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A critical review of some fundamentals of surface chemistry revealed several areas in which 
current interpretations of data or interrelationships are erroneous or misleading. 

Correct forms of fundamental equations interrelating surface energies, equilibrium 
contact angles and adhesion are given and plotted in a convenient, illuminating, dirnension- 
less form. These curves provide a basis for comparing some recently published empirical 
equations with the fundamental ones showing that discrepancies result from changing 
values of the interaction parameter 4. 

A review of recent work indicates we might profitably re-emphasize surface 
chemistry and re-examine interfacial interactions and their relationships to 
adhesion. 

Adhesive performance is much better understood than it was 10 years ago. 
This progress has come largely from work on viscoelasticity and fracture or 
continuum mechanics giving quantitative relationships between applied 
stresses and bond failure, and from work showing that performance may be 
controlled by mechanical responses of thin interfacial regions that differ 
chemically or structurally from the bulk phases in adhesive joints. 

This has provided rational approaches for understanding and improving 
performance but has not helped when solutions for problems require stronger 
interfacial interactions. 

This paper presents many of the fundamental relationships in the dimen- 
sionless form used by Good' for graphing interfacial tension vs. yLv/yso. 
These are especially convenient, make inter-relationships easy to discern, 
and. lead to some interesting specific values. 
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290 J. R. HUNTSBEROER 

Presenting these curves and making critical judgments about some of the 
pertinent earlier work are the sole reasons for this paper. There is no intent 
nor implication that this is a comprehensive review, and no such inference 
is warranted. 

What follows is based on the premise that the interaction parameter 4 
makes Eq. (1) exact. 

where y1 and yz are the surface tensions of materials of Phase 1 and Phase 2, 
respectively, in equilibrium with their own vapors only. 

Any calculated value of 4 on the other hand is considered an estimate of 4. 
The quality of such estimates undoubtedly varies from system to system. 

The interaction parameter can be expressed as a product of two factors.' 

accounts for departures from ideality in intermolecular attractions and 4, 
accounts for departures from regularity in interfacial separations. 

The importance of variations of 4, has been dismissed frequently (e.g., 
Ref. 1) on the premise that only when differences between the average inter- 
molecular separations of the phases are large will +, be significantly less than 
unity. This is the result of assuming that the interfacial segration P12 is the 
arithmetic mean of the average intermolecular separations of the individual 
phases Pll and P22. 

This assumption seems unwarranted, especially when polymers comprise 
at least one of the phases. The configurations of polymer molecules at an 
interface make it highly probable that effective mean interfacial separations 
are appreciably greater than the arithmetic mean based on segment volumes. 

As a conservative estimate, if P1 for one phase were 20 % larger than FZ2 
for the other and the effective mean interfacial separation were equal to P, I ,  +, would be only 0.83 and the work of adhesion would be 16 % less than that 
calculated using 9, = 0.99 (based on the arithmetic mean assumption for the 
value of FI2). For this same example the maximum or critical stress would 
be 28 % less than that calculated using 4 = 0.99. 

w a d h  = 2+(~1~2)*  (1) 

+ = 4.4, (2) 

In reality discrepancies may frequently be greater than these. 
Wu3 found better agreement between measured values of yl, y2 and y12 

and values for +a 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 ylz when 
y1 #y2 .  These energies are highly dependent on the values of + and it seems 
likely that the apparent better agreement using harmonic means was due in 
reality to unrecognized and unaccounted for decreases in 4, 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 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



SURFACE CHEMISTRY AND ADHESION 29 1 

determining surface and interfacial tensions. This is suggested for example 
by the relationship between surface tension and parachor which shows y is 
directly proportional to the fourth power of the density. Hoernshemeyet.4 
showed that the low surface energies of fluoropolymers are due mainly 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 interfacial 
interactions only when increasing packing diminishes intermolecular penetra- 
tion 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 0 < 90" increasing 
roughness decreases advancing angles. 

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

Y s L  = Y so +YLV-W(Y so~Lv)* 
YSV-YSL = YLV cos 6 

(3) 
(4) 

Yso-% = Ysv ( 5 )  
(6) 

= s L  = YSO-YSL (7) 
(8) 

in these equations y s o  and yLv are values for the surface tensions of the 
solid and liquid, respectively, in equilibrium with their own vapours. The 
equilibrium spreading pressure of the vapour on the solid is n,, and nsL is the 
equilibrium spreading pressure of the liquid on the solid. 

