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Preface

The Treatise on Adhesion and Adhesives was originally set at three
volumes: the first volume to be theory, the second, technology, and
the third, materials. As with all good intentions, the concept was
carried out in the first case, was modified in the second case, and was
substantially changed in the third. In addition, Volume 4 provides a
state-of-the-art review of structural adhesives in the form of a Materials
Advisory Board report of the National Research Council of the National
Academy of Sciences. Several respected colleagues debated the idea
of including the MAB report; however, it would seem that the general
public is often not aware of this type of document, and therefore some
worthwhile reviews have been made available. Also, Volume 4 provides
a generalized roadmap for future work in the field.

Finally, Volume 5 of the Treatise consists of a selection of special
topics, starting with a critical review by J. R. Huntsberger of the
relationships among interfacial energies, contact angle equilibria, and
the work of adhesion. Since the early work of Zisman and coworkers,
the contact angle has been used and misused by numberless workers
in the field. In a concise treatment, Huntsberger points out the direct
relation of the contact angle to estimating interfacial energies and the
work of adhesion when solids are involved. The importance of a
thorough understanding of fundamentals is stressed.

A new area of interest is covered in a chapter by Drzal concerning
the advanced material, high modulus graphite. In the next few years,
much will be heard concerning graphite fiber reinforced composites,
and the requirement to understand and improve the graphite surface
and surface interactions is paramount. The chapter reviews recent
exciting work that was carried out by the author when examining the
surfice composition and surface energetics of graphite fibers derived
from polyacrylonitrile. The third chapter is essentially a continuation
of the work reported in Volume 3 by J. Dean Minford. In an exhaustive
treatment of durability studies carried out for as long as eight years,
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iv Preface

the author points out the important interacting relationships of substrate
composition, physical state, and geometry; the adhesion composition,
as well as curing temperature; and the environmental considerations
with and without stress. The chapter is essentially state-of-the-art
as far as durability of bond with aluminum substrates is concerned.
The next two chapters represent a monumental effort by Smith and
Kaelble to examine the results of a detailed study of the effect of surface
treatment on aluminum and titanium from a failure point of view. Using
elegant techniques developed during the work, they have generated
an outstanding contribution to the understanding of failure mechanisms.
Good has been concerned for several years about the semantics
of adhesion; he offers a provocative discussion involving this subject.
Lewis and Gounder have been considering the extension of the Prot
equation to predict the performance and, therefore, the failure of
adhesive joints. The approach is controversial and is included to
stimulate thought and, hopefully, further experimentation in this area.
Volume 5 falls into the general category of special topics; however,
it is obvious that the interface is preeminent in five of the seven chap-
ters. This is not surprising inasmuch as there is considerable under-
standing of the substrates and the adhesives, respectively, while the
interface is poorly understood. It is to be hoped that this volume will
shed some additional light on this poorly illuminated area.

Robert L. Patrick
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Interfacial Energies, Contact Angles,
and Adhesion

James R. Huntsberger

E. 1. du Pont de Nemours & Company
Wilmington, Delaware

1. ATTRACTIVE FORCES AND ENERGIES

This chapter comprises a review of the relationships among interfacial
energies, contact angle equilibria, and the reversible work of adhesion.
The review is not intended to be comprehensive, but hopefully is suffi-
ciently current and critical to be of some value.

Let us start by defining "adhesion" (as it will be used throughout
this work) as the force or energy of attraction between two materials
or phases which are in contact with each other. These attractive forces
and ‘energies are due mainly to dispersion and dipolar and induction
interactions. In some cases hydrogen bonding or acid-base-type inter-
actions may also be involved.

Various workers [1-6] have proposed models and calculated these
forces using polarizabilities, electron vibrational frequencies, ioniza-
tion potentials, and dipole moments as the source of attractive inter-
actions. For the purpose of this review the important results are the
apparent validity of the geometric mean as a means of calculating inter-
actions between two materials and recognition that at interfacial separa-
tions less than 10 nm attractive forces are inversely proportional to
the third power of the effective mean distance of intermolecular separa-
tion and attractive energies inversely proportional to the second power
of the separation.

