heat of immersion must
take this into account. While the "effective area' of the edge and corner effects can be
separated by adsorption studies, the heat of immersion is totally integrated, and the
weighting of the different ¢ xmponents could present formidable analytical problems.
Finally, difficulties are expected with the exposure of various crystalline faces, while
the wetting angle experiments can conceivably be periormed on selected single-crystal
faces.

This discussion of the limitations of the theory is not meant t¢. completely dis-
courage consideration of the Berghausen technique and calculations, but merely to
point out the immense difficulties to be expected in using heats of immersion as a tool
in the quantitative measure of surface thermodynamic properties.

IV-3.3. Dissolution and Heat of Solution

Early experiments showed that both the vapor pressure and the dissolution rate of
particles are functions of particle size, with the general result being that in a saturated
solution, large particles tend to grow at the expense of smaller ones. From measure-
ments of particle size and solubility, it is possible to calculate the surface tension (sur-
face tension is one of the driving forces for dissolution and, indeed, is the major driving
force with all other factors, such as composition, being equal). It has been shown(12)
that the surface energy of a material can be determined from the relative rates of solu-
bility for two particle sizes by the Ostwald-Freundlich equation:

r r S
172 RTp 2
Y =(rl_rz ) M In —Sl (44)

where
ry, ¥, = particle radii
SI,S2 = golubility rates
R = gas constant
T = temperature (K)
p = density
M = molecular weight.

It should be emphasized here that this relation pertains only to solubility ratios.
A related technique is based on the heat of solution as a function of surface area. There
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is a major distinction between the two types of experiments and great care must be
exercised in removing possible confusions. In most heat of solution experiments, the
material under study is immersed in the solvent and is then permitted to dissolve com-
pletely. During the various steps in the heat of solution determination (where it is
assumed that the sample materials are uniform, pure, and homogeneous) the initial
introduction into the solvent results in the destruction of the solid-vacuum (or solid-air)
interface and the creation of a solid-solvent interface. To this point, the experiment is
similar to a normal heat of immersion procedure. However, as dissolution proceeds,
the solid-solvent interface eventually disappears completely and the net result ~ as
regards the history of the solid - is the complete destruction of both the original solid-
vacuum interface and the intermediate solid-solvent interfaces. With the solvent, the
total history involves the change in the solvent surface tension resulting from the change
in composition. By comparing results of heat of solution determinations that differ
only in the surface area of the initial solid, one may then determine the solid surface
energy from the original solid surface areas, the temperature changes in the solvent,
and the accompanying change in solvent surface tension.

The situation is slightly different in most experimental arrangements employed
for dissolution experiments. Here it is often more convenient to use a saturated solu-
tion of the solid under investigation, to which are added additional solids of known
particle-size distribution. The changes in particle-size distribution (the larger par-
ticles grow at the expense of the smaller) is then used to determine the solid surface
energy. It should be noted, of course, that neither experiment takes specifically into
account the variation in surface energy expected with particle size; such size depend-
ence is averaged out. * Similarly, no account can be made for the presence of surface
inhomogeneities, asperities, and the like.

IV-4. The Interpretation of Experimental Data

In the preceding discussion, various experimental techniques have been described
that are suggested as means to measure the surface energy of ceramic materials.
Whether these do, in fact, result in a true measure of the intrinsic surface energy of
a material will generally depend upon a number of factors, some of which are
environment-controlled and others that are specimen-controlled.

IV-4.1., Adsorbate Effects

Specifically, it has been shown, in the discussion of the effects of atmosphere
on the measured surface energy of mica, that the presence of various adsorbates will
result in different, though equally reliable, values of surface energy. Where experi-
ments can be performed in selected atmospheres, it is desirable that one choose, as
an added independent variable, varying pressures of adsorbates. It is then expected
that a plot of measured surface energy as a function of adsorbate pressure should pro-
duce an extrapolated value that is independent of the interaction between the solid

*Balk and Benson(6) have shown that the determination of surface eathalpy of KCI by dissolution techniques yields values that
are not strongly dependent on original particle size, at least for particles greater than 500 A in diameter, Their experiments
showed that the heat of solution (AH, cal per mole) and the specific area (A, m2 per g), could be related by the simple
equation

AH=4200 -4,2A
for 0 < A < 60m? per g. See also Section [V-4.3,
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surface and the particular gaseous species. Furthermore, such controlled experi-

ments can provide a measure of the different contributions to the total surface energy
of the subject material.

IV-4.2. Liquid-Solid Interfacial Effects

As a further example of the effect of various liquids on the measured value of
surface energy, we considered heat of immersion studies of a number of different ma-
terials. The surface energies determined by such methods are assembled in Table 2.

TABLE 2. PARTIAL SURFACE ENERGIES OF VARIOUS SOLIDS
IMMERSED IN DIFFERENT LIQUIDS(61, 64)

Liquid Employed

Solid Chemical Formula Water Ethanol n-Heptane Benzene
a-alumina Al;04 693 -- 151 --
Amorphous Al,04 454 o5 85 --

alumina
Kaolinite Al203°25i02: 2H20 292-352 155 52-89 <o
Pyrophylite Al203- 45i0- H0 348 154 97-105 --
Barite BaSO4 490 -- -- 140
Graphite Cc 48 -- 122.5 225
Calcium -- 226-284 133-150 71-77 --
Montmorillonite
Sodium -- 219-296 137 59-76 --
Montmorillonite
Silica SiOp 210 -- -- 218
(amorphous)
Aerosil Si0p 165 -- 118 --
B-quartz $i0p 847 -- -- --
Zirconia Zr0, 600 -- -- 190

As is obvious from the Table, the partial surface energy determined by immer-
sion techniques is markedly dcpendent upon the particular liquid chosen. The ob-
served trends can be understood qualitatively by reference tc the chemical structure
of the liquids employed, as shown in Figure 12. It will be recalled from earlier dis-
cussions that the interaction between like species was expected to consist of similar
terms in the expression for the total surface energy or surface tension. Furthermore,
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it is shown in the evaluation of the Guggenheim integrals(56; 58, 60) that the interaction
between two different materials will increase as they become more nearly alike.

a. Water H E b. Ethanol ! o
No” ||
H—C-C—-OH
||
HH
H
c. Benzene H | H d. n-Heptane H H H H H H H
\erong/ BENEEN
' I H~-C~C~-C~C—=C—~C~C~—H
ool RRREEE
/ Ne?” \ HHHHHHH
H | %
H

FIGURE 12. STRUCTURES OF LIQUIDS USED FOR IMMERSION STUDIES

As a further example of the manner in which the heat of immersion is influenced
by the choice of liquid, refer to the data shown in Table 3, where the heats of immer=-
sion of rutile (TiO,) are listed for various liquids. The data, taken £rom
Zettlemoyer( have bzen obtained at 25 C with fine particles (5.8 m? per g, ora
particle size of approximately 0.24 u). The effect of the liquid molecular structure is
pronounced.

TABLE 3. HEATS OF IMMERSION CF RUTILE IN

VARIOUS LiQUIDs(61)

Heat of Immersion,

Liquid Formula dynes per cm
n-Nitropropane CH3;CH,CH,NO, 664
n-Butyl aldehyde CH3CH,CH,CHO 556
Water H,0 550
Butyric acid CH3;CH,CHCOOH 506
n-Butyl chloride CH3(CH,),CH,Cl 502
n-Amyl alcchol CH;3(CH;,)3CH,OH 413
n-Butyl alcol ol CH3(CH,),CH,OH 410
Ethyl alcohol CH3CH,Orl 297
n-Butyl iodide CH3(CH,),CH,I 395
n-Butylamine CH3(CHZ)ZCHZNHZ 330
Heptane CH3(CH,)5CHy 144
Octane CH3(CH;)¢CH; 140
Hexane CHyCH;)4CH; 135
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These concepts will help to provide a degree of understanding to the general list of
values of surface ~nergy given in Section VI. In those materials that contain water
molecules in their structure (for example, kaolinite, pyrophylite and the montmoril-
lonites), the interaction with water is considerably greater than that with ethanol or n-
heptane; that is, the use of water appears to measure a greater contribution to the total
surface energy. Similarly, the presence of (OH) groups in ethanol suggests, at least
pictorially chemical similarities and, hence, would measure a greater partial contri-
bution to the total surface energy.

The strong interaction between graphite and benzene (Table 2) is quite obviously
a consequence of the similarity in structure.

In spite of the apparent simplicity of this argument and the qualitative assertions
which can be drawn, particular care must be exercised in attempting to infer too much
from this approach. As the liquids and solids become more similar, there is a greater
tendency for solution, diffusion, compound formation, and the like, and the initial
prerequisites for determining surface energy are sacrificed. Materials which dissolve
in water or show strong tendencies toward hydration would normally be expected to
interact with water to a greater degree and the measured heat of immersion may then
have little relation to the actual surface energy.