Equation (8) is a statement of Antonow's Rule at equilibrium. This was 
shown to be valid by Johnson and Dettre.s 

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

K s L - x c  = yLv cos e 

y s O - ~ , , - y s L  = yLv when 0 = 0 

s2113 = Y13-Y12-y23 (9) 
= 1 2 +  23-wadh 13-2Y2V (lo) 

where S,,,, is the coefficient for Phase 2 spreading along the 13 interface. 
For the special case where Phase 3 is vapor: 

The following special values are obtained from the fundamental equations: 
at 6 = 0, S = 0 (equilibrium coefficient) 
at 6 = 90°, l t sL  = nC 

Plotting these relationships in a dimensionless form as ratios with respect 

sdi 3 = w a d ,  I 2 -2Y2 v (1 1) 

to y s o  provides some interesting insights. 
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292 J. R. HUNTSBERGER 

The work of adhesion as Wadh/YSO is plotted us yLv/yso in Figure 1. Note 
that the work of adhesion increases monotonically with increasing yLv. 

The interfacial tension ysL/yso is plotted us yLv/yso in Figure 2. The values 
for ysL/yso exhibit minima at yLv/yso = +2. The minimum values for 
ysL/yso = (1 -4”). This was shown earlier by Good.’ 

The spreading pressure of the liquid on the solid nsL/ys0 is plotted in 
Figure 3. The initial spreading coefficient Si /ys0 ,  and the equilibrium spread- 
ing coefficient Sly,, are plotted in Figures 4 and 5. 

From Figures 3 to 5 and Eqs. (l), (3), (5) and (7) the following relationships 
are clear: 

wadh-YLV = = S L  

Wadh-2yLv = Si 
Wadb-21~Lv-ne = S 

When 0 = 0 nsL/yso exhibit maxima at yLv/yso = Cp2, S = 0 and ne = Si. 
Maxima for the S i / y s o  curves occur at 0.25 r#J2. The maximum values for 
Si/yso and consequently also for ne/yso are equal to 0.5 r#J2. 

The plots of q5(yLv/yso)i and +(yso/yLv)i in Figure 6 show the failure 
locus for reversible separation. When both values are < 1, interfacial failure 

YLV/YSO 

FIGURE 1 Work of adhesionlym us nv/ym (for various values of 4). 
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SURFACE CHEMISTRY AND ADHESION 293 

YLV/YSO 

FIGURE 2 Interfacial tension ( y s ~ / y s o  us n v / y ~  (for various values of 4). 

-1.01 I I I I I 
0.5 1 .o 1.5 2.0 2.5 

YLV/YS9 

FIGURE 3 Spreading pressure of liquid on the solid ( n s ~ ) / y s o  us y ~ v / y s o  (for various 
values of 4). n s ~  = y s 0 - y ~ ~ ;  n s ~  = W A D H - ~ ~ .  
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s = yso- YLV- YSL 
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SURFACE CHEMISTRY AND ADHESION 295 

is predicted. While these criteria are only for reversible separation, recall 
that when 4 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. 

2.51 I I I I I I 

INTERFACIAL SEPARATION WHEN BOTH I \  OF THESE VALUES <1.0 

0.5 1 .o 1.5 2 0  2 5  
n v  /no  

FIGURE 6 Failure criteria for reversible Separation (at various values for +). - = p)+; - - - = p)+. 
n v  

In Figure 7 cos 8 is plotted DS the dimensionless yLv/yso. These curves 
represent the theoretical basis for Zisrnan plots of cos 8 us yLv. Figure 8 
shows a Zisman plot for various liquids on poly(ethy1ene). Finite spreading 
pressures of the test liquids at low 8 cause the curve to approximate a straight 
line in this region and also lead to values for yc - 3 dynes less than the vaIue 
for y s o  reported by  other^.^*'*^ The approximately linear form of the data 
at higher 8 and higher yLv/yso is due to changes in 4 for interactions between 
the liquids and poly(ethy1ene). The line Z in Figure 8 was drawn using 
Zisman’s value for b,9 in the equation: 

Zisman uses Eq. (12) and 

to obtain: 

which is the equation for a parabola. 

