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Direct Measurement of 
Energy Barriers on Rough and 
Heterogeneous Solid Surfaces* 
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bConnelly Applied Research, Nazareth, PA 18064, USA 
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The “three-liquid” contact angle approach to the surface free energy components of 
solids was applied to poly (vinyl fluoride). rough and flattened. with and without flame 
treatment. Lifshitz-van der Waals (LW), $r, and acid-base (AB), ;I:!., components were 
determined and used to calculate - AGsI, ( W ~ ~ ” ” ’ )  for the formation of interfaces of 
five liquids with polymer. The automated goniometer allowed the determination of the 
energy barriers, - A C i L  as the advancing liquid moved from pinned configuration !o a 
metastable one. The acid-base component of the barriers was much greater than the 
LW. and the magnitude of the barriers was only slightly reduced by flattening. 

k ’ e y ~ ~ r t l ~ :  Liquid-solid adhesion; contact angle; energy barriers to wetting; acid-base 
parameters: Lifshitz-van der Waals forces; hysteresis 

INTRODUCTION 

Professor Good has long been involved in the use of contact angles to 
characterize surfaces and interfaces. Fairly recently Good, Chaudhury 
and van Oss introduced a combining rule for electron acceptor-donor 
interactions, including those across interfaces [ 11. Quantification of this 
hypothesis is proceeding, and this work is a part of it. Specifically, the 
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142 T. B. LLOYD AND G. M. CONNELLY 

research here was aimed at characterizing poly (vinyl fluoride) relative 
to the adhesion of aqueous inks. 

This paper will deal with the phenomenon of energy barriers to the 
spreading of liquids on solids. These barriers often manifest them- 
selves as a “pinning” of a sessile drop as liquid is very slowly added to 
it. That is, the volume of the drop increases, but the interfacial diam- 
eter does not. Thus, the advancing contact angle (0,) increases to a 
maximum. At the point where the hydrostatic pressure in the drop 
overcomes the :‘pinning” force the diameter suddenly increases 
(jumps), and the drop relaxes to a metastable configuration which has 
a lower 0, (see Fig. 1). The outward flow continues until the three- 
phase line encounters the next barrier capable of arresting the flow. 
This phenomenon has been seen by many workers. Adam and Jes- 
sop [a] proposed a frictional force which would oppose the advance- 
ment of the liquid. They were interested in applying the idea to 
contact angle hysteresis and abandoned the approach. Schwartz et al. [3:l 
addressed the issue of resistance to flow in capillary systems, measuring 
the minimum pressure needed to induce flow, defined as the critical lint: 
force. They refer to measurements (by others) of this “pinning” force by 
movement of drops down an inclined plane, movement of liquids in 
capillaries under air pressure and by a dipping plate. 

A number of investigators have applied geometrical calculations to 
the spreading of liquids on rough surfaces and have raised the issue of 

9 After 

PVF 
FIGURE I 
metastable angle, O”frer, 

Sessile drop going from maximum angle, €Jbefore, and returing to the lower 
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ENERGY BARRIERS ON SOLID SURFACES 143 

energy barriers [4,5,6,7]. Johnson and Dettre [S, 91 deal theoretically 
with idealized rough surfaces and experimentally with low-energy surfa- 
ces of varying roughness. None, to our knowledge, have taken a direct 
approach to the measurement of the energy barriers such as we use 
here using static “recently advanced” angles. Shanahan [lo] develops a 
model (no experimental data) for the “stick-slip” behavior of receding 
angles where triple-line jumps have been observed on evaporating 
sessile drops. Here the drop volume change is very slow, and he as- 
sumes that the angle reached immediately after the jump is described by 
Young’s equation. We will discuss below the implications of our experi- 
mental procedure on the definition of our “energy barriers”. 

Energy barriers should be considered in many applications such as 
the spreading of liquid adhesives where thorough wetting is the goal. 
The interfacial forces involved are of both the Lifshitz-van der Waals 
(LW) and acid-base (AB) type [l]. Also, surface roughness plays a role. 
We will describe how we measure the energy barriers on real surfaces 
directly and resolve them into their LW and AB components. 