IV-4.3 Particle-Size Cffects

Throughout much of the discussion, it has been sufficient to consider the surface
energy of semi-infinite materials, recognizing only that difference from bulk structure
which might occur at or near the surface. One should note, however, that the energy of
the surface of afine particle (whichmayhave a large surface/bulk ratio) is not necessarily
the same as the semi-infinite gurface. DeBruyn(65) discussed the effects of the radius
of curvature on the aurface tension of liquids, and Hirschfelder et al. (66) calculated in
detail the variation of liquid surface tension with droplet size. It has been shown that
the surface tension may be expressed as

2z, Zg 1
s —_—t -
2 l+1.' 3(

-1|°N

]
) 5= dr (45)

z z
rol+— 1+-—°—+-l-(-2 ]
r r 3\r

surface tension for a semi-infinite specimen

o-e
"

z, = depth of "surface layer".

radius of curvature.

apd r

1t is implied that io is independent of r in this calculation, which iz not necessarily
accurate. Care should be taken in the strict application of Equation (45) at large values
of zo/r. For small z,/r, Equation (45) may be approximated as
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L = 1 - .Z_zg
Y r ’
which is sufficiently accurate for qualitative interpretations. Figure 13 shows the

effect of particle drop size on the surface tension of liquids as calculated from Equa-
tion (45).

0.6 |—

Y'Y,

04 |-

[\ 1 | |
(0} 0.2 04 0.6 0.8 1.0
z°/r

FIGURE 13. CALCULATED EFFECT OF PARTICLE SIZE ON THE
SURFACE TENSION OF A LIQUID

The relation between liquid drop size and surface tension may be carried to con-
sideration of similar effects in solid particles. Such dependence is inferred in the ex-
periments on solubility of fine particles and also applies to variations in the surface
energies of semi-infinite solids with small, but finite, asperities on the surface. The
small radii of curvature of such asperities provide a locus of different surface energy
on a material prepared by lapping or cutting. Furthermore, the size effect is one of
the major driving forces in scratch-smoothing experiments, which are designed to mea-
sure either the surface energy or surface diffusion coefficients, as well as sintering
rates. Hence, one should be concerned about the effect of particle size in the inter-
pretation of surface energy experiments. It should also be seen that surface texture is
expected to be significant in contact angle observations, a point reviewed by Marian(67),

IV-4.4. Grain-Size Effects

The next point to be considered is the influence of grain size on the measured
value assumed to be the surface energy. The data on grain-size dependence are rather
sparse, with the major effort having been directed toward Al1,03 and MgO, as shown
in Figure 14. For the most part, the data suggest that measured surface energy in-
creases with increasing grain size, although single crystal values are on the order of
1000 to 2000 dynes per cm for both alumina and magnesia. The above emphasis on
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"measured" values clearly illustrates the importance of proper interpi-etation of experi-
mental results. The total energy required to effect fracture is divided among several
simultaneous events including transgranular and intergranular fracture, grain-boundary
sliding, dislocation maneuverability, crack branching, and similar perturbing influ-
ences. It is thus expected that polycrystalline material would show higher apparent
surface energies than single crystal specimens.

45 -

40 — A'aOs

Surface Energy, 10 dyne per cm

0 | | | | | | |

O 2 40 60 80 100 120 140 160
Grain Size,

FIGURE 14. MEASURED SURFACE ENERGIES AS A FUNCTION OF
GRAIN SIZE FOR A1,03(68) and Mgo(69)

The explanation of the trends as a function of grain size is not quite so straight-
forward. It is suggested that grain-boundary sliding effects would require less total
energy dissipation in those cases where grain boundary densities are high (small
grain side). Furthermore, more random crystallite distribution would be expected to
provide easier paths for stress relief; hence, less energy is required to propagate a
crack. In view of the complex analysis which is required to resolve the many questions
associated with surface energy determinations on polycrystalline masses, it is sug-
gested that the most meaningful data which is amenable to detailed studies will be ob-
tained on single crystal specimens.
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V. THEORETICAL CALCULATIONS

For the most part, earlier attempts to calculate surface energy of solids were
channeled along three approaches, First, several authors went into great detail in the
calculation and summation of the interaction forces between atoms and molecules in
various crystal structures and developed elegant, though complicated, methods to evalu-
ate the lattice sums and integrals involved., Second, there are semiempirical calcula-
tions based upon gross observables, with the inclusion of factors related to general
thermodynamic principles and suitable averages to account for crystalline orientation
effects, And third, there are estimates of surface energy based upon extrapolation and
correlation of various data on other physical properties, such as characteristic tem-
peratures, mechanical properties, diffusion coefficients, and the like, To re-derive the
fundamental relationships that have been proposed in detail would lead us somewhat past
the scope of the report and would require considerable space in background and support-
ing data. It is deemed sufficient, at this point, to bring out some of the highlights of
different treatments and refer the reader to original sources for whatever minutiae of
detail is desired,

For each area, one of the more important contributions to the field will be con-
sidered in order to orient the reader and set the stage for later discussions, It is not
this reviewer's intention to imply that these papers are the most nearly complete,
definitive, or all-inclusive of the many available (some of which are referenced in the
text), Furthermore, it should be understood ti:zt heavy reference to any one of these
three does not necessarily ""endorse'' the methods or conclusions of the individual
authors; the discussion which follows merely illustrates the usage of the different
methods and can provide some clue as to the degree to which such approaches are
profitable,

V-1, The Atomistic Approach

By far the most exhaustive work on the calculation, from first principles, of the
surface energy of 2nlids was carried out by Benson and coworkers in a series of articles
culminating with the definitive review recently published(18), For the most part,
Benson's work considered only the solid noble gases and NaCl-type crystals, although
many of the principles evoked concern other systems as well, including the treatments
of defect structures and the effects of impurities, anisotropies, inhomogeneities, physi-
cal defects, nonstoichiometry, and the like, (This is not to infer that the extension to
include these other variables is straightforward and/or easy; the calculations are ex-
ceedingly complex, but the work of Benson sheds considerable light on the use of the
method, ) Benson includes, in the review paper, not only a compilation of his own work,
but also a detailed discussion of the contributions made by other researchers, including
the early work of Born and the later computations of Lennard-Jones and Dent”o),
Shuttleworth(b), Huggins and Ma.yer(“), and Nicolson(49), Comparisons of the calcu-
lated results of a number of contributors have been presented in concise form by
Zadumkin and Khulamkhanov(n), with additional discussion by Walton(73),

To compute the surface energy of a crystal, it is necessary to define the inter-
action potential between a pair of particles, i and ], separated by a distance, Tij.
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Usually the total interaction must be considered as a sum of contributions from various
types of forces, with the final expression containing characteristic constants that can
be evaluated from other parameters such as compressibility, lattice spacing, etc.

The simplest interaction potential, 4’1]» used for the rare-gas crystals takes the
Lennard-Jones form:

- _ -12 -6
;5 = ¢(rij) = clzrij -c6rij , (47)

where the c's are adjustable coefficients. Early calculations on the NaCl-type crystals,
recognizing the highly ionic character of the bond, used the coulombic and an unspecified
inverse nth-power to express the potential, yielding:

= -1 -n
¢;; = eie;j rij + brij R (48)
where the e's represent electrostatic charge and b is an adjustable constant, Refine-
ments were made to account for possible differences in interaction between (+, +), (-, -),
and (+, -) charges on the ions,.