Another important result of these calculations is that they lead to
a direct relationship between interfacial energies and the maximum
attractive force or the reversible work of adhesion per unit area be-
tween phases. From Gardon [7]:
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_2.056(y;y5)% 0
max T,

and from Good and Girifalco [1]:

Wadh = 26(y1v2)? (2)

In both of these equations ¢ is Good's interaction parameter, which
corrects for any defects in the models used for calculation and for
departures from ideality or regularity in interfacial interactions.

The parameter ¢ can be broken down into two factors: ¢g5, which
accounts for the departures from ideality in the intermolecular attrac-
tions; and ¢, which accounts for departures from regularity in inter-
facial separations.

The importance of variations of ¢, has been dismissed frequently
(e.g., Ref. 6) on the premise that only when differences between the
average intermolecular separations of the phases is large will ¢p be
significantly less than unity. This is the result of assuming that the
interfacial separation r,, is the arithmetic mean of the average inter-
molecular separations of the individual phases T;; and F,,.

This assumption seems unwarranted, especially when polymers
comprise at least one of the phases. The configurations and restrictions
on conformations of polymer molecules at an interface make it highly
probable that the effective mean interfacial separations will be appre-
ciably greater than the arithmetic mean based on segment volumes.

As a conservative estimate, if ¥;; for one phase were 20% larger
than F,, for the other, and the effective mean interfacial separation
were equal to ¥;;, ¢ would be only 0.83 and the work of adhesion
would be 16% less than that calculated using ¢, = 0.99 (based on the
arithmetic mean assumption for the value of ¥,,). For this same example
the maximum or critical stress would be 28% less than that calculated
using ¢ = 0.99.

In reality, discrepancies may frequently be greater than these.

Wu [8] found better agreement between measured values of v,
Y2, and v, and values for ¢ calculated using harmonic means rather
than geometric means. There is no satisfactory theoretical basis for
this. Harmonic means lead to smaller values for work of adhesion and
larger values for y,, when v, # y,. These energies are dependent on
the values of ¢ and it seems likely that the apparent better agreement
using harmonic means was due in reality to unrecognized and un-
accounted for decreases in ¢, associated with polymers.

The molecular density at interfaces and the influence of molecular
density on mean interfacial separations is in fact the most important
single factor in determining surface and interfacial tensions. This is
suggested for example by the relationship between surface tension and



Interfacial Energies, Contact Angles, and Adhesion 3

parachor which shows vy is directly proportional to the fourth power

of the density. Hoernshemeyer [9] showed that the low surface energies
of fluoropolymers are mainly due to their low molecular surface densities
rather than the character of the attractive forces.

It is clear that close packing of surface layers can diminish inter-
facial interactions only when increasing packing diminishes intermolecu-
lar penetration into a surface layer. A macroscopic analogy is provided
by the influence of surface roughness on contact angle hysteresis.

When 6 > 90° increasing roughness increases advancing contact angles,
but when 6 < 90° increasing roughness decreases advancing angles.

In the following discussion the interaction parameter ¢ will be con-
sidered as making the work of adhesion an exact thermodynamic value
for a given pair of materials. However, whenever a value for ¢ is
calculated rather than determined experimentally the value is an estimate
of ¢.

Estimates of ¢, can be obtained using equations of the form:

¢g = (dyd)% + (p1p2)¥ + 0.0721 (d,p,)¥ + 0.0721(d,p,)?
+ AH + Aab 3)

where dj is the fraction of total interaction due to dispersion forces,
pi the fraction due to polar interactions, AH interactions due to hydro-
gen bonding, and A gp acid-base interactions.

The third and fourth terms are due to induction [3].

At the present time inclusion of all of the terms in Eq. (3) is proba-
bly not warranted and the simplified equation

¢a = (d1d,)% + (pyp,)? (4)

will be found useful and convenient.
Estimates for ¢, have been given [6] as:

b r1ir2
Or [(ry, +r22)/2rz (5

but as discussed earlier are probably poor estimates of little value.