THEORY 

The work of adhesion for the formation of a solid-liquid interface can 
be expressed as the sum of the works of adhesion due to LW and to 
AB attractive forces, presuming no electrostatic interaction [l]: 

and Wlital = - AG,,, the free energy change upon forming the inter- 
face. W;: is twice the geometric mean of the LW components of the 
cohesive free energies of the solid and the liquid, or: 

The total work of adhesion can be established cia the Young-Dupr6 
equation and the contact angle: 
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144 T. B. LLOYD AND G. M. CONNELLY 

If an apolar liquid, i.e. Y;f” = 0, of known Yiw (diiodomethane in 
this case) is used on the solid, Equation (3) becomes W i r = Y k w  
(1 + cos0) which allows the determination of YkW by using Equation 

Knowing Wkr  and applying Equations (1) and (3) with any liquid 
yields Wt!. Here, we have used the series of liquids described b y  
Good, Chaudhury and van Oss in their “three-liquid’’ approach to 
quantizing the acidic and basic nature of surface sites on solids [12]. In 
this procedure, the acidic contribution to the cohesive surface tension 
(Yl) of the liquids and the basic contribution (YJ were established [13]. 
These values are then used in their new interfacial combining rule: 

(2)’ 1111. 

Reference 12 gives the values of Yz and Y, for the liquids used 
here: diiodomethane (liquid #1 for Wkr)), water (liquid #2) used in 
combination with a third liquid to establish Wf;. Since Y z  and Y,,; 
are unknown, two equations are needed to solve Equation (4) [ 12:J 
That is, an equation for water and one for another pure polar liquid 
are used. We used water in conjunction with glycerol, ethylene glycol 
and formamide, respectively. 

W:: can be arrived at by using Equations (l), (2), and (3), as well a s  
by using Equation (4). Equation (4) gave values of Wtf identical to 
those from the approach using Equations (l), (2) and (3) for water on 
all the surfaces described below. 

However, for the other three polar liquids Equation (4) gave slightly 
lower Wi: values. Also, the values of YJ and give insight into the 
nature of the active sites on the poly (vinyl fluoride) samples of vary- 
ing chemical activity and roughness that were used in the experiment. 
Keep in mind that these are not “ideal” surfaces. 

Using this approach and measuring the contact angle at its maxi- 
mum “before” unpinning and at its lower metastable “after” configur- 
ation, we can calculate the free energy difference between the two. 
This is the height of the “energy barrier” as we define it here 
( - A G&). Further, with the proper choice of liquids, we can resolvz 
the total free energy into its LW and AB components. 

The procedure for determining the maximum and metastable angles 
is described immediately below. Since liquid is pumped into the drop 
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ENERGY BARRIERS O N  SOLID SURFACES 145 

there may be an inertial effect which would cause an “unpinning” 
before the maximum 8 was reached. To minimize this, we set a slow 
flow rate, consistent with gathering a large number of 0’s in each 
situation, for statistical purposes. The flow pattern of the incoming 
liquid, however, as seen when particles were introduced for demon- 
stration, tended to curl upward and away from the three-phase line. 
Whereas we may be underestimating the barriers, we regard our 
values as a close approach but further work on refining the procedure 
would be helpful. 

EXPERIMENTAL MATERIALS AND PROCEDURES 

Poly (vinyl fluoride), DuPont’s Tedlar@, extruded film was used in three 
forms: clear (unpigmented); pigmented with titanium dioxide, which 
imparts surface roughness; and the latter flame-treated commercially. 
All were aged about a year and, therefore, were at a steady state. The 
film was washed with methanol and acetone to remove residual 
dimethyl acetamide used as an aid to extrusion. These three surfaces 
were expected to differ in chemical activity, since the flame-treated 
material is designed to improved the adhesion of coatings applied to it. 

Samples of the films were further modified by flattening, as follows. 
The two virgin films were pressed against glass at 150°C and 17.2 
MPa (2,500 psi) for 10 minutes, resulting in glossy surfaces. The flame- 
treated film could not be removed from the glass after this procedure; 
therefore, the clear PVF was used as a release film. Glossy surfaces 
were not achieved even at 160°C and 27.6 Mpa (4,000 psi); therefore, 
the flamed, flattened surface was not as smooth as the virgin, flattened 
surface. Flattening the unpigmented (clear) film appeared to have little 
effect, since it was already quite flat, but it did become more glossy. 