A less approximate potential form,

0 - ece:r-l - (6, (8) -8
¢ij =ejej Ty - ¢ ij S5 Ty t bj; exp (- ru/p) ) (49)
has been used which includes not only the coulomb and exponential repulsion forces, but
also the interactions due to dipole-dipole and dipole-quadrupole effects(6, 71)

In addition, ions at or near the surface of a crystal are subject to a finite electric
field that arises from the loss of bulk crystal symmetry at the surface. The total
potential energy for surface ions with dipole moments y; and Mj will then be a modified
form of Equation (49), namely:

¢ij = d’i' e, (ru B )r 3 te, (r "y )r --3(rlJ #1)(" ij pJ)r"5 + (”1 y])r . (50)
Benson also notes that the total mteractxon energy is found by summing ¢,; over all pairs
and adding an "elastic energy", pu; /20,1, where a; is the ionic polanzablhiy
The results of Benson, et al,, are found to depend largely upon the values chosen
for various parameters of the bulk materials, In principle, it is possible to compute
the surface energy of a particular material from the above expressions for the potential
and the appropriate lattice sums, In addition, independent expressions containing the
same coefficients may be derived for other characteristic physical properties of the
materials under study, It is thereby possible to use readily measured or derived quan-
tities (such as polarizability, modulus, sound velocity, etc,) to provide numerical values
for the coefficients, and then to determine surface energy, which is not so easily
measured,

A point stressed by Benson that is borne out by recent interpretations of LEED
data(‘u), is that the surface structure of a perfect crystal in vacuum is different from
that envisaged on a parallel plane in the bulk of the crystal, The discussion of this point
considers the atomic processes which accompany perfect cleavage along a given plane,
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If it is assumed that at the instant of fracture two new surfaces are formed, each having
the same arrangement as in the bulk, then an amount of energy v80 ig required. How-
ever, a spontanecus relaxation occurs on the new surfaces, which contributes to a de-
crease in the surface energy. The resultant surface energy at absolute zero is then
conveniently expressed as

vy=v0+avs (51)
where the two terms correspond to the two steps outlined, A7YS is, of course, a relaxa-
tion term and is negative in value, The Ay® term is computed much like ‘y’o, taking
into account the different displacements of positive and negative ions at or near the
surface,

One important point regarding surface distortion should be noted here, Benson
assumed that the lattice distorts only in a direction normal to the bulk crystal, that is,
the lateral spacing of the surface layer is no different from that in the buik and the sur-
face crystal plane has the same configuration as the corresponding bulk plane, Along
the normal to this plane, ions of different sign are in slightly distorted positions, and
the degree of distortion decreases with increasing depth into the bulk, This is essen-
tially the same picture discussed by Weyl”5 in studies of adherence to MgO, where it
is assumed that O™~ ions protrude further from the nominal (100) plane than do the
Mgtt ions, producing a permanent surface dipole.

On the other hand, Fowkes(76) allowed both normal and lateral displacements
(this has been partially confirmed by LEED studies). However, Fowkes' treatment is
almost entirely confined to a thermodynamic and phenomenological approach, so that
the exact details of surface structure are irrelevant; it is only necessary to state that
the structure is different,

The magnitude and importance of the surface distortion effect can be seen from
the values of y8, ‘yso, and AY®, taken from Benson and Yun's review(18) and listed for
the (100) and (110) faces of the alkali halides in Table 4.

Benson's steps to include surface distortions are certainly in the right direction,
The numerical calculations suggest that distortion must be considered to arrive at
reasconable values of surface energy., While the treatment is incomplete, the essential
features of the computations appear to suggest additional effort in this area. It is now
necessary to extend the calcuiations to models which include lateral displacements (that
is, a three-, rather than one-dimensional density change), It is anticipated that the
proper interpretation of LEED data on clean surfaces will provide considerable impetus
to these studies, It is important to note, moreover, that the positioning of stress or
ions on the surface is not the only factor relating to the accuracy of the calculation,
Benson and Yun(18) showed how the particular choice of interaction potential can effect
final results markedly, and the need for a more thorough study of this aspect of the
calculations is certainly indicated,

All of the above discussion centered about the problem of computing the surface
energy at 0 K, For experimental results to compare better with theory, it has been
necessary to extend these studies to finite temperatures, It is generally stated that the
surface energy at any temperature may be expressed as a sum

Y(T) = Ypo1 + Vyip - (52)
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where the potential energy term, Ypot» depesnds only on the bulk characteristics and
corresponds to the static lattice energy, while the second term, <,;,, i8 an explicitly
temperature -dependent contribution, There is, of course, an implicit dependence of
Ypot N T because of the changing lattice parameter, so that we should write

d s
vY(T) = y2 + ﬁ) Aa + ¥2. (T) (53)
0 da vib ’

where the lattice parameter is denoted by a and 'yg is defined previously [ Equation (51)].
Naturally, the contributions from the zero-point energy should be included, although
these were omitted earlier,

TABLE 4, THEORETICAL SURFACE ENERGIES OF ALKALI HALIDE
CRYSTALS AT 0 K

(100) Face (110) Face

v20 Ay® Y9 780 Aye v§
CsBr -- -- -- 234.4 -34.8 200
CsCl -- -- -- 256, 6 -37.7 219
CsF 211,2 -63,6 148 436,9 -96,1 341
Csl -- -- -- 207,1 -31.,9 175
KbR 159,2 -36.4 123 326.5 -64,8 262
KCl1 175.3 -34,0 141 367.3 -69.6 298
KF 225.9 -41,9 184 528.0 -105,2 423
Kl 140, 8 27,17 113 279.1 -57.6 222
LiBr 226,2 -140,5 86 515,1 -234.8 280
LiCl 251.4 - 44,1 107 599, 2 -259,1 340
LiF 288.7 -146.4 142 962.3 -394,6 568
Lil 199, & -126.4 73 424, 6 -198,.3 226
NaBr 192.2 -54,0 138 413.4 -109,2 304
NaCl 210,9 -52,7 158 469,7 -115,6 354
NaF 265.9 -49.5 216 711, 7 -156.4 555
Nal 170,.5 -52.5 118 348,.8 -97.3 252
RbBr 150,5 -28.5 122 300.9 -55,3 246
RbCl1 166,0 -28.4 138 337.3 -60.0 277
RbF 213,1 -42.3 171 473,2 -92.9 380
Rbl 133.4 -29,8 104 259.0 -48.9 210

The vibrational energy term can best be computed by considering appropriate inte-
grations or summations over the allowed vibrational states, and the calculations proceed
with appropriate Debye weighting factors., The Benson calculations for some of the
alkali halides and MgO were carried to 298 K for better comparison with experiment,

A few of these results are somewhat tenuous, even ailowing for approximation, because
either surface distortion or lattice expansion factors were omitted, This will be dis-
cussed again in Section VI,

Previous discussion has alluded to the difference between surface energy and sur-
face tension, The most detailed calculations of these differences have been reviewed by
Benson and Yun(18), The calculations will not be repeated here, but it is worthwhile
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including, however, a comparison between the estimates given bg various authors, As
in the case of surface energy, there is a 'bulk" contribution (I'V) to surface tension and
a correction (AT) due to surface relaxation, The resulting values of I'0, AT and

[ =T0 - AT are compared in Table 5, along with the surface energy ‘)'8 as computed by
Benson and Yun(18),

TABLE 5. SURFACE TENSIONS (I') AND ENERGIES (y) CALCULATED
FOR ALKALI HALIDES AT 0 K

Shuttleworﬂl(6), Nicolson(48) ,

(110) face, (100) face (100) face Benson & Yun(18) (100) face
re T’ AT T r re AT T y‘b

CsF -- -- -- -- 308 497  -126 371 341
KBr 442 341  -842 -501 250 330 -101 229 262
KCl 521 404 -779 -375 310 389  -125 264 298
KF 884 719 -929 -210 549 718  -223 495 423
K1 354 269  -581 -312 172 262 ©  -71 191 222
LiBr -- -- -- -- 827 786  -195 591 280
LiCl -- -- -- -- 1025 948  -324 624 340
LiF -- -- -- -- 2287 1978 -1484 494 568
Lil -- -- -- -- 558 609 -63 546 226
NaBr 646 534  -868 -334 454 499  -113 386 304
NaCl 776 641  -771 -130 562 593  -155 438 354
NaF 1443 1214 -1034 180 1031 1149  -408 741 555
Nal 505 419  -724 -305 303 395 -54 341 252
RbBr  -- -- -- -- 204 282 -90 192 246
RbCl -- -- -- -- 248 331 -109 222 277
RbF -- .- -- -- 427 600 -173 427 380
RbI -- -- -- -- 142 225 -49 176 210

V-2, Semi-Quantitative Structural and Thermodynamic Considerations

The detailed calculations outlined above can provide reasonably good estimates of
the surface energies of a multitude of compounds covering a wide range of variables,
In fact, there appears to be no limit to the extent of applicability of the method; given
sufficient information (from experiments) and time for such calculations, the surface
energies of all materials should be calculable, including ceramics, metals, organic
compounds, etc, The major factor determining the accuracy of the calculations seems
to be in the choice of potential functions and the constants associated with them, As
stressed before, it is reasonable to assume that many different materials parameters
can be computed and their experimental values can be used to adjust the necessary con-
stants, thus giving credence to the computed values of surface energy.
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While, in principle, the above technique should suffice for all applications, the
calculations are quite time-consuming and a more direct, though perhaps less accurate,
method might be preferred, especially for 'quick guesses', There are semi-empirical
methods that provide reasonable values of surface energy but which involve much
simpler calculation. The methods, essentially due to Bruce(53), circumvent the detail
of Benson but include, practically from the outset, a direct relationship between the
surface energy and the other measurable parameters that are eventually required for
the Benson approach,

The reasoning behind the Bruce approach is not particularly well defined, but many
of the results are sufficiently accurate to merit considerations, At the outset, several
basic definitions and boundary conditions must be stated,