There are several fundamental relationships which are the basis
for using contact angle equilibria for making inferences concerning
adhesion. These include:

3
YSL = ¥sO * yLv - 2¢(ysovLv)? (6)
YSV T YSL = Ypy cos 6 (N

YSO T Te T YSV (8)
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TSL ~ Te =YLV cos 0 9
TSL = YSO - YSL (10)
YSO ~ Te ~ YSL = YLV when 6 =0 (11)

In these equations Ygo and ypy are values for the surface tensions
of the solid and liquid, respectively, in equilibrium with their own
vapors. The equilibrium spreading pressure of the vapor on the solid
is my, and ngy, is the equilibrium spreading pressure of the liquid on
the solid.

Equation (11) is a statement of Anatoff's rule at equilibrium. This
was shown [10] to be valid.

In general, the initial spreading coefficients in three-phase systems
are defined by expressiond of the form:

$2/13 = Y13~ Y12~ Y23 (12)
=Wadn12 + Wagh 25 -~ Wadh 13 - 2v2v (13)

where Sg,13is the coefficient for phase 2 spreading along the 13 inter-
face.
For the special case where phase 3 is vapor:

S2/13 = Wadn 12 - 2vgy (19

The following special values are obtained from the fundamental
equations:

At 9 = 0; $=0 (8 =equilibrium spreading coeff. )
At 82900; ’TI'SL:TTe

Plotting these relationships in a dimensionless form as ratios with
respect to ygg provides some interesting insights.

The work of adhesion as Wygp /vgo is plotted vs. YLv/vgo in
Fig. 1-1. Note that the work of adhesion increases monotonically with
increasing ypy.

The interfacial tension ygy,/ygqo is plotted vs. YLv/Ygo in Fig. 1-2.
The values for YSL/YSO exhibit minima at YLV/Yso = $2.  The minimum
values for YSL/Yso = (1 - $2). This was shown earlier by Good [6].

The spreading pressure of the liquid on the solid TsL/Ygo is
plotted in Fig. 1-3. The initial spreading coefficient Sj/y so and the
equilibrium spreading coefficient S/vgp are plotted in Figs. 1-4 and
1-5.

From Figs. 1-3 to 1-5 and equations (2), (6), (8, and (10) the
following relationships are clear:
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FIG. 1-1 Work of adhesion/ygg Vvs. YLv/Ygo for various values of ¢.
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FIG. 1-2 Interfacial tension ygr,/vgg VS- YLV/YSO for various values
of ¢.



FIG. 1-3
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Spreading pressure of liquid on the solid (rg1,) /YSO vs.
YLV/Ygo for various values of ¢.
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FIG. 1-4
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Initial spreading coefficient Si/vygg vs. Yrv/vso for various
values of ¢.
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FIG. 1-5 Equilibrium spreading coefficient S/ygo Vvs. YLV/YSO for
various values of ¢.

Wadh = YLV = gL,
Waan - 2rLy = 8
Wadgh =~ 2vLv = Te = S

when 6 =0, ngy,/ygQ exhibit maxima at YLV/YSO ¢ 2 S =0, and
Te = 8j. Maxima for the Sj/ygg curves occur at 0.25¢%. The max1mum
values for Sj/ygo and consequently also for “e/YSO are = 0.5¢ 2.

The plots of ¢(YLleso)§ and ¢(yg0/yLV)z in Fig. 1-6 show the
failure locus for reversible separation. When both values are <1 inter-
facial failure is predicted. While these criteria are only for reversible
separation, recall that when ¢ becomes appreciably less than unity the
critical stresses usually diminish more rapidly than the interfacial
energies, and for samples with only small flaws or voids in the bulk
phases the probability of interfacial separation is greatly increased.
There is no reason to consider interfacial separation a rare or unlikely
event.

In Fig. 1-7 cos 8 is plotted vs. the dimensionless YLV/Yso- These
curves represent the theoretical basis for Zisman plots of cos 6 vs. yyy.