Figure 2 shows the considerable flattening done on the pigmented 
virgin film. XPS showed that the flame-treated PVF surface was 30.2 
at. ”LO F as compared with 33.5 at. YO for the virgin, and flaming in- 
creased the oxygen content from 2.3 to 4.5 at. %. Flattening had little 
chemical effect on the flamed film (where a release film was used); 
however, the virgin sample when flattened (against glass) dropped in 
F to 31.0 at. % the oxygen rose to 3.4 at. % and Si went from 
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146 T. B. LLOYD AND G. M. CONNELLY 

FIGURE 2 Pigmented virgin Tedler (PVF) before (bottom) and after (top) flattening 
(1 20x). 

0 to 0.9 at. YO. Obviously, flattening against glass contaminated the 
surface with glass, and this was noted in the contact angle measure- 
ments. 

The computer driven goniometer (Connelly Applied Research, 
Nazareth, PA, USA) instrument slowly establishes a liquid sessile drop 
of about 5 mm diameter on the film in an environmental chamber. The 
volume is - 10-30 pl, depending on 8. Liquid was theh pumped at 
-0.5 pl/sec using a computer-controlled syringe pump to add to and 
later to take from the drop. Maximum volume was -40-120 PI. Video 
images from the long-range microscope were recorded at - 45/min and 
then digitized. As the liquid advanced from one metastable configur- 
ation to the next in discontinuous fashion, an optical trigger mechan- 
ism, which checked for motion 30 times/second, stopped the pump at 
the onset of the “jump” and retained the maximum 8, just before the 
advance. After one minute the image at the next configuration was 
recorded. These images were labeled “before” (maximum 0,) and “after” 
(metastable OJ. Contact angles were established on both sides of the 
profile of the drop using a sub-pixel interpolation method. The data 
were stored and calculations of Y l  and Y; were overdetermined in a 
matrix of all possible pairs of the polar liquids. 
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ENERGY BARRIERS ON SOLID SURFACES 147 

Drop diameter ranged from 4.5 to 7.6 mm to avoid any influence of 
size on 8,. We could discern no pattern of the measured angles, or 
their differences, which would indicate declining inertial effects, as the 
diameter was increased. This gave us confidence that such inertial 
effects were small. 

measurements 
were made on each surface with each liquid. The differences in the 
means were t-tested and found to differ, as expected i.e. "before" high- 
er, with a high degree of confidence, averaging 97.8% for the polar 
liquids, and -91% for diiodomethane. This variation was the statisti- 
cal issue most critical to this work. The differences of OFSore - 8:Ster 
ranged from 1.0" to 2.9" for the polar liquids (with possible outliers at 
0.5" and 6.1") on the various surfaces. Diiodomethane ranged only 
- 0.5" & 0.9". Reproducibility was estimated statistically for three 
drops of water on rough, flamed PVF. These data are typical of the 
polar liquids. Each drop was advanced six times. The estimate of 
repeatability, drop to drop, was 1.1 1"; reproducibility was estimated at 
1.09' and precision at 1.56". 

Since receding angles often tended to decrease as the diameter of 
the drop was reduced sequentially, usually only the first recession was 
used in the hysteresis calculation. We do not know the reason for this 
behavior, but it may be due to the time that the liquid has been in 
contact with the surface. However, where subsequent recessions gave a 
constant Or, two or three were averaged. Note that the receding angle 
is measured after the three-phase line has retreated. Thus, it may differ 
from the 0, measured on a tilted plate [9]. 

The diiodomethane (99%, Aldrich) was purified through a column 
of alumina, stored over copper turnings, and stored in the dark. The 
water was distilled and glycerol (99%, Aldrich), ethylene glycol (certifi- 
ed, Fisher) and formamide (98%, Aldrich) were used as received. 

An average of thirty (fifteen left/right) S:esore - 

RESULTS AND DISCUSSION 

Table Ia shows the three Ts parameters which were calculated from 
contact angles as described above. Note (as an illustration) the effect 
of helium plasma treatment on the unpigmented PVF. The plasma 
increased a11 three Y, values and no roughening was seen by atomic 
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ENERGY BARRIERS ON SOLID SURFACES 149 

force microscopy. The Yi values are lower and Y; higher for the 
unpigmented than for the as-received pigmented virgin. Since these 
samples were produced by DuPont at different times, these differences 
were not surprising. However, the small change in acidity (Yl), and 
increase in basicity (Ti), due to flaming of the as-received films, ap- 
pears to be real. 