The surface energy, Y4, and surface enthalpy, €4, are usually related through

dy
€=V -T3r . (54)

Bruce points out that as T = 0 K, dy/dT vanishes, so that 62 = ‘yg, the total surface

energy at 0 K, which can be computed by the methods of Benson, Inasmuch as the sur-
face energy (or surface tension) vanishes at the critical temperature, T_ (where the
liquid-vapor separation is indistinguishable), it then follows that

dyg 52 _ 72
— R —— T — (55)
aT T, T,

It has also been found that the surface tension of a liquid at a temperature between the
melting point and the critical temperature may be expressed as

Y1 = kQ-T/T)" f (56)

with k and n as constants, [Further applications of Equation {(56) will be considered
again later, ] If the effect of melting upon the surface energy is known, it should be
possible to compute surface energy and surface tension at all temperatures, from
absolute zero to T over both liquid and solid phases,

Bruce takes the point of view that the surface free energy can be described in
terms of the bonding of atoms and that when energy is supplied to effect such breakage
between two atoms, one half goes to each atom, Therefore, the bond energy, B, is taken
to be

B=H,/2¢cN (57)

where Hy = molar heat of sublimation (ergs/mole), c is the number of bonds per mole-
cule, and N is Avagadro's number, If b represents the number of bonds per cm? of the
particular crystal face, then the total surface energy is

Yy=8b . (58)

b can be determined from inspection of the surface lattice, We note that a perfect sur-
face, similar in configuration to the bulk lattice, is assumed from these estimates, For
the most part, this restriction is no more stringent than the assumptions regarding the
initial calculation of vJ.

<
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Bruce now takes the point of view that Equations (54), (57), and (58) may be applied
to the estimation of surface energy in the solid and that Equation (56) applies to the
liquid, At the melting point, the latent heat of fusion (H) will contribute to a decrease
in surface energy in the amount

Ay = T]Hf/AN , (59)

where A is the surface area of a molecule and the parameter, 7, is the ratio of free
bonds to normal coordinate bonds in this surface, :

It is now possible, in principle, to estimate surface energies over a wide tempera-
ture range, given the appropriate heats of sublimation and fusion, More precisely, the
following ''recipes' apply to a given system:

0

(a) Vg = Hgb/2cN T=0K
v0
(b) 78T=72-(ﬁ)'r Tm >T >0
(60
T T

(c) 'ysm - 'yLm -Ay=nH¢/AN T = Tp.

(d) 'YE =k(1 - T/TJ" T >T>Tp,

where S

b = number of bonds per em? of the plane considered
¢ = number of bonds per molecule

A = surface area of a molecule

7 = ratio of free bonds to normal coordinate bonds

n = adjustable exponent, about 1,2,

[]
The constant k can be evaluated by equating Steps (c) and (d) at T = T, and, using the
definitions of Steps (a) and (b), may be written as:

_Hgb (1-T,,/T.) - (2nc/bA)H /H,
2N¢ (1- Tm/Tc)n

k (61)

Note that the factor b contains the lattice parameter at T = 0 K, while A contains a
similar contribution from the lattice parameter at T = Tp,.

Inasmuch as critical temperatures are unknown for many materials, Bruce pointed
out that the ratio of critical tenperature to boiling point, T./Ty, is approximately equal
for different classes of oxides: ifor MO, Tc/Tb = 1.52; for MO,, T./Tp = 1.50; and for
M303, T./Tp = 1.40. No other such correlations have been noted thus far,

Comparisons of Bruce's data with previous work suggest that while agreements do
not support the technique without qualification, the order-of-magnitude results indicate
that as a rough approximation. the methods can be applied to a broad range of materials,

|
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Bruce further considers the effect of crystallographic orientation on the surface
energy of different crystal classes, Quoting Friedel et al, , the surface energy of a
given (h, k, £) plane is a function of h, k, and £, the bond strength, 8, and lattice
parameter, ag, such that, for different crystal systems, we have:

_ (h+k+£)B . .
v(hke) = a% R PNV (simple cubic) (62)
_ (2h + k) B (face-centered
2[2hBy + (h + k + £)B,]
Y(hkf) = — lz ) zllﬂzz b2k + 4)
ag(h” +k + £7)
2h+k+ £)(B) + B) F(b::gi-:fmered .
¥(hk?) = Lt P2 h< (k+ 0)

ag (hz + kz + 12)1/2

The Y's are surface energies near 0 K, and §; and 5, refer to bond strengths between
nearest and next-nearest neighbors, respectively, The equations apply when
h>2k>£2>0,

It can be readily seen that, for the simple cubic systems, (100) is the lowest sur-
face energy, and we can then define the ratio

y(hk{) _ h+k+£

Rinkt) = YTo0) - B2 + K2 + £2)1/2

’ (65)

which is independent of B and aj. It is interesting to note from these expressions that
the surface energy varies around a stereographic projection {lattice projection Figure 15)
in the manner shown in Figure 1o, where contours of constant surface ene:gy (at 0 K)
are drawn, Thus the surface energies at (111), (110), and (100) planes are in the ratio
Vi Ve 1, as expected from the simple bond considerations,

Similarly, stereographic projections can be prepared for other crystsl structures,
that for the face-centered cubic being shown in Figure 17, Note that surface energy is
a minimum on the (111) plane, and the indices of Figure 17 refer to the ratio
y(hk£)/v(111),

The projections are not quite so simple for the body-centered cubic structure, the
added complication arising from the different bond strengths needed to describe the
surface energy. Letting 8;/8; = v, we can rewrite Equation (65) to the form

2r + 1) h+k+ £
2(h% + k& + £2)1/2(5 4 1)

R(hk!{) = for h > (k + £)

h+k+!2 (66)

V2 (he + k2 + £2)1/2

R(hk?) = for h < (k + £) 5
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THEIR MILLER INDICES(53)
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FIGURE 16. THE SURFACE ENERGY RATIOS FOR THE SIMPLE CUBIC
SYSTEM PLOTTED ON A STEREOGRAPHIC
PROJEC TION(53)
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FIGURE 17. THE SURFACE=ENERGY RATIOS FOR THE FACE-CENTERED
CUB:C SYSTEM PLOTTED ON A STEREOGRAPHIC
PROJECTION(53)

FIGURE 18, THE SURFACE-ENERGY RATIOS FOR A BODY-CENTERED
CUBIC MATERIAL (a-Fe) PLOTTED ON A STEREO-
GRAPHIC PROJECTION(53)
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The (110) planc represents the minimum surface erergy and all Rthk/} are referred to
this plane in the projection of Figure 18, For h2>2 k + /, R(hk.} :¢c independent of the
ratio, -, and these areas appear in the :hree ‘cerners’ of the projectic::.. However, the
center portion where h < k + ( shows the effects of the differing bond strengths and pro-
duces "saddic l:nes” in the projection,

It iz also expected that the ratios R{hk/) will be time -dependent for T > 0 K, since
a mass arrangement should resuit from surface diffusion and, in effect, faceting. Such
faceting effects procerd 1n the direction that produces the greatest density of low-energy
surfaces, It 1s the very existence of ratios R(hk{) > 1, that acts as the driving force for
tius diffusion. Similariy, differences i1n surface energy, coupled with the high energies
associated with cusps and other surface irregularities, provides the driving force for
sintering or agglommeration,

The nature of the effect of temperature on surface energy cf cations can be est1-
mated as follows. Ailthough surface diffusion and faceting is expected at all tempera-
tures, there is a "threshold’ temperature below which such mass motion is essentially
arrested ani above which sintering and similar reactions proceed at a measurable rate.
This point 1s referred to as the "Tamman™ temperature, Ty, and, for many osides, 18
reported to range from 0.5t0 0,6 T,,,. This value can vary over relatively wide tem-
peratire ranges, The T has no theuretical basis, being purely an empirical reference
point, but it 1s sufficiently accurate to form the basis of reasonable speculations,

The rate of change of R{hk{) should be exponential w:th time for any given tem-
perature, tending to unity in iufinite time, so that

r=1+be "t €7

where b and | are merely constants for a particular material. Inasmuch as the rate
should be :nfinitely slow for T < T (for simplicity, <. assume that Ry 1s constant for
T < TT, so that no significant surface diffusion and faceting »~curs below the th-eshold
temperature! and is infinitely fast at the melting point iwhere the srisotropies in surface
energy varied!), we may then approximate

& -k(T'TT>
dr T -T)

Since Rp = Ro att = J, we may differentiate Equation (66) and substitute frocm Equa-
tion (68) to eliminate the factor b, whence.