cos 8 = 1 +b(y,-yLv) (12) 

= y L d l  -kCos e, (13) 

w a d ,  = (2+byC)yLV-byLV2 (14) 
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1 I I I I 

1 .o 1.5 2 .o 2 .b -1 .ol 
0.5 

YLV/YSO 

FIGURE 7 Cosine 8 0s y ~ v / y ~  (for various values of 9). 
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0.5 1 .o 1.5 2.0 2.5 

YLV/YSO 

FIGURE 8 Cosine 8 0s nv/yso. The dashed line Z is a plot corresponding to cos 8 = 
1 + b ( y c - y ~ v )  and using Zisman's value for b. 
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SURFACE CHEMISTRY AND ADHESION 297 

In Figure 9 Zisman's data are plotted on the curves for Wadh/ySO us 
yLv/yso. It is evident that the parabolic form simply reflects the diminishing 
values for the interaction parameter 4. Zisman recognized this as an empirical 
equation, and in the light of subsequent clarification Eq. (14) does not appear 
to be of any practical value and is subject to misinterpretation. 

3 0,  I I I I I I 

1 = BROMONAPHTHALENE 
2 = FORMAMIDE 
3 = GLYCEROL 
4 = WATER 

- - - - = WADH/ym FOR POLY (ETHYLENE) 
FOR VARIOUS TEST LIQUIDS 

0.5 1 .o 1.5 2.0 2.5 
I I I 1 2  

YLV /Yso 

FIGURE 9 W A D H / ~ S O  us y~v/yso (for various values of 4) .  

Another equation bearing a resemblance to Eq. (14) was proposed recently 
by Neumann, Good, Hope and Sejpal'O: 

yLv cos 8 = ayLv2+byLv+c (1  5 )  
Curves based on Eq. (15) were plotted as yLv cos 8 us yLv. From Eq. (6) 

we see that these curves bear the same relationship to the nSL/ySO curves of 
Figure 3 that the Zisman curves had with Figures 1 and 7. That is, the 
nsL/yso (minus ne/yso) curves are the theoretical basis for the empirical N, 
G, H and S curves. This is shown in Figure 10. Here again the departure of 
the empirical curves reflects diminishing values of 4 with increasing yLv/yso 
and suggests that Eq. (1 5 )  has no special value. 

N, G, H and S used the intercept of the curves with the 45" line to arrive 
at a value (yLv)* which is in fact identical to Zisman's long established yc. 
These authors made unwarranted and highly restrictive assumptions (n. = 0 
at 8 2 0, and (ysL)* = 0 where (ysL)* is the interfacial tension between the 
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298 J. R. HUNTSBEROER 

solid and liquid at yLv = (yLv)*). This latter assumption is valid only when 
d, = 1 and yLv = yso.  An error fatal to their further argument was caused 
by substituting (ysv)+ = yc into Eq. (6) obtaining: 

YC+YLV - YSL 
2(YcY L V S  

9 =  
instead of using the correct form based on yc = 9'ys0: 

(17) Yc 

They used Eq. (16) and values for ysL obtained using Eq. (4) to determine 

($2 = 
2(YCYLV)+ + YSL - YLV 

4 as a function of ysL and reported 

Since yc is itself a function of 4 (yc = 4 2 y s o )  it is clear that Eq. (16) cannot 
lead to correct values. 

9 = 1-0.0075 YSL (18) 

I I I I 

1 

= 0.9 

I I 

-05 t 
-1.0 

0.5 1 -0 1.5 2.0 2.5 
FIGURE 10 Spreading pressure of liquid on the solid ( n s ~ ) / y m  us y~v/ym (for various 
Values Of 9). ~ S L  = Yso-YSL; nSL = WADH-nV. 

It can be easily shown from the fundamental relationships that d+/dySL 
is linear only at constant yLv/yso, and that the slope varies with changes in 
yLv/yso. The slopes which would correspond to the incorrect value 0.0075 
in Eq. (18) range over a broad region of yLv/yso values from 2 x  to lox 
the value from that equation. 

It is unfortunate that the value for 9 given in Eq. (18) was used as the 
basis for the Sell-Neumann Equation" : 
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SURFACE CHEMISTRY AND ADHESION 

It follows that Eq. (19) also is not valid. 
Eq. (19) was criticized earlier by Phillips and Riddiford.I2 
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