To give an idea of the variability involved in the experiments, the 
standard errors of 8 for the polar liquid pair, water/ethylene glycol 
(EG), were propagated to T:, Y; and Wt!. This was done for pig- 
mented PVF surfaces of least standard deviation (6) in 8 (virgin- 
rough) and where the greatest d s  were encountered (flamed-flat). The 
results are given in Table Ib. 

It can be seen that the “before” results were slightly less variable on the 
virgin-rough but more variable on the flamed-flat. The standard errors of 
Wi; for EG averaged slightly less than for water. However, since the 
work terms were lower, the percent standard error is higher for EG. 

In all cases, the values of Wtf were positive (Tab. 11) when cal- 
culated by the combining rule, Equation (4), as well as by the use of 
Equations (l), (2) and (3) shown in brackets. Perhaps more important- 
ly, the energy barriers, are all positive as well although they are small 
differences in (“after”-“before”) work of adhesion (Tab. 111). Thus, the 
precision of the measurements allowed establishment of the proper 
sign of the barrier in all cases. 

TABLE Ib Illustration of Parameters (mJ/m2) with Errors Propagated from Contact 
Angles* 

~~ 

V irgin-Rough Flamed-Flat 

“After” “Before” “After” “Before” 

r : 0.97k0.01 0.91 k0.009 0.36k0.045 0.23+0.11 
r: 2.0 & 0.08 1.37 f 0.036 18.8 0.21 18.3 &- 0.26 
~~ ~ 

w:; 
Ethylene Glycol 17 4 1.1 16.3 f 0.71 20.2 k 1.6 18.4 2.6 
Water 24.3 1.2 21.5f0.48 49.8k2.6 48.0 & 3.1 

*For polar liquid pair, water/ethylene glycol. 
Note : Values in the other Tables are the result of combining three polar liquid pairs. 
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1 so T. B. LLOYD AND G. M. CONNELLY 

The reasons for the changes due to flattening are not readily appar- 
ent and suggest the need for attention to this point in the “three liquid“ 
approach. However, the effect was consistent, “before” and “after”, and 
presented a consistent energy barrier picture. We suspect that the large 
increase in basicity (Y,) was due to an increase in the concentration d 
basic sites, as the real area under the drop was reduced by flattening. 
The effect this had on Yl followed Y, for the flamed but not the virgm 
film, probably because of the glass contamination of the virgin material. 

and Y; values in Table Ia were used in Equation (4) lo 
determine the work of adhesion due to acid-base interfacial forces of 
the liquids on the six PVF surfaces. Values are given in Table 11. In 
Figures 3a and 3b, Y p t a l  values are plotted of the four polar liquids 
uersus Wi: (or - A  Gia. Even though there is scatter in the data, in 
all cases the Wi: “before” values are lower than the “after”. That is, 
the liquids spread spontaneously to the metastable configuration from 
the top of the energy barriers. Errors propagated to Wg! through 
Equation (4) for selected cases are given in Table Ib. 

The 

TABLE I1 Comparison of W,”,”(mJ/m2) for the Polar Liquids as Calculated by Equation 
(4) versus Equations (1,2,3) - 

using Advuncing 0 “before” and Equation ( 4 )  und in brackets by [Eqs. (1 ,2*3) ]  

Pigmented Water Glycerol Ethylene Formumide 
Tedlar Film Glycol 

_ _ _ _ _ _ _ _ ~ ~  ~ 

Virgin Rough 21.0 [21.5] 15.3 [7.2] 12.7 [17.1] 12.3 [19.3] 
Flat 40.7 C40.81 18.7 C16.51 13.8 C14.21 14.5 115.71 

~~ ~ 

Flamed Rough 24.8 C25.81 14.6 C2.61 11.6 C17.71 11.6 [18.8] 
Flat 48.0 C48.21 25.7 C22.71 19.9 C18.41 20.2 C24.81 

using Advancing B “after” and Equation ( 4 )  and in brackets by [Eqs. ( 1 , 2 , 3 ) ]  
- 

Pigmented Water Glycerol Ethylene Formamide 
Tedlar Film Glycol 

Virgin Rough 23.6 C24.21 17.0 CS.71 14.1 C17.31 13.7 C20.01 
Flat 41.2 [41.5] 20.5 C19.61 15.5 [16.0] 16.0 C19.61 