‘le'TTil
Rg-1 (T, -T)

Ry =1+ (Ry-llexp

Assuming a stanaard diffusion character to the mass motion we may let k - Dk et

Doe-E"le'-‘f‘rZ, where Dg 1s the diffusion coefficient; k; 18 a statistica' weight ng
factor E, the activation energy {or diffusion; and r, the particle size. Taking reason-
able figures for the .a~ious factors in Equation (66), Bruce computed the change 1n the
ratio of surface energy to time for various particle sizes.



52

The results of this computation illustratcs the nature of the changing dr.ving
forc~s for surface reactions ancd some of the rate-contrciling constants that eifect
reactions.

Before leaving this section, two points deserve further mention Lecause of their
potentia! applicability 1n studies of suriace enerzies and solid surface compaub:lity.
First, 1n previcus sections we suggested the possible use ¢f surface-tension versus
contaci-ungle measurements for the determination of critical surface tensions and,
hence, »olid surface energies, follow:ng the Zisrman and Eberhart methods, Then, in
the discussion of Bruce's work, we have come across the relation between surface
tension of a liquid and its temp~:ature dependence, as menuoned in Equation 156), It
1s theretore worthwhile a. wiis po'nt to d:gress to a short justuification of the value of
the exponent, n, 1n that equation,

Mitra and Sanyal!34) showed tiat the vapor pressure and surface tension of liquids
may be related through

) M\ 273
Tinp = -a 'L \D-a + b . {69}

where p = vapor pressure
7L * surface tens on
T = absolute te.nperature
D, d = densities of liquid and vapor, respectively
M = molecaular weight
a,b - adjustabl: constantse
It has also been shown'78) that the surface tension and density are related by
1y = CD-a) (70

where C 15 a -onstant, Using Equztion (70) to eliminate (D-¢) in Equation (69) yieids

'l'lnp*a‘,l_s"6 = b , (TH
where the factur ot M has been absorbed in the constants, By substituting from the
integrated Clausius -Clapeyron equation

Inp:=C+d/T , (72)
1 !n p can be c!'minated, which leaves:
-,Ls“’:A -BT ) (73

From this, 1t follows that £y ration (56), with an exponent of 1.2, 1s based on
better than purely empirical observati. ~e¢. These relations will be important 'o mea-
surements of critical surface tension over a wide range of temperatures., Fur.ner
considerations of the relations among liquid suriz~c¢ tension, heats of vaporization anc
temperature have been forwarded by Bowden'55! and ..ia results can provide good
estimates of this difficultly measured parameter.




i -

53

The second point which should be mentioried here relates to the charge 11. Jurface
tension that cccurs upon melting or solidification (as well as 1r other charges of state},

The Sharpe and Schonho-n!l+! analysis of the thermodynamics of wetting, spread-
ing, and adhesion showed that wetting is rot a reciprocal process; that is, 1f material A
will wet mater:al B, then B will not wet A, and conversely. For ex -mple, to produce
good adhc¢sive bonds betwe=n polyethylene 211 epoxy resins, 1t is necessary to set the
epoxy at 1is curing temperature, and then heat polyethylere to the softening point 1a ozder
to promote adhesion isince the liquid epoxy will not wet the solid polyethylene!. In the
Sharpe and Schonhorn analysis, 1t 1s implicitly assumed that wetting :n any solid-liguid
systemn could be effected (if necessary) by interchanging the roles of the soiid and liquid
at a given temperature, but this 1s obviously impossible 12 all but the most specialized
applicatiors, Even given such a situation, their analysis presumer that the surface
energy on curing does nut change significantly, The earlier discussior on the contribu-
tion 1o surface energy made by _he term at the melting point tends to overrule a strict
application cf the Sharpe and Schonhorn approach, and cautions against the indiscriminate
use of their conclusions, This 1s particularly important 1n cunsideration of the role of
surface energy differences when designing experiments to overcome irtrinsic difficulties
in promoting adhesion between dissimilar materials,

These observations are of great irrportance where attempts to achieve strong
bonds between materials use deposition techniques to eifect coatact. Here we have a
case where "'solidification after contact' 1s carrtied out, rather than the mating of two
soiid materials. It snould be recognized that the change 1n surface energy of the solidi-
fying material might promote thermodynamic i1nstabilities at the interfaces and the
particular omponents might nct adhere to each other well without the use of an inter-
mediate phase,

V-3, Correlation Techni~ues

Several authors have attempted to calculate the s ..d surface energy of various
solids through the use of correlations with other physical parameters. Quite often,
these 21¢e based more on qualitative observations tnan on fundamental s<ientific tavest:-
gations, However, 1t should te pointed out that this 1s not a criticism of the use of such
techniques, 1nasmuch a< the study of sohd surface cnergies needs assistance wherever
1t car be found.

Considerable work hag been done on the suriacz tensions of liquid metais and
correlations with other physical observables. w'th perhap: thc most nearly complete
work being that of Siuta and Balicki' 7%, Simalarly, Snkoroky‘eo- 81) 4nd Courtney -
Pratt'8!) have studied solid metals, reporting on the reiations between physical proper-
tics and a for'n of pracucal adhesion, Perhaps the mest extensive work with ceramic
systems sterns from the work of Livey and Murray'az'.

Livey and Murray considered the qualitative effects of lattice energy, surface
polarizaticn, molar volume, heat of formation, diffusion, and other properties on the
solid surfa:c energies of a number of oxides, carbides ~nd alkalh halides. They showed
that while bull lattice energy certainly relates to surface energy (particularly
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elemental materials), there may pe some difficulty in assuciating bulk ard surface
energies 1n compounds, especiallty where there are the added effects of lattice distortion
&id surface "'non-stoichiometry”’, In addiiion, polarization effects at the surface add a
new ditncnsion to the computatiuns, as shown earlier by Benson et al (18} simple
extrapolatior is not possible,

Furthe ¢crore, 1t 1s expected that the general rules of correlatio» should be tem-
pered by the fact that the types of shielding and polarization effects expected in metal
oxides of the form say, MO, would be difierent ‘rom those found in oxides of the type
M;03, MO,, etc. Moreover, as one goes through a series of "homologous compounds”,
intrinsic trends might not be justified as factors of correlation when considered indi-
vidually, and extrapolation must be done carefully within one class of materiale,

Tiie results and techniques »f Livey and Muruy(sz’ are quit important in that this
18 one o. the few articles of the correlative type which seems tc deal honestly with (he
limitations of the empirical methods. Throughout their discussion, 1t is apparent that
full consideration must be given to the interactions between different types of contribu-
tions to the total surface energy,

Sikorlky(so' 81) takes a somewhat different approach in the correlation between
surface energy and mechanical properties of various solids, notably metuals, The coef-
ficient of adhesion is taken to be the ratio of the force necessary to puli apart two spec:-
mens divided by the force employed in bringing them into intimate contact, In scme
ceses, it is necessary to effect a twist of the joints in order to break oxide layers,
smooth out asperitiecs, and the like. This coefficient of adhesion is then corelated with
rvch factors as hardness, recrystallization temperature, and associated metallurgical
p-opertics, as well as with liquid surfaces tensions of the metais. The cross-correlations
then permit thz assessment ¢f surface tension with respect to tnhe mechanical properties
of the solids,

Although such correlations may serve as another method or approach for the esti-
mation of the surface energy of selected solids, it is not felt that there is sufficient
merit in the method to justify extenrive use. For example, the use of hardneses 28 an
intrinsic parameter may lead to large discrepancies, since the hardness will depend not
oniy oa the surface characteristics but also on bulk properties of the subject material,
The hardness of a nearly perfect single crysta’ is somewhat different from the hardness
of the same material in the form of a highly worked, polycrystalline mass., Further-
more, the recrystallization temnerature is expected to be a func.ion of diffusivity,
crystal structure, defect concentrition and other intrinsic factors that will also deter -
mine, to a certain extent, the value of surface energy. Consequently, by attempting to
cross-correlate between two uncertain correlations one only multiplies the: uncertainty,

Two major factors resulting from researchnes of Bondi(a‘” should be pointed out
here inasmuch as they contribute to two distinct aspects of the present report: the
correlations between surface tension and other physical measurables, and the use of
"homologous' series of liquids for the determination of solid surface energies. In the
first place, Bond:1 shows how the surface free-energy density and the cohesive energy
density may be correlated for a number of different classes of molten specimens., As
can be seen from Figure 19, the data for these different materials classes 1s somewhat
incomplete, although more further experiments might extend the ranges of applicability
of the Bondi correlation, particularly for the oxides (Class lll), it it most important to
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3urface Frea Energy Density

[

| 10 100 100C
Cohesve Energy Density Poromefer

FIGURE 19. CORRELATION BETWEEN SURFACE FREE ENERGY DENSITY, 1Fg, AND

THE COHESIVE ENERGY PARAMETER, ¢y, FOR VARIOUS TYPES OF
SOLIDs(48)

Surface free energy density is given by "Fg = 7/\'}‘/3,
where 7 is the surface tension and V1, is molecular volume.
The cchiesive energy density parameter is given by %y = ‘,Ev‘plvi‘,z,

where EV‘P is the heat of vaporization.
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point out, Yowever. that reasonable correlations do indeed exist and even with the limited
data presently availabl:, one may be able to determine order-of -magnitude estimates of
surface energy for unknown materials.