Flame Rough 27.1 C27.61 16.7 [3.4] 13.3 C18.31 13.3 C22.41 
Flat 49.8 C49.71 27.6 C24.01 21.5 [20.3] 21.8 C26.81 

- 
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Figure 3a relates the Wi: of the polar liquids on pigmented virgin 
PVF, rough and flattened. The reason for the higher values for flatten- 
ing was commented upon above. Note also that flattening increased 
Wi! more with rising surface tension of the liquids. When the surface 
was flamed, we see the same trends (Fig. 3b). Comparing Figures :la 
and 3b we see that the rough surfaces are essentially equal in W::. 
However, when the surfaces were flattened, the effect of flaming was 
seen. That is, flattening increased Wg: on an average 33 k 8% for the 
four polar liquids. A tentative conclusion is that topography domii- 
nates on the rough surfaces, especially here where the chemical 
changes were not great. 

Figure 4 relates the Ykw of the five liquids to their W$r on the 
same surfaces as in Figures 3a and 3b. In this figure only the “after” 19, 
values were used in calculating Wg:, because “before” and “after” 
angles were essentially equal. That is, the Lifshitz-van der Waals for- 

40 

35 

rc 30 
> E 

& 25 

f 20 
15 

- Flat, After . - Flat, Before 

?.-..-. Rough, Before 
Rough, After 

5 

FIGURE 3a T y  us Wt: using Eq. (4) for pigmented virgin PVF. 
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~0000 Flat, After 
DCO.,O Flat, Before 

? %* L* Rough, Before 
Rough, After 

t 
* - - - - - *  

FIGURE 3b T ,TDf(llvs Wt!, using Eq. (4) for flame-treated, pigmented PVF. 

ces did not contribute much to the energy barriers (see below). The 
W:: correlates very strongly with Yiw,  the linear coefficient being 
essentially 1.0 in each case. The following observations can be made: 

1. Flattening the rough virgin film lowered WiF by only 1.0+0.6%, 
while the flamed film was lowered 11.6+0.1%. This very large 
difference could not be a roughness (surface area) effect because a 
very much smaller effect was seen with the virgin film which was 
not flamed. Rather it is a donsequence of the low Ykw of the 
flamed, flat film, i.e. a high 0, with diiodomethane. Possibly that 
film was contaminated but for whatever reason, the energy barrier 
was not influenced, as seen in the next section. 

2. Comparing Figure 4 with 3a and 3b: WiF> Wif. 

Wif values were calculated using Equations (l), (2) and (3) for the 
four pigmented film surfaces (as plotted in Figs. 3a and 3b) and com- 
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90 ,  
/ o  

i 80 

6ol T 
~ o _ o o _ o  flomed. Rough 
0 0,o D,O Wrgin. Rough 
*- Virgin, flat 
a?. Flamed. f lat 

20 30 40 50 D 

FIGURE 4 Y k'" us WkT, using Eq. (2) for rough and flat, virgin flamed PVF. 

pared with Equation (4) values in Table 11. The two procedures for 
Wt: gave almost identical results for water on all surfaces. In the case 
of glycerol the rough surfaces gave low values using Equations (l), (2) 
and (3), probably because this high viscosity liquid trapped air as it 
spread, giving a composite surface. This effect was diminished in the 
matrix used to calculate YS+ and Y, for use in Equation (4). Eliminat- 
ing the glycerol data for the rough surfaces, the average percent dif- 
ference in Wi: as calculated by the two approaches (based on 
Equation (4) values) was 9% for the flat surfaces and 30% for the 
rough. Thus, the Equation (4) approach is validated for flat surfaces. 
Indeed the Equation (l), (2) and (3) calculation of W;: would have 
given more scatter in all the Figures 3a and 3b curves had they been 
plotted. These curves where plotted with W t !  values calculated via 
Equation (4) only. 
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Energy Barriers 

Table I11 shows the energy barriers in terms of free energy change 
calculated (using Equation (4) for Wt:) for the various liquids spread- 
ing on the solids. In the case of the LW interfacial force, the barrier is 
almost nil on the flat surfaces and averages only 0.6% of their 
- A G i F  (or Wk,") on the rough, as-received. The energy barriers due 
to the acid-base forces were much higher than the LW and did not 
appear to be influenced by roughness. On average, the AB energy 
barriers were slightly higher for rough virgin and flamed, than for the 
flattened ones. In terms of relationship to - AG::, virgin and flamed 
AB barriers were equal at 10.6 f 0.4% of their -AG;:. On flattened 
surfaces these AB barriers were again equal at 5.8+0.1% of their 
- A G:!. 

The values in Table I11 are small and the standard error was not 
propagated to these values of T:, Ti through the overdetermined 
matrix. 

However, using one liquid pair (water and ethylene glycol) on two 
surfaces, we propagated the error to the values shown in Table 111. 
Whereas one might expect a few calculated free energy changes to be 
positive due to statistical fluctuation, in every case AGsL was negative 
for the "jumps". 

Although there are only a few data points, the acid-base component 
of the barrier correlates well with Tp. The linear correlation coeffi- 
cients for the rough surfaces are: pigmented virgin (l.O), flamed (0.99). 
On flattened surfaces the correlation is poorer. If T p '  is used, we 
again see a lesser correlation. Thus, we see that the energy barriers are 
essentially acid-base in character and their magnitude is little in- 
fluenced by roughness. 

Hysteresis 

Table IV lists the hysteresis for the liquids on the several surfaces. In 
general, flattening decreased hysteresis as expected. Exceptions to this 
were DIM and forrpamide on the flamed pigmented PVC and ethyl- 
ene glycol on pigmented virgin as well as on flamed. These liquids are 
the ones of lower surface tension, but hysteresis does not correlate well 
with the surface tension of the liquids, either T?'"' or TtB. 
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TABLE IV Hysteresis (“After”) = 0, - ere, 
~ ~~~~ ~~~ ~ 

PVF Liquid Unpigmented Pigmented Pigmented oirgin- 
Virgin Virgin Flame treated 

As received 12.8 29.4 19.0 

Flat 9.4 16.7 21.6 
DIM 

As received 8.9 33.9 37.0 

Flat 11.0 14.8 29.6 
Water 

As received 10.2 40.1 46.9 

Flat 10.9 15.0 37.1 

As received _ _ _  25.2 16.0 

Flat _-_ 15.1 22.0 

As received 14.1 14.3 16.7 

Flat Glycol 9.9 21.6 20.5 

Glycerol 

Formamide 

Ethylene 

~~ ~ 

As received Average 11.7 & 2.6 28.6 f 9.7 27.1 f 14.0 
Flat (all liquids) 10.3 k 0.8 16.6 k 2.9 21.4 6.6 

We thought that there might be a relationship between the energy 
barriers and hysteresis, but none was found. 

Note the average hysteresis of all the liquids, first on the flat surfaces 
(bottom line, Tab. IV). As the chemical heterogeneity increases so does 
the hysteresis as well as its range. On the “as-received” surfaces we see the 
same trend, but the first step to the right is greater because of the added 
increase in roughness. It is interesting that as greater chemical heterogen- 
eity is added by flaming the hysteresis does not change. Therefore, these 
two sources of hysteresis are not addtive. Note also that the rough 
surfaces have a greater range of hysteresis than the flat. The behavior of 
the low Y, liquids (DIM, formarnide and ethylene glycol) is responsible 
for this and more work is needed before drawing a firm conclusion. 

CONCLUSION 

An automated goniometer capable of measuring the maximum con- 
tact angle of a spreading sessile drop allows the calculation of the 
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energy barriers encountered. Using the “three-liquid’ approach to 
resolve the barriers into their LW and AB components, the latter were 
found to be dominant. The AB barriers were 10.6% of -Act: for 
rough PVF surfaces and 5.8% for the same surfaces after flattening. 
The LW barriers were only 0.6% of - AGkF on rough surfaces and 
nil on flat. 

The magnitude of the energy barriers were not related to roughness, 
in general, although - AG:: was increased by flattening. 

The acid-base work of adhesion as determined by the three-liquid 
approach is very close to the values calculated from W&B= WTotai- SL 

WkF when applied to flat surfaces. 
No relationship between energy barriers and hysteresis was found. 

For virgin PVF the hysteresis was greater on the rough than on the 
flat surface. However, on the more active flamed surface only, water 
and glycerol (higher Y& showed more hysteresis for the rough. 
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