Secondly, Bona: collected daia on the effects of alloying (in the liquid state!} on the
surface tension ¢{ what might be considered a homologous series in the sense defined
earlier, As discussed earlier, it is necessary to establish a series of liquid systems
that do not inte*act with a substrate of unknown surface energy in order to define the
critical surface enerpy for wetting, which is relatable to the solid surface energy. With
such a series, the sclid surface energy might be determir~d under conditions and at
temperatures wher* mechanical techniques are not valid, Hence, data of the (ype shown
ir Figure 20 can be employed for such determinations.

Natural'y, one must be cautious about defiring the temperature of the experiments,
for both the solid surface energy and the surface tension of the liquid mixtures vary with
temperature, Again referring to Bondi's work, we ree. in Figure 2i, the manner in
which the suriace tension can vary with temperature in mixtures, While the form of
the temperature dependence in pure liquids has bee: shown to be quite regular (some-
times linear, but believed to be reiated to the 6/5 power), it is seen from Figure 21 that
in mixed systems, the variation can be quite erratic. This is thought to be asscciated
with eutectic compourds or uk:ique pruperties cf the selected liquid mixtures. Hence,
one must know in considgerasie derail the nature of the liquid mixtures before atiempting

use them in the determinelion of solid surface energies. A similar argument niust be
‘ed in attempting to emgloy the methods suggested by Rbee (50 ’, where compound
. nation or erhanced diffusion can occur at a particular temperature,
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Vi. SOLID SURKFACE ENERGIES

VI-1. The Surface Energy of Crystailiae Solids

Several aspects of the measurement, interpretatica, and theory of surface energies
of solid materials have be= discussed to provide 2 framewcrk for understanding the
experimental and theoretical vaiues collected in the following *ables. From the cutset, it
is well to point vut where the major gaps will be encountered, since only relatively few
materials have been investigaied and the understanding of the present data is not unifor.n,
The following tables list most reported data, including some that mus® obvicusly be irn
error, Erroneous data is included to illustrate the drawbacks of certa:n experimental
and/or thecretical techniques, but is not meant to be a criticism of the technique as such,
Such an exposition should prc ride a better feel for the applicability of a given method,
and will suggest areas for more research.

The tables list the values of surface energy (for both liquid and solid, where
applicable), the temperature of measurement, the method used, the condition of the nma-
terial, and appropriate remarks. There are a number of gaps in the informa.ion, partly
because the description is incomplete in the original source. In many cases, the values
scated by the original authors have not been correlated with other calculations or experi-
ments, and it 13 difficult to assess the reliability of such results,

The surface energies cf most materiale have been neither measured, calculated,
nor subjected to much speculation; hence, there is little information on this important
quantity. In addition, while a few techniques have been developed whereby estimates .nay
be made by the combiration of other physical data, there are two major pitfalls ia the
application of such methods: (1) the data for the correlations is not available, or (2) the
correlations are sc poorly based that the use of such informaticn can lead to erroneous
results,

Where values of yanddy/dT are available they are included in the table. The Bruce! 53
approach has been assumed valid, as wall as the relation between surface tensions and
critical temperatures. The critical temperature and multiplicative constant given .n
Equation (54) have beer: calculated by the reviewer, It should be noted that the T. so
dete rmined might not be rexlistic at all. In many cases, it is impossible to measure T_
or to interpret it in classical terms. For example, where compounds disscciate into
multiple components, the T_ bezars littie resemblance to the same quant:ty referred to
with common materials such as water, the noble gases, single-element liquid metals,
etc. Therefore, one should not consider derived vaiues of T_ as being highly accuraie:
they are included merely for iilustration and might b useful in the determination of a
1ew other parameters of the system,

The general character of the tables is such ae to present what might at first be con-
sidered a collection cf unrelated data on many difterent substances. In this connection,
it should be pointed nut that the purpose of the present report is nat only to collect avail -
able data on the suriace energies of ceramic soii”is, but also to shea some light on the
relative reliability of different techniques !bo:* experimental and theorctical) which can be
used in the determ.iration of these valucs, For many of the materials lisi~d in the table,
there is ve -y little information to support or refute the quoted values of suriace energies:
several individual values must stand alone without benefit of corroboratiocn, 1a other cases
(particularly those of high technical interest, such as alumira, magnesia and the like),
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& number of investigations have been carriec out using a variety of experimental methods
cn a variety of materials, It should be obvious, from an inspec?idn of all the data and
the discussion throughout the repart, that a large number of varinoles will contribute to
the measired values of surface energy and that very few researclhica have heen devoted
to 2 detailed studv of these., Under these conditions, it wou.d be normally expectad that

a variability in results should occur,

For mary of the materials reported in the tables, a single value of surface energy
haa ben singled cut as being thought «{ as the most reliable available at the present
time. For the most part, however, there is insufficient information available on which
to base such a conclusicn, and decisions on "best values' have been postponed until

further sigrificant research has been compleied.
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Footnotes for Tabi~ §

b}

<)

(d)

The temperatu et 1n DIrENthesds /e Preumed *  "a the temperatures of the determination, & ndx2ied by the
method used

The sirfece tenuon of some molten Ceramecs (fused aits) at or near thew melting pont 11 Lichuded. whe e NO Glae
nformation 13 3r staiie Or where the 1eiation 10 1040 witace energy might be Of intervit  See aiso Appendes C.
Table C-1

Values 1181ned with ar 23terish (°) M@ Dolweved 10 De PHrUCLIdy acCurate for the caperwnentdl conditions, where
s judgment has, for the most part, been Macie by other nveitigators The abtence of 3 value 0 Jes.gnited shouwld
not B nteTpreted & Mmeang that n= s5k'e 15 rel.able

The dhede sl angitt MPEILIEMENt Uy ity INvoives the geometry shewn in the accompany:ng figure, n whsh 7 grasn
DOUNGary 11 (Shen 25 DErpeNndICLiasr t) the wxface. The y . Can develop. in which (a1e the sohd swrface ensrgy n
b en |oués- Zyucu w/2 7”nt~mnﬂuommmwnmmwwwm
{IQued, vapor, Or gis).

Yaa N ¥ W Y

FIGURE 22 D/HEDRAL ANGLE GEOMETRY

The 1omewhat lowsr value groen th . Aot compicisly 10prewntatne of the system undsr COriaer aLion, NasmCh a5
the compontion quoted by Kirgl®1) 11 10 10 be Ca0-A1703.51G, The argument grven states. i effact. thet the
IoOwer value s the resuit 0! Mgration of a lIow-eNBrgy COMPONANt M thiy GG PECEs It 13 3110 NOteworthy that the
Wwnce o’ the VgD component wouid NOt NECEMITYY heve the same end, snce the hgud MO has 2 surfsce Senuon
not 100 drsumiys from that QUOted » the Glation  Of Lourne. unce MgD has 2 h.gher Mmelting pont, trve NChsteon

of MgO 1 the mmneral gahlirite 1 exPecied (e 1538 the surface tenuon  Hence, Qualitative srguments woula sugpe:t
that the abwence of MgO wouid, On 1he Jverage. Prodhuce & Materdl with (Hwer surface tenuon at 3 grven

temper s 'ure
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_-_x_l The Surface Enctlx of Glasses

In the precediig tabulation and discussion of the surface energy of solids, we have
purposely omitted ccnsideration of the properties of glasses. At this point, it is well
to consider some of the difficulties that might be expected, not so much in the measure-
ment of surface energy but in the interpretaticn of experimental results., One basic dif-
farence between glasses and crystalline materials relates ™ the comparative difficulties
in such measurement and interpretation, For the most part, glasses are elastically
isotropic and, over the teinperature range where they are brittic, lend themselves to a
straightforward phenomenological analysis of fracture energies, surface energies, etc.
However, the structure of glass, on an atomic scale, is such that no fundamental calcu-
lations sre possible on the basis of atomic arrangements, lattice disturtion near the sur-
face, and aumilar considerations.

Cn the other hand, while crystalline materiale may be investigated rigorously (as
was the case with Benson's theoretical work! lB)' certain difficulties are encountered in
the analysis of experimental work where crystalline anisotropies must be taken into
account,

Two particular aspects of the surface energies of glasses should be touched upon;
namely, the surfac~ energies of solid glasses and the surface tension of liquid ;ln.rﬁt
The first of these has been covered .i. sutas detail by the recent work of Wiederhorn LS
whe 1ncluded considerable review work along with his recent original findings. This
contribution should be coupled with the paper by Mould(9), who discussed many details
of the fracture of glass. lnasmuch as these othe* papers are fairly self-contained, we
shall not discuss solid glasses further at this point, but will include, on tha following
pages, representative samples of data on various glass systems.

The second point, the surface tensions of liquid glasses, should be mentivned
briefly here, and further reference will be made in the following table. There is a
considerable body of data available on the surface tensions and contact angles of a num-
ber of different glasses, many o. these being mixtures of many (perhaps {ive or more)
differer’. compounds, such as $i02, B203, NaC, P20g, K;0. In addition, much work
has been done on the surface tension and viscosity of the liquid phases used in enamel -
ing, where th.ese are s1milarly composed of multiple compounds. Such data can be of
exceeding importance in ccrrelative studies of the surface energies of solids if suffi-
cient reliable information is available for these comperisons. One of the mcre useful
tools (if it is, indeed, applicable) lies in the use of Bruce's cor relations -24) of the
liquid surface tension, the critical temperature, the surface energy at absolute zero and
the temp: 1ture coefficiant of the surface energies of both the liguid and solid state.
The use of thia technique depends, of course, on the degree to which cne can define and
use the critical temperature as a meaningful parameter particularly when applied to a
mixture of liquids and on the availability of reliable da‘a on the temperature dependence
of the liquid surface tension

For single liquid oxides, such data can be obtaw ed from the literature (in some
cases) by extrapolation of the results reported for mixtures, thereby achieving rela-
tively reliable end-point values of surface tensions as a function of temperature,

The data collected for the surface tensions of liquids and their mixtures also has
great applicability in the use of the Zisman-Eberhart technique for determining the

amg
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surface energy of selected solids, particularly at temperatures where more 'conven-
tional” liquids cannot be used.

Table 7 lists the surface energies of various glasses. Surface energy is best
characterised in soda-lime glass, particularly because of the work of Wisderhorn(25),
who undertook a rather thorough study on the surface energy of it. He investigated, in
some detail, the effects of various atmospheres on crack velocities and acceleration,
using tha relatinns defined in Equations (27) and (28), The most probable value, as
measured by crack propagation techniques at -:96 C, is given as 3200 dyne per cm, as
measured in a nitrogen atmosphere.
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Vil, CONCLUSIONS

In the text and tables, we have attempted tc surnmarize the available information
on the surface energies of ceramics, and have found that much research is needed in
order to provide a reasonably definitve collection of ceramic surface energy date .

Among the possible routes for advancement 1n this field, the following are
recom ended;

(1) Crachk prugu'nion experiments. The methods that have been developed and
cxpanded by Gilman!?U) and Westwood et al., arc presently anplicable to a large
number of materials over a temperature range where ths specimens are brittle. How-
ever, where a certain degree of plasticity 18 involved, such as with cither mobile or
maneuverable dislocations, the analysis used by these authors breaks down., There are,
quite generally, several different though related factors that must be included in the
criterior as to whether brittle fracture occurs, among which one of the more important
is consideration of the dislocation velocity alcng selected crystallographic planes at a
given temperature, In those cases where the crack tip velocity is much greater than
the dislocation velocity (either «n normal glide or in climb), the material can be con-
sidered brittle and the standard analysis may be used. However, this condition may not
be reached under contrelled conditions at higher temperatuves, It is then necessary to
cither develop irirroved experimental techriques for effecting high-speed fracture, or
te develop more nearly exact theories of fracture that will accomodate ductile materials.
One must use caution, however, ir expending too great an effort at attempting to define
and derive the necessary correction factors, inasmuch as one may rapidly reach the
point where the resultant surface energy is tnaccurately determined as a small difference
between large terms,

(2) Thermodynanuc interface experiments. It is well to recall the general prob-
lem of the use and interpretation of experiments that rely upen the properties of the solid
surface i question in contact with a different phase or material, Earlier, the point was
raised that the total surface energy 18 a summation of contributions from different types
of interactions, 1. e., coulombic forces, disp-rsion forces. metallic and 1wnic bonding,
hydrogen bonding, and the hike. Both Weyl and Fowkes have given qualitative arguments
that suggest that, i1n the interaction between tw > distinct species, each having different
degrees of several of these components, the total interaction will depend only upon the
degree to which simalar components are present, That 1s to say, 1f one material has a
surface energy whizh i1s totally a result of disperswon and metallic forces and 1if the other
13 9 resuit of digpersion and 10mic forces, then the 1ot~] interactios between these two
vould depend inly upon the interaction of disperasion forces; the remaining contributions
to the surface energy would be unatiected by juxtaposition,

As uof the present writing, there has been e di tinct quantitative argument for-
wedrded to support this hypothesis, However, one car go somewhat further in the
qualitative analysis by (onsidering a sumplified mode. for electronic interactions be-
tween, for example, a metal and a tdefect) ceramic. In the case where the metal 1o
situated in a vacuum, the surface energy will be a total of contributions from dispersion
forces and the metallic bonding forces which are inherent to the naterial, i1n addition to
any compunent deriviag from the free (conduction) electrons, The juxtaposition of a
highly insulating material provides other atomis and’or nwilecules which will interact
via dispersion forces, however, there are no corresponding metallic-force electrons’
or conductinon electrons available for add:twor-al interactwns and the placement of the
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insulator does not materislly affect the electron cloud distributions of the metal, the
former being essentially no different from the vacuum state., Hence, one woild not

expu -t significant interactions be‘ween the two materials over those due only to dis-
persion Irrces.

On the ou.- v hand, as the defect concentration cf the insulator increases (toward
the semiconducting state), fres electrons ire made available in a density corresponding
to the defect concentratwu~, Fermi levels, temperature, etc., which can interact with
the free electrons of the me.:.!. Hence, the electronic contribution to interfacial phe-
nomena will increase. (It is noted, of course, that defects in sufficient density will
reduce the dispsresion force componwes’ 2f the total surface energy, so that one can
expect an inflection in a hypothetical plot ! total interaction energy versus defect con-
centration. Similarly, interdiffusion of components will be a function of the defect con-
centration of the insulatc: materizal and one should expect a time dependenc~ for the
total interaction energy. To this author's knowledge, no detailed investigation of these
phenomena has been undertaken. )

Generally speaking, the most serious limitation to the use of the rmodyn_mic
property measurements for surface energy determinations lies in the psucity of infor-
matica on the various contributions to the total surface aagrgy. It is suggestad that
selucted experiments can be performed where, through appropriate choices of well-
characterizsed materiais, one may be able to measure or reduce the individual com-
ronents of the surface energy.

More specifically, the use of '"homologous series’’ of liquids fcr the performance
of the Zisman-Eberhart experiments should be evaluated. It is apparent that this .ech-
nigue offers considerable promise for the meesurement of svriace energies provided
that the materials chosen conform rigidly to the constraints that must be imposed.
Since there is already a vast amount of dats available on the surface tensions of binary
and higiser ocrder liquid mixtures as functions of composition and temperature, it seems
most natural that this wculd provide an sxcellent starting point for the dete rmination of
critical surface tensions, and the concomitant derivation of the surface energy of the
substrate, particularly at "high' temperatures. This is especially attractive as a tool
for the further study of surface energies at temperatures where ductility nature of the
material precludes the application of the cleavage technique.

(3 Emgirical Approaches. Although the semi-empirical techniques, as accred-
ited to Bruce , are seriously lacking in fundamental justification, it is apparent that
they may be quite useful !n estimating surface snergies of a number of untestad ma-
terials, provided that sufficiently accurate data may be obtained on the physical proper-
ties which enter the analysis. In addition, there is an obvious need for continuing effort
on the development of meaningful correlation;: not only tkose that seem to give approxi-
mate answers but also those in which a reasonable phenomenological basis for the cor-
relation can be established on theoretical grounds.

-
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APPENDIX A

APPLICATION OF TECHNIQUES

Table A-1 lists the various materials measured by the most commonly used ex-
perimental methods for determining solid surface ensrgy. Table A-2 gives a similar

lhisting fur the use of theoretical methods.
TABLE A-1  PRIMARY EXPERIMENTAL TECHNIQUES AND THE MATERIALS
MEASURED BY THEM
Technique Materials Messured
Maxiumum bubble pressure and A1,0, KBO, NaCl
similar experiments on liquds B,0, KBr NaF
BaBr - KCl Nal
BiCly KF NaNO,
CdC); Kl Na b0y
CsBr KOP, Nas SO,
CsCl i.2,0) P20
CsF 1.BO) RbBr
Csl LiCl RbC1
Cs,S0, L} RbF
CsNO, LINO;y Rbl
(_}eoz leso‘ Sl‘lclz
NaBr
Solubility and heat of solution Ag-.r0, Cas04 2H,;C NaCl
24203 CdO Pol2
Ca}, Fe,0, 55,0,
CaO KCl $10,
CaOH MgO $rSO,4
Mg(OH),
Heat of immersion A, 04 NaCl
A1203 2510, (H0 Sodium Qlite
Al,03 4510, HC Sodium Montmo: .llonite
BaSO, $10,
C (graphite) SnO,
Calciar Ilste T102
Calaiurz Mentmos “tlonate 210
GeO,
Work of fracture, (leavage Al,0;, K_O Al,03 6510,
Al»O; 2510, 2ZH)0 K20 3A1;03 08510, 2ZH,0
Bat, L F
C (graphite! MgO
CaCG, NaCl
CaF, S:
Ge $10;
KCi ZnO
Contact angle» AlIN Sapphire TaC
AlU, ThO); TaN
CdO T:B, ro,

Z.n0O




TABLE A-2. MAJOR THEORETICAL TECHNIQUES AND SOLID
SURFACE ENERGIES CALCULATED BY THEM

Technique Materials Determined

Atomistic calculation BaF? KBr NaCl
BaO KCl NaF
BaS KF Nal
BaSe Kl RbBr
BaTe LiBr RbCl
CaF, LiCl RbF
CaO LiF Rbl
CaS Lil SrF;
CaSe MgS SrS
CaTe MgSe SrSe
CsF NaBr SrTe

Elastic constants AgBr Ge MgO Al,0,
Agcl InS Mg SiO4
BaSO4 KBr NaBr
C {(diamond) KCl1 NaCl
CaCOy Kl PbSs
CaF, K20- Al203- 68i0, Si
Fe20y LiF TiO,
FeS, MgO ZnS

tublimation snergy AlAs Cr,0; InP
Al04 Fs0 InSb
AlP Fe-04 MgO
AlSd Fe203-Ca0O MnS
BaS Fe304 NaCl
BeO GaAs PbS
CnCO,' M‘CO} GaP £-SiC
CaO GaSb TiO,

Empirical calculations BaO KBO;,3 ThO,
BeO KCG TiC
CaO KF uc
CdO KI uo,
CeBr MnO vC
CsCl PbO Zn0O
CsF SrO ZrC
Csl TaC Zr0,

FeO




APPENDIX 8

CLASSES OF MATERIALS STUDIED

Since it is w.cen of value to study trends within different classes of materials, the
compounds that have been studied and reported in this work are categ- rised into different
groups. It should be noted that comperisons among different materials within a group
can be misleading and caution is urged in attempting to draw correlations between values
of surface energy for various members of the groups. Table B-) lists materials by
class, while Table B-2 provides a minsrals cross-reference. It should be pointed out
that the tables of Appendix C list materials by alpliabetical order in their chemical
symbols.




TABLE B-1.

MATERIALS STUDIED BY PRIMARY CLASSES

B-2

————————
Materiale Class

——
——

—

Materials Studied

Elements C (graphite)
C (diamond)
Germanium
Silicon
Halides AgBr Csl NeF
AgCl KBr Nai
BaF, - Cond Pol,
BiBry KF POF,
BiCly KI RbBr
CaF, LiBr RbCi
CdCl, LiQa RbF
CeBr LiF Rbl
CsCl Lil S$nCl,
CeF NaBr SrF,
NeCl
Sumple oxides Al203 Fe203 Sb,0,
B0y Fe304 Si0,
BaO GeO, Sn0,
BeO La 04 SrO
CalO MgO ThO;
Cd40 MnO TiO,
CrzO; szs UOZ
CuO PhO Zn0
FeO Zr0,
Mixed oxides Ag,CrO4 KZO- MZC’J' 6810,
Alz°3' ZSiOz ZHzO K20'3A1203"Si°z-2"'20
Al203- 48102 H0 PO,
CaO- MgO- Al,03- §i0; LiBO,
Calcium lilite MgO- Al,0,
Calcium Mountmorillonite Mg,SiOg4
Te203-Ca0 Na POy
KBO, Sndium Illite
Sodium Montmorillonita
Chalcogenides BaS MgS
BaSe MgSe
BaTe MnS
CaS PbS
CaSe SrS
CaTe SrSe
FeS, SrTe
InS inS
111-V semiconductors AlAs GaP
AlIN GaSb
AlP InAs
AlSt InP
GaAs InSb




B-3

TABLE B-1. (Continued)

Materials Class Materials Studied
Carbonates, nitrates, BaSO, CoNOv NaN03
sulphates CaCO4 CGSO‘ Na 80,

CaCOy- MgCO,y LiNO; 880,
c.so‘~ ZHZO Li‘SOl ZnCO3

Miscellanccus CaOH TaC ucC
Mg(OH), TiB; vC
E-8C TiC 2rC

Sa3Ng TiN




TABLE B-2. THE COMPOSITION OF MINERALS LISTED IN
THE TEXT, TABLE 6(®)

ncy OCumg CGany

Minsral Chemical Formula
Anatase TiO,
Apatite CaF2-3Ca3P0g
Barite BaSO4
Calcite CaCO4y
Calcium Illite CaCGy
Calcium Montmorillonite CaCO,
Diasnond Carbon
Dolcmite CaCOy MgCO4y
Forsterite Mg 28iO4
Galena PbS
Gehlini.e CaO- MgO- Al,04-8i0,;
Graphite Carbon
Hematite Fe20;
Kaolinite A1203- 28102 2H20
Labradozite NaAlSi30g:CuAl,8i30
Mica K,0- 3A1,03- 6810, 2H,0
Orthoclase K,0- A1,04° 68i0,
Pearl Spar CaCO3- MgCO4
Potassium feldspar K20- Al,03- 6810,
Pyrite FeS;
Pyrophyllite Al03- 4Si0;- HG
Rutile TiOp
Sapphire A1, 04
Sphalerite ZnS
Spinel MgO- 1,03
Sodium [llite --
Sodium Montmorillonits --
Topaz (A1F)Si04 or AL(F,OH;:SiO4

{2} For ke mon part, minerals are identified 1a the table of mrface emergy (Tadie 6) umder ther
chemical formulae. There are however, some miserais listed by commoa aame
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APPENDIX C

SURFACE TENSION OF SELECTED FUSED SALTS AS
A FUNCTION OF TEMPERATURE

Values for surface tencion of various fused salts over 1 broad te:aperature range
are available at seiecied temperatures from The Handbook c/ Chemistry(9!). The vaiues
given in the handbook have been approximately fitted hore to the general relation
_*‘ll.. = k(1 - TITC)I'Z, which is used widely. The constants k and T, were calculated and
tabulated in Table C-1. Note that these may be somewhat different from similar calcu-
lations listed under "'Remarks’ in Table 6; this discrepancy is related to the wider tem-
perature ranges employed here.

It should be emphasized that the values of T . are calculated only from experi-
mantal data and are not presumed to have intrinsic significance as the critical tempera-
ture (since dissociation and other effects may perturb interpretation).




TABLE C-1. CONSTANTS FOR THE EQUATION YL

T

FOR VARIOUS FUSED SALTS

sk -T/T,) 2

Critical Temperature,

Material k (To), k Atmosphere
AgCQl 175 2194 Air
BiCly 112 1161 Nitrogen
CsBr 120 2522 Nitrogen
CsCl 138 2297 Nitrogen
Cs¥F 151 2804 Nitrogen
Csl 110 2401 Nitrogen
CsNOy 128 2130 Nitrogen
C: 2504 163 3576 Nitrogen
KBr 135 2487 Nitrogen
KCl 147 2664 Nitrogen
K2Cr207 154 6600 Nitrogen
KF 206 1141 S.irogen
Ki llo 250¢. Nitrogen
KNO3 145 23%9 Nitrogen
KPO3 220 143 Nitrogen
K2804 201 4070 Nitrogen
LiBO, 33a 4472 Nitrogen
LiCl 6l 3178 Nitrogen
LiF 340 3686 Nitrogen
LiNOa 138 2796 Nitrogen
14004 275 5163 Nitrogen
NaBr 159 2683 Yitrogen
NaCl 164 3ols8 Nitrogen
NaF 290 3539 Nitrogen
Nal i20 2917 Nitrogen
NaNO3 145 2910e Nitrogen
NaPOy 249 4522 Nitrogen
NaS0,4 238 5502 Nitrogen
PoCl; 18¢ 2522 Air
RbBr 134 2519 Nitrogen
RbCl 154 2354 Nitrogen
RbF 191 278y Nitrogen
Rb! 124 2234 Nitrogen
RbNO3 138 2313 Nitrogen
Rb>SC, 179 L L IX Nitrogen
SnCl; 132 lond Nitrogen
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